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Abstract

The random shotgun sequencing approach, followed by a new strategy to sequence 

numerous and strong repeats in the BAC clones containing genomic DNA, were used to 

sequence two regions totaling ~2 Mb of mouse chromosome Iq during this dissertation 

research.

One region o f mouse chromosome Iq contains the murine interferon-activatable 

111200 gene cluster which contains at least ten 200 family genes and pseudogenes, including 

10201.111202a. 111202b. 111202c. 111203a. 111203b. 111203c. "203-like". 111204 and "204-like", 

coding for proteins which are involved in cell growth regulatory, immunomodulatory, 

antimicrobial and cell differentiation activities. This genomic region likely arose by a 

duplication or triplication of a segment including two adjacent genes. Three new 200 family 

genes. "204-like". 111203a and 111203c. were localized in this region in addition to two 

putative pseudogenes ("203-like" and 111202c). and 5 previously identified genes (111201. 

111202a. 111202b. 111203. and 111204). A putative spliced variant o f the "204-like" gene 

product exhibited over 867c sequence identity with an mRN.A encoded for another member 

o f the 200 family of proteins (D3). The sequences o f the 111202a and b genes, as well as of 

the 111203a and b genes, were over 997c identical. The translation product o f 111203b 

differed from that of 111203a by only 1 amino acid out of 408. Identification of an additional 

transcribed coding segment corresponding to a region in introns 4 o f 111203a and b 

suggests the possibility of a previously unreported alternatively splice product. Comparative 

analysis of the mouse and the human 200 clusters indicated a relative absence of sequence 

conservation in non-coding regions.

The second region o f mouse chromosome Iq corresponds to a Quantitative Trait 

Locus (QTL) of Bone Mineral Density (BMD). and is located near the Ifi200 gene cluster. 

Bone mineral density is the strongest determinant o f osteoporotic fracture, and 60 to 70% of 

the normal variability in human bone density is genetically determined. To accelerate the
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identification o f genes present in QTL of bone density. 6 BACs. totaling about 1.4 Mb. were 

sequenced. Their sequences were merged with the sequences o f 7 other BAC clones 

mapped to the same region, and sequenced by other laboratory members, to create two 

contigs o f approximately 1.4 Mb and 0.37 Mb, containing at least 40 genes. Analysis of 

this QTL region indicates the presence o f immune- and inflammation-associated genes. At 

least 5 putative calcium-ATPase genes, whose function may be involved in BMD regulation, 

also were present in the QTL. A metabolic disorder caused, at least partially, by an increase 

bone resorption, and known as absorptive hypercalciuria (AH), was mapped to the QTL of 

BMD (Reed et a i.  1999). The putative calcium-ATPases whose genes are located on the 

QTL may be involved in maintaining calcium homeostasis inside the bone cell, and a 

calcium-ATPase-encoding gene defect therefore could be responsible for .AH.

X X l I l



Chapter I

Introduction

The major goals o f the work completed and reported in this dissertation were to 

investigate two closely related regions on the q arm o f mouse chromosome I. one 

encoding several interferon-inducible proteins, and another encoding region implicated 

in modulating and/or regulating bone mineral density.

I-l Human and Mouse Genomes 

I - 1-1 DNA structure

l - l - l - l  DNA is the carrier of hereditary information

In the 1860s. linear bodies in the eukaryotic cell nuclei, named "chromosomes", 

were observed by staining with chemical dyes. Then, in 1866. G. Mendel, who was 

working on a series o f genetic crosses between true-breeding strains o f garden peas 

{Pisum sativum), differing in certain traits such as shape and color, discovered the basic 

laws o f heredity when he reported that the pairs o f contrasting traits o f the progeny all 

resulted from a "factor" (now known as a gene) that had alternative "forms" (allelic 

forms), and that different traits were independantly inherited. His work, largely ignored 

by his contemporaries, was rediscovered at the turn o f the 20'*̂  century and sparked a 

renewed interest in the scientific community. In 1903. VV. Sutton, realizing that genes 

and chromosomes behave in a parallel fashion, formulated the chromosomal theory of 

heredity, in which he hypothesized that genes were part o f chromosomes. The pace of 

discover}' greatly improved when T.H. Morgan began working with Drosophila
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melanogaster as an experimental model. This small insect was easily maintained in 

laboratory conditions where it was able to produce a new generation every 14 days. In 

succeeding years, the chromosomal location o f many Drosophila genes was determined 

by crossing experiments and the notion o f linked genes lying on the same chromosome 

was introduced. In 1902. A. Garrod was the first to suggest a specific connection 

between gene and enzyme by working on individuals with alkaptonuria. He showed that 

this metabolic disorder linked to the absence of an enzyme metabolizing the 

homogentisate that alkaptonurics excrete actually was inherited in a Mendelian fashion. 

In 1940. G. Beadle and E. Tatum worked on irradiated mutants o f Neiirospora crassa 

and showed that there was a one-to-one correlation between a mutation and the lack o f a 

specific enzyme, linking genes and proteins together. However, none of the above 

studies, while delimiting the cellular aspect o f heredity and its linkage to chromosome 

and genes, were able to determine the molecular factors involved in it.

Nucleic acids were first discovered in 1869 by F. Miescher from the nuclei of 

leukocytes from discarded surgical bandages. However, it was not until about 75 years 

after their discovery that their correlation to genetic studies was made. Indeed, it was 

widely believed in the 1930s and in the 1940s that nucleic acids were actually made o f a 

monotonously repeating pattern o f the four bases adenine, cytosine, guanine and 

thymine, so that no genetic function could be derived from them. The idea that genetic 

material was nucleic acid came in fact from the discovery o f transformation by Griffith 

in 1928. Griffith injected mice with a mixture o f live non pathogenic and heat-killed 

virulent pneumococci, resulting in the death o f most o f the mice. The surprising fact was 

that the blood o f the dead mice contained live pneumococci that somehow had been 

transformed from non-pathogenic to virulent forms. Furthermore, the progeny o f the 

transformed pneumococci were also virulent, suggesting that the transformation was 

permanent. In 1944. 0 . Avery discovered that the "transforming principle" that

transformed the non-pathogenic pneumococci to virulent ones in Griffith's experiment



was DNA, based on the fact that it was unaffected by trypsin, chymotrypsin and 

ribonuclease but totally inactivated by DNAse (Avery et a i,  1944). DNA was therefore 

the carrier o f genetic information. The next step was to demonstrate that DNA was in 

fact the hereditary molecule o f many organisms. In 1952, Hershey and Chase infected 

bacteria with T ] phages specifically radiolabeled in their DNA (with ^-P) or in their 

proteins (with ^^S). The infected bacteria were agitated in a kitchen blender and two 

fractions were obtained by centrifugation. One, containing the empty phage capsides, 

was shown to contain most of the whereas the other one, containing the infected 

bacteria, contained most of the ^-P. Furthermore, 30% of the ^-P and only 1% of the 

appeared in the progeny phages. Hershey and Chase therefore concluded that only 

the phage DNA was essential for the production o f the progeny and that DNA was the 

carrier of the hereditary information (Hershey and Chase, 1952).

I - 1-1-2 DNA structure

The determination of the structure of DN.A by Watson and Crick ( 1953) is said 

to have marked the birth o f what is now known as molecular biology. Not only did 

Watson and Crick correctly predict the 3D structure o f DNA (see Fig. 1.1), but they 

also suggested the molecular mechanism o f heredity. The Watson-Crick structure of 

DNA, known as the double helix structure, was based on several earlier studies. First, E. 

Chargaff had observed in 1949 that there was a one-to-one ratio o f adenine to thymine 

and cytosine to guanine in DNA, thus determining an accurate base ratio o f DNA 

(Chargaff et a i.  1949). Second, Jerr>' Donohue, a laboratory mate o f Watson and Crick, 

had established by X-ray, NMR and spectroscopic studies that the correct tautomeric 

form of the bases was actually the keto form. This was o f great importance as, in 1953, 

guanine and thymine were widely believed to be in their enol forms in order to maximize 

their resonance stability and the knowledge of the dominant keto form was a



Fig. 1.1: Two dimensional structure of the Watson and Crick's 
double helix model



prerequisite for the prediction o f the correct hydrogen bonding associations between the 

bases. Third, an X-ray diffraction photograph of a DNA fiber taken by R. Franklin 

(W ilkins et al.. 1951) had allowed Crick, an X-ray crystallographer by training, to 

deduce that DNA was a helical molecule whose aromatic bases formed a stack o f 

parallel rings that was parallel to the fiber axis. This information allowed Watson and 

Crick to intellectually model the structure o f the DNA double helix (Watson and Crick. 

1953). In Watson and Crick's double helix model, the double stranded DNA molecule 

consists o f two polynucleotide strands that wind about a common axis with a right- 

handed twist to form a -20A  diameter double helix. The two strands are anti parallel and 

wrap around each other (Fig. l . l ) .  The bases occupy the center o f the helix and the 

sugar-phosphate backbone is coiled about its periphery (Fig. 1.2). Each base is 

hydrogen bonded to a base on the opposite strand to form a planar base pair. This 

hydrogen bonding is the phenomenon that results in the specific association of the two 

strands of the double helix. The Watson-Crick secondary structure of DNA has two 

deep exterior grooves (minor groove and major groove) that wind between its sugar- 

phosphate backbone. These two exterior grooves are o f unequal size because each edge 

(top and bottom) o f each base pair is structurally distinct and also because the 

deoxyribose residues are asymmetric. A remarkable feature o f this structure is that it can 

only accomodate two types o f base pairing. Each adenine residue must pair with a 

thymine residue and each guanine residue must pair with a cytosine residue. The 

Watson-Crick structure can accomodate any sequences o f bases on one strand, as long 

as the opposite strand has the complementary sequence, thus accounting for the rules 

described by Chargaff (1951), and suggesting that the sequence o f bases on either 

strand is the carrier o f hereditary information.

1-1-2 From structure toward function
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and Crick's double heli.x model.



In 1958. Crick proposed what eventually became the "Central Dogma" of 

molecular biology: DNA directs its own replication and its transcription to RNA which, 

in turn directs its translation to proteins. This hypothesis was confirmed by a series of 

e.xperiments. In 1959. A. Pardee discovered that a protein, known as the lac repressor, 

inhibited the synthesis o f lac operon proteins (Pardee ei al.. 1959). The nature o f the lac 

repressor's target molecule was deduced in 1961 by Jacob and Monod (Jacob and 

Monod. 1961). and their observations led them to the conclusion that proteins are 

synthesized in a two stage process, the first involving the synthesis o f a messenger RNA 

(mRNA) whose sequence was complementary to the sequence on the coding strand of 

DNA and the second involving translation of the information in the mRNA into protein. 

This model developped by Jacob and Monod later was confirmed by e.xperiments 

designed by Brenner ei al. (1961) in which they showed that mRNAs transiently 

associates with ribosomes, which are essential for polypeptide synthesis. In addition, the 

development o f the RNA-DNA hybridization technique by S. Spiegelman demonstrated 

that all cellular RNAs were transcribed from a DNA template and that these mRNA 

sequences were complementary to the sequence of the DNA template (Hall and 

Spiegelman. 1964). RNA polymerase, the enzyme responsible for the DNA-directcd 

synthesis of RNA. was discovered independently in I960 by S. Weiss and J. Hurwitz. 

The binding o f RNA polymerase to DNA was demonstrated in prokaryotes through 

electron micrograph studies o f bacteriophage-infected E. coll cells (Williams. 1977) and 

the existence o f such binding sites, known as promoters, was recognized through 

mutation studies enhancing or diminishing the transcription rates o f certain genes, 

including those o f the lac operon. The "Central Dogma" o f molecular biology was 

further illustrated by a series o f experiments made in 1961 by F. Crick and S. Brenner 

(Crick ei al.. 1961). In these experiments, they collected a series o f proflavin-induced 

mutations, designated FCO. FC l. FC2. FC3... in the rllB  cistron o f bacteriophage T4. 

They discovered that the growth o f these mutant phages on a permissive E. coll B host



resulted in the spontaneous appearance o f some phenotypically wild type phages, as 

demonstrated by their ability to grow on a restrictive E. coli K I2  host. These phages 

were not genotypically w ild type but rather double mutants containing two successive 

mutations. FCO and FCl or FC l and FC2... In addition, recombination studies showed 

that recombinants containing three odd-numbered or three even-numbered mutations 

were phenotypically w ild type. They concluded from these data that each mutation was a 

suppressor o f the following mutation, i.e.. each mutation was a single nucleotide 

insertion or a single nucleotide deletion, followed by another mutation that was 

respectively a single nucleotide deletion or a single nucleotide insertion. They also 

concluded that the genetic code was a triplet code, in which each triplet codes for a 

particular amino acid. The ne.xt step in deciphering the genetic code came in 1961 when 

M. Nirenberg and J. Matthaei established that UUU was the codon specifying 

phenylalanine (Phe) (Nirenberg and Matthaei. 1961). by demonstrating that the addition 

o f poly(U) to a cell-free protein translation system stimulated the synthesis only o f 

poly(Phe). Nirenberg then deciphered the entire genetic code by using other 

ribonucleotide polymers in cell-free protein translation system and by triplet binding 

assays. Nirenberg's triplet binding assays were based on the discovery that 

trinucleotides, as well as mRN.As. are able to promote the ribosomal binding o f specific 

tRNAs (Nirenberg and Leder. 1964). thus allowing the various triplets to be identified. 

The e.xistence of tRNAs was first hypothesized by F. Crick who. in 1955. proposed that 

translation was occuring through the mediation o f "adaptor molecules" in order to 

somehow translate base sequences into amino acid sequences. In 1965. R. Holley 

reported the base sequence of yeast alanine tRNA (Holley et a i.  1965) and predicted a 

"cloverleaf secondary structure. Ribosomes were first seen in cell extracts by dark field 

microscopy in the late 1930s by A. Claude, who referred to them as "microsomes". 

However, it was not until 1955. and the work o f P. Zamecnik who demonstrated that 

l-^C-labeled amino acids are transiently associated with ribosomes before they appear in



proteins, that ribosomes were considered the site o f protein synthesis. Finally, the 

"Central Dogma" o f molecular biology was amended by the discovery o f a RNA- 

directed DNA polymerase (reverse transcriptase) in retroviruses, which are RNA- 

containing eukaryotic viruses . This enzyme, which was independently discovered in 

1970 by H. Temin and D. Baltimore, synthesizes DNA in the 5' to 3' direction from a 

primed template, in the same way as DNA polymerases. However, in this case, the 

template is RNA. Reverse transcriptases are a particulary useful tool in molecular 

biology because of their ability to transcribr mRNAs to complementary strands o f DNA 

(cDNA).

There are three classes o f eukaryotic RNA polymerases based on the RNA they 

synthetize. Class I. located in the nucleolus, synthesizes precursors o f most ribosomal 

RNAs. Class II, located in the nucleoplasm, synthesizes messenger RNA precursors. 

Class III, also located in the nucleoplasm, synthesizes the precursor o f 5S ribosomal 

RNA, tRNAs and other small nuclear and cytosolic RNAs. Since class II synthesizes 

RNAs that are necessary for a proper metabolism o f the cell, sequences recognized by 

class II RNA polymerases are the most well characterized promoters. These promoters 

are longer and more diverse than those o f prokaryotic genes. The genes e.xpressed in all 

tissue, which are thought to be constitutively transcribed, e.xhibit one or more copies of 

the sequence GGGCGG or its complement (the GC box) upstream from their 

transcription start sites. Genes that are selectively expressed in certain tissues or certain 

types o f cells often lack these GC-rich sequences but rather contain an .AT-rich 

sequence (the TATA box) located 25 to 30 bp upstream from their transcription start 

sites. The region extending between 50 and 110 bp upstream from the transcription start 

site also contains promoter elements. Among them are a conserved consensus sequence 

CCAAT (the CCAAT box) whose alteration greatly reduces the transcription rate. It 

appears that the consensus sequences located upstream of the TA TA  box form the initial 

DNA-binding sites for RNA polymerase II and other proteins involved in the initiation



of transcription known as transcription factors. Such sequences, known as enhancers, 

apparently mediate much of the selective gene expression in eukaryotes. Three different 

classes o f transcription factors have been implicated in regulating the initiation of 

transcription by RNA polymerase II. The first class contains general transcription 

factors that are required for the synthesis of all mRNAs. Many o f these, such as TFIIA. 

TFÏIB, T,'\TA-Binding Protein (TBP), are multiprotein complexes that interact in an 

ordered pathway with RNA polymerase II and promoter sequences near the 

transcriptional start site. The second class contains upstream transcription factors that 

bind DNA sequences 5' to the transcriptional start site and thereby either stimulate or 

repress transcriptional initiation by RNA polymerase II when it is complexed with 

general transcription factors. Many o f these upstream transcription factors have been 

shown to be important in regulating cellular development. For example, upstream 

transcription factors such as GATA-1. NF-E2, NF-E3. NF-E4. Ik-1. Ik-2 or Spl are 

essential elements in controlling the differential expression o f the various globin genes 

in the embryo, fœtus and adult. The third class contains inducible transcription factors 

that function similarly to upstream transcription factors but must be activated, or 

repressed, by phosphorylation or specific ligand binding in order to bind to their target 

DN.A sequence. They are synthesized and activated in specific tissues at particular times 

and therefore mediate gene expression in a timely fashion. Steroid receptors, an example 

o f inducible transcription factors, are activated by steroid hormone binding as the newly 

formed complex translocates into the nucleus where it binds to specific DNA segments 

known as response elements, and activates the initiation o f transcription of specific 

genes.

The early products o f eukaryotic transcription, the primary transcripts, are not 

immediate functional entities. The experiments by P. Sharp (Berget ei al., 1977) and R. 

Roberts (Chow et a i, 1977) demonstrated that primary transcripts were processed by 

the excision o f non coding internal sequences. This process, known as RNA splicing.
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was correlated to the structure of eukaryotic genes in which coding sequences (exons) 

are interspersed with unexpressed regions (introns). The size o f exons varies among 

eukaryotic genes, from several to thousands o f base pairs (bp). However, the average 

exon size is one or two hundred bp. The number o f exons also varies among eukaryotic 

genes, from single exon genes to genes containing more than 70 exons, such as the 

-2500 kb human dystrophin gene. In higher eukaryotes, introns generally are much 

larger than exons, usually spanning several thousand bp and typically constitute over 

-80%  of a vertebrate primary gene transcript. Most introns do not appear to carry any 

particular function and are often considered only as a result o f millions o f years o f 

evolution and chromosomal rearrangements. However, this idea is difficult to rationalize 

and there are several studies that support the concept that introns play a positive role in 

regulating eukaryote gene transcription. Although it is difficult to explain why the 

evolution o f such a fine tuned machinery as the splicing machinery offers any selective 

advantages over the simple elimination o f the split genes, it has been proposed that 

introns were actually genetic "fossils". DNA that had an essential function at an earlier 

stage during evolution (Gilbert ei al., 1986). Many protein-coding genes arose during 

evolution as collections o f exons assembled by recombination between intron 

sequences. For instance, pyruvate kinase is encoded by ten exons, each coding for a 

discrete element o f the protein's secondary structure (Lonberg and Gilbert. 1985). 

Introns therefore might be remnants of a process that facilitated protein evolution by 

combining a series o f small protein-coding units and expressing them as a single 

protein. This process, known as exon shuffling, might also explain why different genes 

in the same organism, or in different organisms, show sequence similarity between some 

o f their exons. However, i f  introns are remnants o f some primitive exon shuffiing that 

could have arisen before the spéciation o f intron-containing species, such as plants or 

vertebrates, it is difficult to explain why they are absent from lower organisms, i.e.. 

prokaryotes. One explanation is that introns might have been selectively eliminated in
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lower organisms because of a stronger selective pressure and a quicker turn-over rate 

(intron-early theory). Another hypothesis is that introns actually appeared in eukaryotes, 

thus disrupting the structure o f early eukaryotic genes containing no introns (intron-late 

theory). The origin and function o f introns remain enigmatic but their e.xistence may 

demonstrate that the need for structural diversity in eukaryotic organisms may have been 

answered by a series of phenomenons involving coding, as well as non- coding, regions 

o f the genome.

1-1-3 DNA sequencing technology

The understanding that DNA is the carrier of hereditary information in a cell and 

that this information is encoded by the order o f bases in DNA led to the emergence of 

new technologies to determine the primar>' structure o f DNA, i.e., its sequence. 

Determining the base order o f any DNA has become a powerful approach for 

understanding the primary structure, and the expression, o f the proteins performing the 

biological activities o f a cell.

Two basic methods to sequence DNA were developed. In the method developed 

by Maxam and Gilbert ( 1977), the DNA to be sequenced was radiolabeled at its 5' end. 

Four different chemical cleavages o f the DNA then were performed separately, 

addressing the base immediately adjacent to the site o f cleavage. One chemical cleavage 

was made by hydrazine which, alone, cleaves after cytosine and guanine, and with salts, 

cleaves only after cytosine. Dimethylsulfate with heat cleaves after guanine and, with 

acids, cleaves after adenine, but also weakly guanine. The DNA fragments generated by 

each cleavage reaction then were loaded separately on an acrylamide gel. Electrophoresis 

allowed migration according to their size. Because each fragment was radiolabeled at its 

5' end, the DN A sequence could be read by autoradiography on the resulting gel, 

according to the position o f the fragments and the identity o f the chemical used to cleave

1 2



after a specific base. It must be noted that this method is very sensitive to the presence 

of secondary structure and compression. Consequently, the probability for each base to 

be cleaved greatly depends on its structural environment. In the method developed by 

Sanger et al. (1977), the DNA fragments are not generated by chemical cleavage but 

rather synthesized by enzymatic activity. In the original method, the enzyme used, a 

DNA polymerase, extended a primer radiolabeled at its 5' end using the DNA to be 

sequenced as a template. Again, four different reactions were performed in which the 

DNA template, the DNA polymerase and the radiolabeled primers were mixed with the 

four dNTPs and one o f four ddNTP terminators. The DNA polymerase can not extend 

a polynucleotide chain if  the 3' hydroxyl group usually present on the deoxyribose o f 

the last base is missing. Thus the DN.A polymerase-catalyzed chain elongation stopped 

eveiy' time a ddNTP was randomly introduced to the elongating DNA chain, this 

resulted in four base-specitlc reactions containing a series o f fragments with different 

lengths that terminated with the same base. After loading the DNA fragments from the 

four reactions separately on a gel and then electrophoresing them, they migrated 

according to their size. Since each fragment was radiolabeled at its 5' end. an 

autoradiography was performed on the gel that has been dried and the exposed X-ray 

film was examined or read to determine the succession o f bases according to the 

position o f the fragment on the gel by noting the order o f the fragments based on the 

identity of the terminating ddNTP. Again, this method is sensitive to the presence o f 

secondary structure and compression that influence the progression o f the DNA 

polymerase along the DNA template. However, improvements have been made to reduce 

this problem (see below).

The Sanger method has been widely used and is currently the method o f choice 

in large scale genomic sequencing projects. However, several improvements to the 

method have been made over the years in order to increase both its efficiency and its 

accuracy. In 1986. Smith ei al. reported a new method using fluorescent 5'-labeled
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primers as an alternative to the use of radiolabeled primers for signal detection. Then, 

the use o f fluorescent labeled ddNTP terminators for sequencing reaction was reported 

by Prober et al. in 1987. These improvements not only eliminated the need of 

manipulating radioactive materials, and the possible dangers linked to it, but also greatly 

increased the efficiency o f any sequencing reactions by making it possible to perform 

the four base-specific reactions simultaneously in the same tube instead o f being divided 

into four different tubes. The use of four base-specific fiuorescent-labeled ddNTP 

terminators further allowed the four sequencing reactions to be loaded simultaneously 

on one lane o f the electrophoresis gel, instead o f four lanes as was the case with early 

sequencing e.xperiments using the original Sanger method. Furthermore, fiuorescent 

signal automated detection and computer assisted data collection and analysis increased 

the efficiency and accuracy o f the sequencing data while decreasing the time to collect 

them. Finally, fiuorescent-labeled ddNTPs reduced compressions because o f the 

presence o f a rather large dye moiety bound to the ddNTP that prevents base stacking 

because of its size. Background also is reduced, as abortive elongations remain 

undetected i f  they arc not terminated by a fiuorescent-labeled ddNTP. These fiuorescent 

labeling methods have been commercialized by several companies and regularly updated 

to improve signal detection and quality. Two sequencing chemistry kits (BigDye Prism 

kit and dRhodamine kit) are currently available from Applied Biosystems Inc. and one 

from Amersham (ET kit), which mainly differ by the fiuorescent dyes bound to each 

ddNTPs. Each dye emits light at a specific wavelength when excited by laser light and it 

has been shown experimentally that the quality o f signal in regions difficult to sequence 

depends on the type o f dyes used during the sequencing reaction.

Another improvement in DNA sequencing was developed by McBride ei al. in 

1989 and later optimized by Craxton in 1991. Here the sequencing reactions are cycled 

at three temperatures instead o f incubated at a constant temperature. Cycle sequencing 

reactions are thermally cycled, with each cycle including three different dénaturation.
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annealing and elongation temperatures. The cycle sequencing method yields larger 

amounts o f fluorescent-labeled DNA fragments, and consequently increased levels of 

signal. Furthermore, because a thermostable DNA polymerase (see below) is used 

during the reaction, the elevated temperature reduces DNA template secondary structure 

and compression, thus increasing the accuracy o f the DNA sequence.

Other studies resulted in improved enzymes for DNA polymerization during the 

sequencing reaction. The original DNA polymerase used by Sanger was a fragment of 

the E.coli DNA polymerase I, called the Klenow fragment, from which any 5'-3' 

exonuclease activity had been removed by limited proteolysis (Klenow el al.. 1971). 

Since then, other DNA polymerases have been introduced that include the modified 

bacteriophage T? DNA polymerase (Sequenase) (Tabor and Richardson, 1989), the 

Bacillus stearothennophilus (Bst) DNA polymerase (Stenesh and Roe, 1972) and the 

Tliennus aqiiaticiis (Taq) DNA polymerase (Innis el a l. 1988). These enzymes belong 

to the same family of DNA polymerases but differ sharply in their enzymatic activities, 

their thermostabilities and their efficiency in incorporating ddNTPs. The modified Ty 

DNA polymerase has a very high tendency to incorporate ddNTPs in the elongating 

DNA chain. Tabor and Richardson (1995) discovered that this ability to efficiently 

incorporate ddNTP was due to the Tyr residue at position 526. In contrast, the wild type 

Taq DNA polymerase has a Phe residue at the corresponding position (position 667). 

Because of its thermostability over a broad range o f temperature, Taq DNA polymerase 

is the enzyme of choice for cycle sequencing reactions. Not surprisingly however, wild 

type Taq DNA polymerase has a very high rate o f discrimination against incorporating 

ddNTPs, thus requiring a very high concentration o f ddNTP terminators during the 

sequencing reaction. Fortunately. Tabor and Richardson ( 1995) discovered that a single 

amino acid substitution at position 667 (F667Y) on the wild type Taq DNA polymerase 

allows a much more efficient incorporation o f ddNTPs, dramatically decreasing 

discrimination against it by 250 to 8000 fold. Based on this discovery, a new set of Taq
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DNA polymerases was commercialized. For example, the AmpliTaq-FS (Applied 

Biosystems Inc.) and the Thermosequenase (Amersham) both carry the F667Y amino 

acid substitution. To further improve the "Klenow-like" properties. N-terminal 

modifications also were introduced to remove the 5'-3' exonuclease activity o f these 

enzymes.

Finally, the use of automatic sequencers has been fundamental in obtaining rapid 

and accurate sequencing data. Several automated DNA sequencing instruments have 

been developped and commercialized. Until recently, polyacrylamide gel electrophoresis 

was the method of choice to run a sequencing reaction. This method, although accurate, 

was time-consuming ( 10 hours per run) and initially only sixteen reactions could be run 

together on a gel. Much progress has been made in this area to increase the number of 

reactions loaded on each gel but. before analysis, each sequence needed to be manually 

tracked and extracted, adding time to the already time-consuming process and 

introducing a certain margin o f error in the tracking process. The introduction of 

capillaries filled with a synthetic polymer instead of polyacrylamide slab gels to resolve 

the sequencing reaction nested fragment set not only reduced the time needed to run a 

reaction (from 10 to 2 hours per run) but also eliminated the time consuming, error 

prone tracking o f the sequencing data. Initially, several automated sequencers using slab 

gel electrophoresis, among them the Perkin Elmer ABI Model 377 (the last model o f a 

series o f sequencers including Model 370 and Model 373) and the LI-COR Long Read 

IR 4200 sequencer, were used in this dissertation research (see Materials and Methods). 

However, capillary sequencers that were used for the bulk o f the data in this dissertation 

to collect shotgun sequencing data (see Materials and Methods) were manufactured by 

Perkin Elmer, the ABI Model 3700. and Molecular Dynamics, the MegaBACE 1000 

sequencer. .Although these sequencers differ in the media for migration o f the DNA 

sample, they all consist o f three major components: an electrophoresis instrument, a 

fluorescent signal detection unit and a computer including software tools for data
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collection and analysis. An argon ion laser excites the ddNTP terminator-bound 

fluorescent dyes and the photons emitted from the excited dyes are detected by a 

photomultiplier tube (PMT) in the slab gel instruments or a charge coupled device 

(CCD) camera in the capillary instruments. Using the light intensities collected from the 

CCD camera or PMT, a computer software records and transforms the emission signals 

in a series o f peaks of specific intensity and wavelength. Each peak corresponds to a 

specific ddNTP terminator-bound fiuor dye and thus to a specific base. Typically, 64 

reactions now can be loaded on the ABI 377 slab gels and 96 reactions can be loaded 

simultaneously on the capillary sequencers and each reaction generates a sequence with 

an average read length of 500 to 600 bp on either instrument.

I 1-4 Genome organization

The recent completion of a working draft o f the human genome by a public 

sequencing consortium (Human Genome Project) (Lander et al., 2001) and a private 

effort led by Celera (Venter et al., 2001 ) shed a new light on whole genome analysis and 

set a new pace for the field o f genomics. The genomic era started over 20 years ago with 

the pioneering work in Sanger's laboratory (Anderson et a i, 1981: Fiers et al,, 1978; 

Sanger et al., 1982). Through this work, that now has resulted in a massive growth in 

genomic sequencing data, the ability o f having a global view of genomes can greatly 

enhance biomedical research by giving the opportunity to consider genetic diseases in a 

global and comprehensive fashion. Sequencing the human genome was made possible 

by the emergence of a new strategy for large-scale sequencing (random shotgun 

sequencing strategy: see Anderson et al., 1981: Bodenteich et al., 1993: Chissoe et al., 

1995: Putney et al,, 1983) and a program launched by Botstein et al. in 1980 to create a 

physical map o f the human genome by systematically screening PAC and BAC clones 

from a human library for STS markers, fingerprinting the positive clones, integrating
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them into the map and selecting the largest clones with minimal overlap for sequencing 

(McPherson et al., 2001). Although some characteristics o f a vertebrate genome were 

described by numerous previous studies, none o f them were fully integrated in a 

comprehensive fashion, allowing new questions to emerge. The Human Genome Project 

has allowed the research community free access to the working draft o f the human 

genome, thereby providing a fairly complete view o f the genomic sequence. In addition, 

work in progress on other vertebrates, such as mouse, provides an additional 

opportunity to study comparative genomics. Conserved DNA segments between human 

and the mouse model organism can be used to identify likely orthologous genes and to 

speculate on their mode of transcriptional regulation. Evolutionary studies are greatly 

enhanced by the study o f conserved segments among genomes from diverse species. 

.Also, determining the sequence similarity among genes o f known functions in model 

organisms accelerates the study of human gene function, although the actual function of 

these genes in human needs to be firm ly established by additional studies.

One of the main characteristics of a vertebrate genome is the presence o f DN.A 

repeat sequences. The recognition that genomes can contain a large amount o f DNA 

repeat elements originates from what is known as the C-value parado.x (Gall. 1981). One 

might e.xpect the morphological complexity o f an organism to be roughly correlated to 

the amount of DNA in its haploid genome (C-value). However, many simple organisms 

have an unexpectedly large C-value. For instance. Amoeba diibia has a genome size that 

is 200 times larger than that o f human (Gregory and Hebert. 1999). Such large C-values 

actually are related to the presence o f an enormous amount o f DNA repeats. In human. 

DNA repeats, although in lower amount than in Amoeba cliibia. still account for at least 

50% o f the genome content. Most o f the DNA repeats in human, as well as other 

vertebrates, are transposon-derived repeats. In mammals, transposon-derived repeats fall 

into four classes: I) Long Interspersed Elements (LlNEs). 2) Short Interspersed 

Elements (SlNEs). 3) LTR retrotransposons and 4) DNA transposons. LlNEs. SlNEs
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and LTR retrotransposons transpose through RNA intermediates, whereas DNA 

transposons transpose directly as DNA. The two predominant forms o f transposon- 

derived repeats in the human genome, accounting for 60% of all transposon-derived 

repeats, are the L I family and the Alu family. The L I repeats (a LINE family member) 

are about 6 kb long, harbour an internal polymerase II promoter and encode two open 

reading frames (ORFs) (Adams et al., 1980). The Alu repeats (a SINE family member) 

are about 300 bp long, harbour an internal polymerase III promoter, encode no proteins 

and are composed of two head-to-tail repeats o f a sequence sharing significant 

homology with 5' and 3' portions o f 7SL RNA (Quentin, 1992). The two predominant 

forms o f SlNEs in mouse are the B I and 82 families. 81 repeats, considered as the 

rodent equivalent o f the human Alu repeats, are composed of about 140 bp o f a 

consensus sequence followed by a short A-rich region (Maraia, 1991). 82 repeats are 

specific to the rodent lineage, are about ISO bp long and share some sequence 

homology with serine tRNA genes (Daniels and Deininger, 1985). Considering their 

enormous number in most higher eukaryotic genomes and the absence o f experimental 

evidence for any possible functions, DNA repeats are often seen as "junk" DNA, 

molecular parasites that have disseminated themselves, over many generations, 

throughout the entire genome. Because they are present in both human and mouse, as 

well as many other vertebrate genomes, the appearance of LlNEs and SlNEs predated 

human and mouse spéciations, indicating the extremely slow rate with which these DNA 

sequences are removed from veretebrate genomes. In terms o f natural selection, the rate 

o f elimination o f repeat DNA in slowly growing eukaryotes would be effectively 

counterbalanced by its rate o f propagation, allowing its maintenance over the years in 

vertebrate genomes. Data from the Human Genome Project (Lander ei al.. 2001) 

indicate that the overall activity o f all transposon-derived repeats in human has 

dramatically decreased over the past 35-50 million years, with the possible exception of 

L I  repeats. However, such decline has not been observed in the mouse genome.
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indicating a higher rate o f recombination in rodent lineages. Interestingly, although 

LlNEs occur mostly in gene-poor AT-rich regions o f the human genome. SlNEs show 

an opposite trend, occuring mostly in gene-rich GC-rich regions. The same pattern is 

observed for A lu-like B i and tRNA-derived SlNEs (such as 82) in mouse. In addition, 

young Alu repeats actually have a preference for AT-rich regions, whereas older Alu 

repeats are progressively found in GC-rich regions. Alu repeats might be selectively 

eliminated from AT-rich regions over several generations, thus concentrating the older 

.Alu repeats in GC-rich regions. Also, the observation that positive selection favors Alu 

repeats in GC-rich regions might e.xplain their bias towards GC-rich regions. Such a 

mechanism has been proposed by Schmid (1998). In many species. SlNEs are 

transcribed under condition of stress and the resulting RNAs bind protein kinase R. 

blocking its ability to inhibit translation (Chu et a i,  1998; Li et al., 1999; Liu et al.. 

1995). Therefore, SlNEs would be positively selected in gene-rich GC-rich regions 

because of their ability to activate protein translation under stress conditions.

Besides DNA repeats, many genes are present in multiple copies in vertebrate 

genomes. Multiple copies o f the gene for ribosomal and transfer RNAs are present in 

these genomes, because o f the large amounts o f these RNAs that are required by the 

organism. Several proteins are encoded by genes organized in clusters. For example, 

histone proteins are encoded by a series o f identical, repeated genes (Maxson et a i. 

1983). Histones must be synthesized in large amount during the S phase of the cell 

cycle and this is made possible by the multiple reiteration o f histone genes. Mammalian 

globin genes also occur in clusters. The genes specifying globin alpha and beta-like 

subunits are arranged in two developmentally ordered clusters on different 

chromosomes (Karlsson and Nienhuis. 1985). Here, the genes in each globin cluster are 

arranged 5' to 3' on the coding strands, in the order o f their developmental expression 

and this order is conserved in humans, mice and many other vertebrates.
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One question that remained unanswered until the completion o f the working 

draft o f the human genome concerns the total number o f genes present in the human 

genome. Surprisingly, the number o f genes present in the human genome appears to be 

relatively low, according to the level o f complexity o f the human organism. Estimation 

of the number o f genes is based on several parameters, including cross-species 

sequence comparison based on sequence similarity to previously identified genes in 

other species, EST and mRNA alignments with genomic sequences and recognition of 

groups o f exons using various computer programs (see Materials and Methods). So far, 

the most accurate analysis estimates the number o f protein-coding genes in human to be 

about 30000-40000. This is about only twice as many as much simpler organisms such 

as the worm or lly. However, genes in human are more complex, with many alternatively 

spliced mRNAs generated from one gene, yielding a larger number o f proteins. Certain 

exons in one type of cells may actually be introns in other types. About 38Cr of human 

genes have their expression modulated by aliemative splicing sites, as determined by 

EST alignments (Brett et al.. 2000). This figure is much greater than the worm C. 

elegans. in which alternative splicing has been predicted for 22Cr o f genes for which 

ESTs have been identified. Preliminary studies on human chromosomes 19 and 22 

show that about 709c of alternative splice forms affect the coding sequence, rather than 

changing the 5' or 3' UTR (Lander er al.. 2001).

The ultimate goal in sequencing the human genome is to compile a complete list 

o f all human genes and their encoded proteins (the "proteome"). To facilititate gene 

identification, a comparison with a set o f mouse cDNAs sequenced by the Genome 

Exploration Group o f the RIKEN Genomic Sciences Center shows that about 81% of 

the 15294 cDNAs selected from a collection o f nearly one million mouse ESTs from 

different tissues and developmental stages exhibit sequence similarity with portions of 

the human genome and 69% exhibit sequence similarity to the human genes predicted 

so far (Lander et a i. 2001). In addition, many segments o f the human genome are
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conserved in the mouse genome. A map o f linkages and synteny between mouse and 

human has been described by Nadeau (1989). This map indicates that in many cases, 

not only the chromosomal assignment, but also the gene order, are conserved in syntenic 

segments. One hundred and eighty three segments of the human genome containing at 

least two genes whose order is conserved in the mouse genome without interruption 

have been identified (Lander et al.. 2001). The largest conserved segment is on human 

chromosome 4. where about 90.5 megabases o f DNA are conserved with mouse 

chromosome 5. The likely presence o f orthologous genes (genes conserved between 

species) in these conserved segments will allow an in-depth analysis o f the overall 

regulation o f these genes in human as well as a better study of the proteins they encode.

Finally, sequence similarity with proteins o f known function in model organisms 

offers further opportunities to study the function o f the proteins encoded by the human 

genes. The complete genomic sequences o f the yeast. S. cerevi.Kiae. fiy. Drosophila 

inelanoga.ster. and worm. C. elet^ans allow comparative studies of their proteomes. It 

appears that only 7 T  of the families o f proteins reported by Lander ei al. (2001) (each 

family reflects a specific physiological function) are specific for vertebrates. Not 

surprisingly, these families o f proteins are mostly involved in specific vertebrate 

functions such as the nervous system or the immune response, indicating the recent 

emergence o f these functions in vertebrates. Also, the number o f protein domains is 

much higher in human (Lander et al.. 2001). indicating a higher rate o f rearrangements 

between pre-existing sub-domains during vertebrate evolution, through various 

mechanisms including exon shuffling. This higher rate o f rearrangement mostly 

involves the recent evolution of extracellular and transmembrane domains. Finally. 607c 

of the protein families are more numerous in human than in the other species mentioned 

above, indicating that gene duplication has had a major impact during vertebrate 

evolution. Many o f the families that have expanded in human are mostly involved in
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specific vertebrate physiological functions, such as the immune response or the 

olfactory response (Fuchs ei al., 2001).

1-2 Interferon-inducible proteins

1-2-1 Interferons and their mode of action

Interferons (IFNs) were discovered in 1957 as agents interfering with virus 

replication (Isaacs and Lindenmann, 1957). They are soluble mediators involved in cell- 

to-cell communication (cytokine) that regulate vertebrate resistance against viral and 

parasitic infections through their antimicrobial, immunomodulatory and cell growth 

regulatory functions. They also are components o f the host defense against certain 

tumors (for review, see Lengyel. 1982; Petska et al.. 1987: Samuel. 1988; Samuel. 

1991). IFNs are classified as IFN alpha, beta and gamma. In human, there are at least 18 

IFN alpha genes, four o f which are pseudogenes. They constitute, together with the 

single IFN beta gene a cluster o f genes on chromosome 9. One interesting characteristic 

o f IFN alpha and beta genes is that they all lack introns. The reason for this lack of 

introns remains obscure but may be related to the postulate that all the IFNs alpha and 

beta genes are thought to have evolved from a single ancestral gene (Weissmann and 

Weber. 1986). However, in contrast to the IFNs alpha and beta, the single IFN gamma 

gene, located on chromosome 12. has three introns. Interestingly, most cell types are 

capable o f producing IFNs alpha and beta whereas only lymphocytes T and Natural 

K iller (NK) cells produce IFN gamma. The nature o f the IFN produced depends on 

both the producing cells and the inducer. Biological inducers enhancing IFN 

biosynthesis include viruses, bacteria, protozoa, and exposure to other cytokines and 

growth factors. As an example. IFN gamma synthesis by NK cells is stimulated by 

Interleukin-2 as well as double-stranded RNA (dsRNA) which is thought to be a side
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product or an intermediate produced during virus replication (Ciccarone et a i, 1990). 

The control o f IFN production is primarily at the level o f IFN transcription and the 

induction is transient, even in the continued presence o f inducer. IFN gene 5'-flanking 

regulatory regions contain several regulatory elements that are bound by specific 

proteins such as the transcriptional activator IRF-1 or the transcriptional repressor IRF- 

2. Interestingly, IRF-1 synthesis is induced by both IFN alpha and gamma in many cell 

lines (Harada f t  a/.. 1998).

The treatment o f cells with IFNs alters the rate of synthesis o f many cellular 

mRNAs and of their corresponding proteins (see Fig. 1.3).

IFN alpha/heta receptor

o
Induced Kinase 
Phosphor\lates 
Stall and StatZ

Ternary complex hinds to ISRE

Stall

p4S

/

IFN gamma receptor

o

Stall

ISRE U-1-----Z------ IFN-inducible szenes

Induced genes encode the proteins which are the direct 
eft'ectors o f IFN action

Fig. 1.3: M echan ism  o f gene activation by interferons.

The first step o f gene activation by IFNs is their binding to specific cell surface 

receptors. IFNs alpha and beta compete for binding to the same receptor whereas IFN 

gamma binds to a specific receptor. One or more member o f the JAK family o f tyrosine 

kinases associated with the cytoplasmic domain o f the IFN receptor is then activated
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after IFN-receptor interaction, leading to the tyrosine phosphorylation o f one or more of 

a family o f latent cytoplasmic transcription factors called STATs. Then, after 

phosphorylation, heterooligomerization with the DNA-binding protein p48. and nuclear 

translocation, these proteins then act as transcriptional activators by binding to a 

consensus cis-acting DNA sequence called the IFN-Stimulated Response Element 

(ISRE). which confers inducibility by IFN and is present in the 5’-tlanking region o f all 

known IFN-inducible genes (Benech et ciL. 1987).

The mRNAs encoded by the IFN-activatable genes are translated into the IFN- 

inducible proteins. One IFN-induced protein is the dsRNA-dependent protein kinase 

(Meurs et a i, 1990). Binding o f dsRNA elicits autophosphorylation and activation of 

this latent enzyme which then phosphorylates a serine residue to inactivate the alpha 

subunit o f the translation initiation factor eIF2. Another enzyme activated by dsRNA. 

called (2'-5')(A)n synthetase, catalyzes the conversion o f ATP into (2'-5')(A)n and PPi 

(Hovanessian. 1991). Binding o f (2'-5')(A)n to R.NAse L activates this enzyme which 

primarily cleaves ssRNA after UU. UA. UC and UG residues. All the above three 

enzymes are mediators of the antiviral action o f IFNs. Other IFN-inducible proteins are 

thought to mediate, through IFN-induced alterations in the level o f e.xpression o f their 

corresponding genes, the immunomodulatory and cell growth regulatory functions of 

IFNs (Staeheli. 1990). As an example. T cells-derived IFN gamma induces the enhanced 

expression o f MHC class II antigens on accessory cells, such as monocytes and 

macrophages, which either do not express class II antigens constitutively or at a very 

low level (Liu and Janeway. 1990).

The mode of action o f the IFNs is best known in the case of picoma and 

influenza viruses. Various data demonstrate that the IFN-induced (2'-5')(.A)n 

synthetase/RNAse L pathway can inhibit the replication of picoma virus (Chebath et a i. 

1987; Rice et a i,  1985). The IFN-inducible murine M x l protein, located in the nucleus.
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blocks the replication o f influenza virus in cultured cells as well as in mice (Staheli, 

1990). possibly by impairing viral transcription.

1-2-2 The "200 family" of proteins

The binding o f interferons to cell surface receptors activates the transcription of 

many genes. The proteins encoded by these genes are the direct effectors of interferon 

action. One related family o f IFN-induced proteins is the "200 family" o f proteins. This 

family is encoded by several structurally related genes located on murine chromosome 1 

(111200 cluster) and by three homologous genes (M NDA. IFI 16 and .AIM2) located on 

human chromosome 1. within a large linkage group conser\ed between mouse and 

human.

1-2-2-1 The murine 111200 family

The interferon-activatable 111200 gene family in mouse consists o f at least live 

members designated 202a. 202b. 203. 204 and D3. Southem-blot analysis o f cosmids 

containing the 202. 203 and 204 genes have funher revealed 1) the cross-hybridization 

o f the 202 and 204 genes with a third gene designated as the 201 gene. 2) the 

hybridization o f a partial 203 cDNA to three genes o f the 203 gene family and 3) the 

close linkage o f the 203 family gene to the 201. 202 and 204 genes, indicating the 

e.xistence o f a cluster o f at least eight closely linked. IFN-activatable genes on murine 

chromosome 1 (Kingsmore et «/.. 1989; Opdenakker er a/., 1989).

The 111200 gene family encodes the "200 family" o f proteins: p202a. p202b. 

p203. p204 and D3. Comparison o f their predicted amino acid sequences has revealed a 

peculiar structural organization with one or two partially conserved 200 amino acid long 

segments (a type and b type), supporting the hypothesis that these genes were
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generated, at least partially, by repeated gene duplication o f an ancestral gene encoding 

one copy o f the conserved 200 amino acid segment. The p202a, p202b and p204 

proteins each have one a and one b type segments, whereas p203 and D3 have only one 

such segment o f either the a type or the b type. Comparison o f 959 nucleotides from the 

5'-flanking regions o f the 201, 202a and 204 genes also reveals strong sequence 

similarity (96% sequence similarity in this region between the 202a and 204 genes), 

with two short IFN-responsive elements (GA bo.\ and Friedman-Stark sequence) 

identified in these segments (Choubey et ciL. 1989).

The best characterized 200 family proteins are p202a and p204. Their functions 

are summarized in Fig. 1.4. The functions and interactions o f the 200 family o f proteins 

are summarized in Table 1.1.

Functions of p202a and p204

p53 binding 
protein I. p53. 
c-Jun. PDGF

- slight ovcrcxprcssion of p202a retards cell proliferation
- overexpression of p204 triggers myoblast fusion to myotube

inhibit apoptosis and 
induce loss of 
tumonstenicitv

rDNA

LBF

.VlyoD. myogenin. p33. c-Fos. c-Jun 
E2F-I. E2F-4. .\F-kB. c-.Mvc

RE

Fig 1 4 summarized functions o f the proteins encoded by Ifi202a i p202a) and IH204 ip204| See text for details.

Proteins Genes Functions Interactions

p202a I t l202a -retards cell proliferation MyoD, myogenin.
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-inhibit apoptosis 
-induce loss o f 
tumorigenicity

p53. c-Fos. c-Jun. 
E2F-1. E2F-4.NF-kB 

c-Myc. p53 binding 
protein I . pRb

p203 Ifi203 -unknown unknown

p204 Ifi204 -retards cell proliferation 
-inhibit rDNA transcription 
-triggers myoblast fusion

pRb. UBFl

D3 Ifi205 -myeloid differentiation? unknown

Table l . l :  Summarized functions and interactions o f the 200 family o f proteins. See text 
for details.

I-2-2-1-1 The in202a gene

The 202a cDNA. isolated from a cDNA library prepared from mRNA of IFN 

beta-treated Ehrlich ascite tumor cells (Samanta et a l. 1984). encodes p202a, a 52 kD 

phosphoprotein that contains several potential sites for phosphorylation by several 

protein kinases (e.g., cyclin-dependent kinase 2, casein kinase II. protein kinase C. 

cAMP-dependent protein kinase) (Choubey and Lengyel. 1993). Its basal level of 

e.xpression in growing mouse cells is relatively low and increases up to 16-fold after a 

48 hour IFN exposure. Interestingly, the IFN-inducibility of p202 is poor in confluent 

mouse cells, indicating that the extent of IFN-inducibility of p202 is affected by the 

growth conditions. p202 is primarily located in the cytoplasm. However, after a 

prolonged exposure of the cell to IFN (36 hours exposure), most o f the p202 is located 

in the nucleus (Choubey and Lengyel. 1993). p202 binds non specifically to double­

stranded DNA and to single-stranded DNA in vitro, raising the possibility that it could 

bind DNA in vivo (Choubey and Gutterman. 1996).

Recent studies have demonstrated that the overexpression o f p202 in yeast and 

murine transfected cells retards proliferation. IFNs can inhibit the growth o f various 

cultured cells by prolonging phases of the cell cycle or by arresting the growth at the G I
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phase (Lembo et a i. 1995; M in et a i, 1996). Interestingly, co-immunoprecipitation 

experiments o f cell extracts prepared from IFN-treated murine AKR-2B cells 

transformed with an expression construct encoding pRb have shown that p202 can bind 

the hypophosphorylated active form of the retinoblastoma protein pRb (Choubey and 

Lengyel, 1995). The 105 kD pRb is a negative growth regulator that retains the cells in 

the G1 phase o f the cell cycle. The effect of p202 binding on pRb function is unknown. 

However, it is possible that the binding of p202 may impair the phosphorylation o f pRb 

(IFN treatment impairs this process) or the phosphorylation-dependent release of pRb 

from its association with the nucleus (Choubey and Lengyel. 1995). At least two 

segments of pRb bind p202. the second segment is the region to which different DNA 

tumor virus oncoproteins bind. Interestingly, these oncoproteins preferentially bind the 

hypophosphorylated form of pRb (Dyson et a i.  1989; Horowitz et a i.  1989).

One of the ways in which pRb regulates cell proliferation is by binding to the 

E2F-1/DP-1 transcription factor (TF). as shown by co-immunoprecipitation 

experiments on IFN-treated murine .AKR-2B cells, and inhibiting its activity (Choubey 

et al.. 1996). E2F-1/DP-1 promotes the transcription o f various growth-promoting 

genes whose expression is required for the G l-S  transition (DeGregori et a i. 1995). 

The hypophosphorylated form o f pRb present in the G1 phase o f the cell cycle binds 

E2F-1/DP-1 and thereby inhibits its activity (Chellappan et a i. 1991). At the end o f the 

G1 phase. pRb becomes phosphorylated and loses its ability to bind E2F-1/DP-1. 

Interestingly. p202 can bind E2F-1/DP-1 and inhibit its activity in a transient 

transfection assay. Since p202 and pRb bind different regions o f E2F-1/DP-1. 

complexes between all three proteins may occur (Choubey et a i.  1996).

Besides E2F-1. p202a can inhibit the activity o f numerous transcription factors, 

including c-Fos (Min er «/.. 1996). c-Jun (M in et a i. 1996). NF-kB (M in et a i. 1996). 

c-Myc (Wang et a i. 2(X)0), MyoD (Datta et a i.  1998). myogenin (Datta et a i. 1998) 

and p53 (Datta et a i. 1996). The protein p53 is a major tumor supressor protein that
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Controls cell growth in response to distinct events. While pRb responds to the presence 

or absence of mitogenic signals, p53 responds mostly to DNA damage. The p53 protein 

acts as a checkpoint to regulate cell cycle arrest in the G l, G 2/M and GO phase of the 

cell cycle. p53 activates, through its specific DNA-binding activity, the transcription of 

genes with p53-binding sites (Farmer et al.. 1992). Among the genes activated by p53 is 

the mdm2 protooncogene whose gene product. Mdm2, binds to and down-modulates 

p53 function (Fakharzadeh el al.. 1991). The p2I gene is a second p53-activated gene 

whose gene product, p21, binds to and inhibits cyclin/cyclin-dependent kinase (cdk) 

complexes, inducing cell cycle arrest in the G l phase (Harper et al.. 1993). Luciferase 

reporter assays have shown that the overexprcssion o f p202 in murine transfected cells 

inhibits the p53-dependent expression o f reporter genes driven by elements from the 

mdm2 or the p21 promoters (Datta et al.. 1996). Gutterman and Choubey (1999) 

demonstrated that the induced expression o f p202a in murine AKR-2B fibroblasts was 

accompanied by an increase in p21 mRNA and protein levels. Transient transfection of 

a p202a-encoding plasmid in Saos-2 cells, which lack a wild type p53 protein, also 

results in an increase in p21 protein levels, suggesting the possibility that p202a 

modulates p21 protein levels at a post-transcriptional level (Gutterman and Choubey,

1999).

NF-kB controls the expression of various genes o f the immune and 

inllammatory systems, as well as o f various viral genes (Siebenlist et al.. 1994). The 

NF-kB protein is present in most eukaryotic cells and serves as an inducible 

transcription factor under the effect o f various factors, including cytokines (interleukin 1 

and tumor necrosis factor alpha), bacterial lipopolysaccharides and double-stranded 

RNA (Baeuerle and Henkel. 1994). The AP-1 transcription factors (c-Fos and c-Jun) 

also are induced in response to various inducers, including growth factors and UV 

irradiation. Their function is modulated by phosphorylation/dephosphorv'lation at 

several sites (Angel and Karin. 1991). MyoD and myogenin are members o f a family of
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transcription factors known as muscle regulatory factors (Buckingham, 1994). The 

muscle regulatory factors form heterodimers serving as skeletal muscle-specific 

transcription factors that bind DNA sites in transcriptional enhancers o f muscle 

differentiation genes (Buskin and Hauschka, 1989). MyoD usually is expressed in 

proliferating myoblasts whereas myogenin is not expressed until the myoblasts exit the 

cell cycle (Olson and Klein. 1994). The c-Myc transcription factor is a member o f the 

Myc oncoprotein family whose functions have been correlated with proliferation, 

apoptosis and tumorigenesis in many cell types (Henrikson and Luscher, 1996). The 

expression o f c-Myc is induced by various factors, including mitogens, cytokines and 

growth factors. Ectopic overexpression o f c-Myc can inhibit or delay differentiation 

(Henrikson and Luscher, 1996) and even induce apoptosis in conjunction with p53 

(Packham and Cleveland, 1995). There is evidence that c-Myc forms a transcription 

factor by forming a heterodimer with the protein Max (Blackwood and Eisenman. 1991 ) 

and both subunits are required for the heterodimer binding to DNA (Ferre-D'amare ei 

al., 1993). Both c-Myc and Max are required to modulate transcription, apoptosis and 

cell proliferation (Amati et a i. 1993). In the case o f c-Fos, c-Jun, NF-kB, MyoD and 

myogenin, p202a binds to the transcription factor in vitro and in vivo, inhibiting its 

sequence-specific binding to DNA. Besides modulating its activity. p202a also inhibits 

the expression of MyoD in murine transfected cells. In addition, the overexpression of 

p202a in murine transfected cells increases during the fusion o f myoblasts to myotubes 

(Datta et ai.. 1998). p202a binds c-Myc in vitro and in vivo and therefore inhibits its 

binding to the Max protein, as well as the transcriptional activity o f c-Myc (Wang et ai..

2000).

The activity o f p202a in turn is inhibited in vivo by the binding o f a segment 

from the p53 binding protein 1 (Datta et a i.  1996). In addition, D'Souza et ai. (2001) 

demonstrated that p53 binds to a p53 DNA-binding consensus sequence present in the 

5'-regulatory region o f the 202a gene to repress the activity of a reporter gene whose
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transcription is driven by the 5'-regulatory region o f the 202a gene. Therefore, p202a 

which regulates p53 functions and inhibits its transcriptional activity, is in turn 

transcriptionally regulated by p53. Geng et al. (2000) recently showed that transfection 

with a JunD-encoding plasmid along with a reporter plasmid in which transcription o f a 

reporter gene was driven by the 5'-regulatory region of the 202a gene, into murine 

AKR-2B fibroblasts, resulted in an increased activity of the reporter gene, suggesting 

that one o f the AP-1 like DNA binding sites present in the 5'-regulatory region of 202a 

might be selectively bound by the Jun transcription factor. These data suggest that the 

Jun transcription factor might positively regulate the transcriptional activity o f the 202a 

gene. Flati et al. (2001) showed that the 111202 gene was transcriptionally activated by 

the mitogenic platelet-derived growth factor (PDGF), independantly from IFN signaling, 

suggesting that 111202 can be directly activated by mitogenic stimuli.

Finally, the p202a protein also can inhibit apoptosis (Koul et al.. 1998) and is 

associated with an antiproliferative effect on human prostate cancer cells (Van et al., 

1999). Interestingly, human prostate tumorigenic cells e.xpressing p202a show reduced 

ability to grow in soft agar, indicating a loss o f transformation phenotype (Van et al.. 

1999). Also, Wen et al. (2000) revealed that p202a was able to induce a loss of 

tumorigenicity o f breast cancer cells in vivo and that p202a expression actually 

sensitized breast cancer cells to apoptosis induced by tumor necrosis factor alpha 

treatment. One suggested mechanism is that p202a, because of its interaction with NF- 

kB, might actually contribute to its inactivation and the resulting sensitization o f breast 

cancer cells to apoptosis in the presence o f tumor necrosis factor alpha. Wen et al. 

(2001) demonstrated recently that p202 expression was associated with multiple 

antitumor activities in human pancreatic cancer xenograft models, including inhibition of 

tumor growth, reduced tumorigenicity. prolonged survival and suppression o f metastasis 

and angiogenesis, providing a scientific basis for a p202-based gene therapy in 

pancreatic cancer treatment. Also, 111202 was positioned as a candidate gene for lupus
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by Rozzo et al. (2001), using microarray studies in mice congenic for the locus 

contributing to systemic lupus susceptibility.

1-2-2-1-2 The 10203 gene

Another member o f the 111200 family. 203. is e.xpressed in mouse strain 

C57BL76-derived cell lines stimulated with IFNs. Several techniques, including reverse 

transcriptase PCR and rapid amplification of cDNA ends (RACE), have been employed 

to clone the 203 cDNA (Gribaudo et al., 1997). The 203 gene previously was identified 

as the upstream neighbor o f the 202a gene (Engel et al.. 1988). about 5 kb upstream of 

the 5'-tlanking region o f the 202a gene. The constitutive e.xpression o f the 203 gene is 

restricted to some myeloid and lymphoid tissues (thymus, bone marrow and spleen) 

(Gribaudo et al., 1999). In addition, the 203 and 202a genes e.xhibit a reciprocal pattern 

o f expression in various mouse strains, indicating that p203 and p202a might have a 

similar function in a mouse strain in which only one o f them is expressed (Gribaudo et 

al., 1999).

1-2-2-1-3 The lfi204 gene

The 204 gene encodes a 72 kD protein whose levels in cells increases up to 75- 

fold after IFN alpha/beta exposure. Studies involving fractionation o f cell lysates and 

immunofluorescence analysis o f control and IFN-treated AKR-2B fibroblasts indicates 

that p204 is distributed between the nucleolus and the nucleoplasm (Choubey and 

Lengyel. 1992). Like p202a. p204 contains several potential sites for phosphorylation 

by several protein kinases (casein kinase II. protein kinase C. cAMP-dependent protein 

kinase). Analysis o f cell extracts o f ^-P-labeled IFN-treated AKR-2B cells shows that 

p204 is phosphorylated. Its overexpression in murine transfected cells inhibits cell
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proliferation (Lembo et a i, 1998). p204 delays cell progression from G l into the S 

phase and cells accumulate with a DNA content equivalent to cells arrested in late G 1 

phase. Hertel et a i  (2000) demonstrated that p204 can directly hind the pRh tumor 

suppressor protein in vivo, suggesting that p204. like p202a. contributes to the IFN 

antiproliferative activities by targetting the pRh regulatory system. Further studies 

showed that p204 can inhibit the transcription of ribosomal RNA in vivo and in vitro 

(Liu et a i.  1999). This inhibition is the consequence of the binding o f p204 to the 

ribosomal DNA-specific UBF transcription factor. UBF (Upstream Binding Factor) 

transcription factor promotes the binding o f the murine protein comple.x TF-IB  

(consisting o f the TATA Binding Protein and three associated factors) to the rDNA 

promoter, and the resulting comple.x promotes the binding o f RNA polymerase I 

(Beckmann et a i.  1995; Bell et al.. 1988). The binding o f p204 to UBF results in the 

inhibition o f the binding o f UBF to its specific binding site in the rDNA 5'-regulatory 

region. In addition, like p202a. the level o f p204 increases during the fusion of 

myoblasts to myotubes. Also. p204 is predominantly cytoplasmic during myoblast 

fusion and its translocatior. from the nucleoplasm to the cytoplasm is linked to its 

phosphorylation {Lm et a i,  2000). The increased level o f p204 during myoblast fusion 

is related to the binding o f MyoD transcription factor to several MyoD-specific 

sequences in the 204 gene 5'-regulatory region, and the subsequent MyoD-dependent 

activation o f transcription. Interestingly, the increase o f p204 level during myoblast 

fusion does not depend on interferons, suggesting that p204 is involved in muscle 

differentiation independently from its interferon action. It has been demonstrated that 

the expression o f the 204 gene is restricted to cells o f the myelomonocytic lineage, 

suggesting its potential involvement in the differentiation and maturation of this cell 

lineage (Gariglio et a i,  1998). Finally. p204 is required by mouse cytomegalovirus 

(M M CV) for its replication, as M M CV replication is strongly inhibited in cells lacking 

a functional p204 (Hertel et a i,  1999).
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1-2-2-1-4 The D3 gene

The D3 cDNA clone initially was isolated from a murine macrophage cDNA 

library. The D3 gene is inducible in macrophages by lipopolysaccharides and IFNs and 

is not expressed in IFN or plateled-derived growth factor-stimulated fibroblasts 

(Tannenbaum et al.. 1993). Its expression is restricted to myeloid cell lineages at or 

beyond the promyelocyte stage of differentiation, indicating a potential role for the D3 

protein in myeloid differentiation (Weiler t*/ al.. 1999).

I-2-2-2 The human "200 family" of proteins

Much less is known about the human counterpart o f the mouse 200 family of 

proteins. To date, only three members of the human 200 family o f proteins have been 

characterized ( IF I-16. M NDA and AIM2). and their respective roles remain to be clearly 

established. Their functions and interactions are summarized in Table 1.2 and Fia. 1.5.

Proteins Genes Functions Interactions

M NDA M NDA -unknown nucleolin. Y Y I 
transcription factor, 

nucleophosmin

IF I-16 IFI-16 -transcriptional repressor p53

AIM 2 AIM 2 -retards cell proliferation 
-increases susceptibility 
to apoptosis
-tumorigenic suppression?

unknown

Table 1.2: Summarized t'unciiuns and interactions o f the human 200 family o f proteins. See 
text for details.
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Functions of MNDA. IF I-16 and AIM2

Functions Transcnptional repressor Retards cell proliferation 
Increases susceptibility to apoptosis 
Tumongenic suppressor'.’

f
lF I-1 6 .MND.-\ .■\1.\I2

Interactions Nucleolin
Nucleophosmin
'I 'Y l transcription factor

1 ig  I \u rn m .ir i/cd  I'unciions o f  the prtitcms enctHled b \ the human 200 iam iK  Sec icx i to r details

1-2-2-2-1 The MNDA gene

During immunoblot screening of nuclear antigens specifically expressed in 

myeloid cells, a cDNA was discovered and the corresponding protein was named 

Myeloid Nuclear Differentiation Antigen (M N D A ) (Burrus et al.. 1992). This cDNA 

encodes a 403 amino acid protein containing a single copy of the 200 amino acid 

conserved segment common to all the proteins of the "200 family" and showing 

extensive regions o f sequence similarity with the protein products o f the interferon 

inducible 204 gene (Briggs et al.. 1992). The M N D A gene is specifically expressed in 

granulocytes, monocytes and earlier stage cells o f these lineages, but is upregulated by 

IFN alpha in monocytes only. Inducibility o f M N D A expression by IFN alpha also has 

been reported in the human myeloid leukemia cell lines HL-60. U937 and TH P-I 

(Briggs et al.. 1994b). The expression o f M N D A mRNA is modulated by the 

myelomonocytic differentiation process, since induction o f monocytic differentiation
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with phorbol esters is accompanied by a decrease in mRNA level o f M N D A and this 

effect is not due to the inhibition o f cell proliferation (Briggs ei al., 1994c). In contrast, 

induction o f granulocyte differentiation by retinoic acid does not alter the mRNA level 

o f M NDA.

Characterization o f the M NDA gene shows that it is a single copy gene located 

on human chromosome I. within a large linkage group conserved between human and 

mouse containing the mouse Ifi200 family (Briggs et al., 1994a). The 5'-llanking region 

o f the gene contains two Interferon-Stimulated Response Elements (ISRE) Hanking a 

multiple transcription start site region identified as a TATA-less promoter with other 

consensus elements for binding of cellular transcription factors Myb, Ets. PU-1 and 

Spl (Kao et al., 1996). Analysis o f deletion mutants showed that Spl. but not Myb or 

PU-1, is one o f the factors contributing to the restricted pattern o f e.xpression of the 

myelomonocytic lineage specific M NDA gene (Kao et al., 1997). The M NDA protein 

was shown to bind the ubiquitous 100 kDa nucleolin protein (Xie et al., 1995). 

Nucleolin is a protein that binds other macromolecules and exhibits features consistent 

with a role in signal transduction, production of ribosomes, nuclear matrix structure and 

regulation o f transcription. This result indicates that the function o f the protein M NDA 

most likely is related to interactions with other proteins contributing to cell/lineage- 

specific processes by ubiquitous proteins such as nucleolin. Xie et al. (1997) further 

demonstrated that the protein M NDA binds the nucleolar protein nucleophosmin. 

suggesting that additional interactions define overall M N D A functions. Both nucleolin 

and nucleophosmin binds the ubiquitous zinc finger transcription factor YYI and 

M NDA binds Y Y I directly under/» vivo and in vitro conditions (Xie et al., 1998). The 

M N D A -Y Y I interaction enhances the affinity o f Y Y I for DNA and decreases its rate of 

dissociation. In addition. MND.A forms a ternary complex with YYI and the YYI target 

DNA site, suggesting a role for M NDA as a cofactor to impair lineage-specific features 

to Y Y I functions. The ability o f M NDA to act as a co-regulator altering gene expression
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through its binding to specific transcription factors or other proteins is similar to the 

ability o f mouse protein p202a and p204 to bind specific transcription factors and alter 

their DNA-binding activities, although tissue/cell-specific expression of the mouse 

111200 cluster genes has only been reported for the D3 gene.

I-2-2-2-2 The IFI-16 gene

The IFI 16 cDNA was isolated by screening a human CTL-derived cDNA 

library with a rabbit antiserum raised against the cytolytic granules obtained from the 

same cell source (Trapani et al.. 1992). The IFI 16 mRNA encodes a 729 amino acid 

protein containing the two 200 aminoacid conserved segments (a type and h type) 

common to all members o f the "200 family" o f proteins, and shows significant sequence 

similarities to the mouse genes 202a and 204. The IFI 16 gene expression is strongly 

induced in myeloid cells by IFN gamma exposure (Trapani ei al.. 1992) and is 

associated with the differentiation o f myeloid precursor cell lines (Dawson and Trapani. 

1995). IFI 16 is present throughout monocytic development but its expression rapidly 

declines in erythroid and polymorphonuclear precursor cells, suggesting a possible role 

in myelopoiesis (Dawson ei al.. 1998). This pattern o f IFI 16 expression throughout 

lymphoid development and within monocyte precursors and peripheral blood 

monocytes contrasts with MNDA. whose expression is limited to myeloid cells from the 

promyelocytic stage onwards (Dawson et al.. 1995).

The gene encoding IFI 16 has been mapped to human chromosome I by DNA 

hybridization to a panel o f human-mouse hybrid cell lines, within the same linkage 

group conserved between human and mouse and containing the mouse 111200 gene 

cluster and the M N D A  gene (Trapani et al.. 1992). Its exon-intron organization has 

been determined (Trapani et al.. 1994). Exon 2 of the IFI 16 gene encodes a lysine-rich 

amino terminal region possessing DNA-binding activities. The 5’-untranslated region
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contains an IFN alpha/beta-stimulated response consensus element (ISRE), as well as 

an IFN gamma-activation site consensus element. Immunofluorescence studies showed 

that the IFI 16 protein is located in the nuclei o f monocytes, neutrophils and 

lymphocytes in normal peripheral blood but not in granulocytes (Dawson and Trapani. 

1995). Alternative mRNA splicing accounts for the e.xistence o f three isoforms of the 

IFI 16 protein (Johnstone et al., 1998). IFI 16 fused to the GAL4 DNA-binding domain 

can act as a repressor of transcription when positioned in proximity to a promoter 

containing consensus GAL4 DNA elements (Johnstone et al., 1998). The 

transcriptional repression domains have been mapped to the 200 amino acid segments 

conserved in all human and mouse "200 family" protein members. Functional 

interactions between p53 and IFI 16 have been reported (Johnstone et al., 2000). 

Whether this interaction o f IFI 16 with p53 and the role o f IFI 16 as a transcriptional 

repressor are involved in regulating myeloid differentiation remains to be established.

I 2 2-2-3 The AIM 2 gene

Introduction of a normal copy o f human chromosome 6 suppresses the 

tumorigenicity o f melanoma cell lines (Trent et al., 1990). The AIM 2 cDNA was 

isolated by substractive cDNA selection in a chromosome-suppressed melanoma cell 

line (DeYoung ert//.. 1997). It encodes a 344 amino acid protein containing part of the 

200 amino acid a type segment common to all members o f the "200 family" o f proteins. 

The A IM 2 consensus sequence shares strong sequence similarity with IFI 16. M NDA 

and 204 genes. The AIM 2 gene, located on human chromosome 1. is within a linkage 

group conser\ed between the syntenic human and mouse regions o f chromosome I. 

The 39 kD AIM 2 protein, unlike IFI 16 and MNDA. is present primarily in the 

cytoplasm (Choubey et al., 2000). The overexpression o f AIM 2 in murine transfected 

fibroblasts retards cell proliferation and. under reduced serum conditions, increases the
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susceptibility o f the cells to apoptosis, suggesting that AIM 2 may be a direct effector of 

IFNs and relay their growth-inhibitory effects in the human (Choubey et al.. 2000).

The AIM 2 mRNA has been detected in tne spleen, small intestine, peripheral 

blood leukocytes and can be induced by IFN gamma in HL60 cells. The e.xpression 

pattern o f A IM 2 is consistent with data obtained with IFI 16 and M NDA, suggesting 

that genes in this family may be involved in the blood cell-specific response to IFNs. 

However, the A IM 2 gene also is expressed in non-lymphoid tissues and interestingly, 

up-regulated in a tumor cell line whose tumorigenicity has been suppressed by an extra 

copy of human chromosome 6 . raising the possibility o f its involvement in tumorigenic 

suppression (DeYoung f t  «/.. 1997).

1-3 Genetic aspects of bone density regulation

Osteoporosis is a common metabolic bone disease characterized by a reduction 

in bone mineral density (BMD). microarchitectural deterioration o f bone tissue and an 

increased risk o f fracture. Susceptibility to osteoporosis is multifaceted with genetic 

factors, endogenous factors depending mostly on nutrition and hormones and 

environmental factors, such as physical e.xercise. influencing it (Audi et a i. 1999). Peak 

bone mass occurs at the end o f the second decade of life and is an important 

determinant of osteoporosis susceptibility later in life (Teegarden et al.. 1995; Theintz et 

al.. 1992). Low peak bone density is considered to be a major risk factor for 

osteoporotic fracture in elderly adults. It has been estimated that approximately 409c of 

postmenopausal women will suffer at least one osteoporotic fracture (Cummings et al.. 

1985). Major regulatory factors support the adult skeletal system, including 

environmental factors, such as nutrition or physical e.xercise. and endogenous factors, 

such as reproductive status, aging, disease states (cancer, diabete. hyperparathyroidism), 

hormones and mineral levels. Numerous studies have demonstrated significant
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heritabiliiy o f peak bone mass at various skeletal sites (Seeman and Hopper, 1997). 

suggesting that the effects o f all such factors to support the adult skeletal system are 

genetically regulated. These studies have demonstrated that 60-70% o f the normal 

variability in bone density is genetically determined. Although many regions o f the 

genome have been involved with bone density regulation, identifying genes participating 

in regulation o f the adult skeleton is still at an early stage. The main strategies for 

identification o f such genes are based on looking for evidence o f an association between 

a phenotypic trait, such as bone density, and a series o f polymorphic genetic markers 

(Stewart and Ralster. 2000). The genetic markers are regions o f the genome analyzed by 

PCR-based methods on DNA extracted from peripheral blood. There are two main 

types o f markers: repeat polymorphisms of variable length (VNTR) and single 

nucleotide polymorphisms (SNPs). Genetic studies involve analyzing a large number of 

markers throughout the whole genome, or specific markers concentrated in regions of 

interest (candidate loci) or specific genes of interest (candidate genes). Regions of 

chromosomes containing alleles that influence phenotypic traits such as BMD are 

termed Quantitative Trait Loci (QTL). The search for QTL in population-based studies 

often gives contradictory results, because of the natural genetic heterogeneity o f the 

human population coupled with important environmental differences. Comparison 

within twin pairs or among siblings is one method to keep environmental factors 

relatively constant. However, this approach requires large numbers o f twins, which are 

not frequent in the general population. Studies in animal models provides an additional 

method of identifying QTL. In particular, inbred mice offer a large number o f 

genetically identical twins whose environment can be strictly controlled. Furthermore, 

each inbred strain is genetically different from every other inbred strain and cross 

mating experiments o f mouse strains with low BMD and high BM D make it possible to 

study the segregation o f genes essential to bone density regulation. Genetic studies on 

inbred strains o f mice have been widely successful in identifying QTL and. in several
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cases, candidate gene association studies have isolated the main regulators o f bone 

metabolism, such as calciotrophic hormones, bone matrix proteins, steroid hormones 

and local regulators o f bone metabolism, whose genetic polymorphism likely 

contributes to BMD variability. Among them are vitamin D receptor (Morrison et al., 

1994). collagen lA l  (Uitterlinden ei al., 1998), IG F-i (Rosen et al., 1998), 

apolipoprotein E (Shiraki et al., 1997). calcitonin receptor (Masi et al., 1998). bone- 

specific alkaline phosphatase (Harris et al., 1998), TGF beta-1 (Langdahl et al., 1997), 

alpha 2HS-glycoprotein (Zmuda et al., 1998), estrogen receptor (Deng et al., 1998), IL- 

6 (Ota et al., 1999) and osteocalcin (Dohi et al., 1998). In spite of the controversial 

status o f the evidence for some of these genes, it is clear from the wide range of factors 

influencing bone density that it is a quantitative trait dependent upon the action of 

numerous genes that individually have modest effects on bone density.

The search for possible associations between polymorphic variations in any 

candidate genes located on chromosome Iq and BM D regulation has led to the 

description o f several associations. First, osteocalcin is an abundant non-collagenous 

component o f the bone matrix and this highly conserved bone-specific protein is 

synthesized by the bone-forming osteoblast cells under transcriptional regulation 

through a vitamin D-response element (Dohi et al., 1998). A role for osteocalcin in bone 

resorption has been previously suggested because of its ability to influence recruitment 

and differentiation o f the bone-resorbing osteoclast cells. Dohi et al. ( 1998) described a 

polymorphism in the osteocalcin gene promoter that is related to BMD and prevalence 

o f osteoporosis in postmenopausal Japanese women. Raymond et al. (1999) mapped 

the human osteocalcin gene to Iq25-lq31 by somatic cell hybridization and described a 

new microsatellite (C.A) polymorphism linked to the gene associated with BMD in a 

white postmenopausal American population. These data suggest that genetic 

polymorphism at the osteocalcin gene could impact BM D status in postmenopausal 

women and predispose some women to osteoporosis. Second, absorptive hypercalciura
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(AH) is a common cause o f kidney stones and is due to intestinal hyperabsorption o f 

calcium. In some severe cases, this condition may be accompanied by low bone density 

(Pietchmann e! al., 1992). A candidate locus for AH has been mapped by linkage 

analysis studies to human chromosome Iq23.3-lq24 (Reed et a t, 1999). Interestingly, 

no candidate genes o f interest are present in this region, raising the possibility that a still 

unknown gene in this region could be involved in the regulation o f intestinal calcium 

absorption and possibly BM D regulation. Finally, pycnodisostosis is a rare autosomal 

recessive skeletal disorder characterized by short stature, wide cranial sutures and 

increased bone density and fragility. A candidate locus for this condition has been 

mapped by linkage analysis studies to human chromosome Iq21 (Polymeropoulos et 

al.. 1995). Homology searches o f ESTs mapped within this region to DNA sequences 

o f genes o f interest identified the cathepsin K gene as a primary candidate for this 

condition (Johnson et al.. 1996). Cathepsin K is a cysteine protease highly expressed in 

bone-resorbing osteoclast cells and is thought to be involved in the degradation o f the 

bone matri.x because it digests collagen (which composes up to 907r o f the bone matrix) 

(Inaokii et al.. 1995). Interestingly, a cytosine to thymine transition at nucleotide 862 of 

the cathepsin K coding sequence has been found in the DNA o f an individual affected 

with pycnodysostosis, resulting in an arginine to stop codon alteration at amino acid 241 

(Johnson et al.. 1996). These data suggest that cathepsin K could have an important role 

in BMD regulation and osteoporosis that could result, at least partially, from e.xcess 

cathepsin K activity or increased susceptibility o f the bone matrix to cathepsin K 

activity.
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Chapter II

Materials and Methods

The large scale genomic DNA sequencing approach used in this dissertation is 

based on a random shotgun sequencing method to collect the majority o f the sequencing 

data, followed by custom synthetic primer and PCR-based methods to close the 

remaining gaps, assembly proofreading and sequence analysis. The following protocols 

arc taken from our laboratory protocol manual which was published (Chissoe et a i. 

1991) and is updated on our laboratory website at URL:

http://www.genome.ou.edu/proto.html.

II-1 Random shotgun sequencing

Random shotgun sequencing involves eight major steps (see Fig. 2.1).

Large scale BAC PAC, CcsnnI DMA EObtBii

riagnrni by physral shraimg ( rebulcaicn )

End :epaii of d *  surglc-iUanded ftagirents

Subckine sue-seiected bagments i l-akbj into pUC IS 
And pl)cnnLthkjinâ:invelhei=basedexUacünn nom gel

Ligauon into pt'ClS and uanstoim into -XLlBlue by clectropciatjcn

Subclone DMA isolatm on mrtotrter plate via 
a mcdilzd alkaline 1>xb piotocol using H Cio  
Oxygenated Shake: Ircubatoi and H'lriia 96

BigD;ve ™ Fluotescent labeled Thq-teratmator cyrle 
sequencing with umvTisal mrwatd and leverse pnmets

Automated electiophciesB detection and base calling on 96 capibaiy 
ABl 3700 » compute!-geneiated assembly ( PhiedfPhiap/Consed)

2 1 SunuTianadsïpsQftïie lacdom slic%im sequencing seifegy See Xxt foi desuls
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(1) A large scale DNA isolation for each clone harboring the DNA insert of 

interest; (2) a physical shearing via nebulization o f 20 to 50 [ig o f the isolated DNA 

clone, generating fragments between approximately 0.8 and 6 kb; (3) end-repair o f the 

single-stranded ends o f the nebulized DN A fragments; (4) a size-selection of the now 

blunt-ended fragments between 1 and 4 kb using a low melting point agarose gel and a 

phenol/chloroform/ether-based extraction method; (5) the size-selected blunt-ended 

fragments are ligated into Smal-treated pUClS vector using T4 DNA ligase and the 

ligation mix is transformed into E. coli X U  Blue MRF' electrocompetent cells; (6 ) 

miniprep isolations are performed to isolate DNA subclones; (7) the DNA subclones 

are sequenced using the Taq DNA polymerase-catalyzed reaction with AB l BigDye 

fluorescent-labeled ddNTP terminators. After purification, the reactions are loaded onto 

an automated Perkin Elmer A B l 3700 capillary sequencer which performs 

electrophoresis, signal detection and base calling; (8 ) the data are assembled into large 

contigs with computer programs Phred. Phrap and Consed on local Sun work stations.

I I  11 Large scale DNA isolation

A modified alkaline lysis procedure, involving a second acetate precipitation step 

to remove remaining sheared E. coli chromosomal DNA contamination, was used for 

the large scale isolation o f DNA clone.

First, a smear o f colonies harboring the DNA clone of interest is transferred into 

a 12X75 mm Falcon tube containing 3 ml o f LB medium supplemented with the 

appropriate antibiotic and incubated at 37°C for 8 to 10 hours with shaking at 250 rpm. 

The culture is transferred to an Erlenmeyer fiask containing 50 ml o f a similar medium 

and incubated for another 8 to 10 hours under similar conditions. The culture then is 

transferred to a flask containing 1 liter o f a similar medium and incubated for an 

additional 8 to 10 hours under similar conditions. Cells are harvested into 500 ml
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centrifuge bottles by centrifugation at 7000 rpm for 20 minutes in a RC5-B centrifuge. 

Cell pellets can be stored at -70°C at this point.

The DNA clone is isolated according to the following protocol. The cell pellet is 

resuspended in 35 ml o f GET/Lysozyme solution by gently teasing the pellet with a 

spatula and incubated at room temperature for 10 minutes. 70 ml o f alkaline lysis 

solution are added to the resuspended cells. The solution is mixed very gently to avoid 

the shearing o f E. coli chromosomal DNA and incubated in an ice-water bath for no ore 

than 5 minutes. E. coli chromosomal DNA. membranes and proteins are precipitated by 

adding 52.5 ml o f 3M NaOAc, followed by a very gentle mixing and incubation in an 

ice-water bath for 15 minutes. The lysate is cleared o f precipitated SDS. proteins, 

memebrane and chromosomal DNA by pouring through a double layer o f cheesecloth. 

Further clearing is performed by transferring the supernatant into a 250 ml centrifuge 

bottle and centrifuging at 10000 rpm for 30 min in a RC5-B centrifuge. I f  neccessary. 

an additional centrifugation is performed to make sure that every insoluble material is 

removed. An equal volume o f isopropanol is added to the supernatant and. after 

incubation for 5 minutes at room temperature, the solution is centrifuged at 9000 rpm 

for 20 minutes in the RC5-B centrifuge. The supernatant is decanted and the pellet 

resuspended in 18 ml o f 10:1 TE buffer. The solution is divided equally into two 50 ml 

Coming centrifuge tubes and 4.5 ml o f 7.5M KOAc are added to each tube. After 

incubation for 30 minutes at -70"C. the solution is thawed and centrifuged in Beckman 

GS-6R centrifuge at 2000 rpm for 10 minutes. The resulting supernatant is incubated 

with 100 /xg/ml (final concentration) o f DNAse-free RNAse A and 40 )tl/lOO ml from a 

lOOU/^1 stock o f RNAse T i in a 37°C water bath for 1 hour. After incubation. 30 ml of 

cold 100% ethanol are added to the solution and the solution is incubated in an ice-water 

bath for 15 minutes. The solution then is centrifuged in Beckman GS-6 R centrifuge at 

3000 rpm for 25 minutes. The resulting DNA pellet is washed with 30 ml o f 70% 

ethanol. The DNA pellet then is dried in a vacuum oven and resuspended in a total o f 2

4 6



ml o f sterile ddHoO. The DNA concentration and purity are estimated by agarose gel 

electrophoresis.

I I - 1-2 Physical Shearing

The isolated DNA clone is sheared into fragments of approximately 0.8 to 6 kb 

by nebulization. First, an aqueous solution containing 20 to 50 /tg o f DNA is mi.xed in a 

nebulizer with 0.5 ml o f sterile glycerol and sterile ddH ]0  to a final volume of 2 ml. 

Nebulization is performed in an ice-water-salt bath at -5 C for 2.5 minutes with a 

nitrogen pressure of 8 psi. When the pressurized nitrogen gas is applied, the DN.-\ 

solution is forced to enter a small chamber in the nebulizer top and, then, after exiting 

through an oritlce, the solution comes in contact with a spherical surface to form small 

droplets. These droplets contain DN.A sheared by surface tension over a size range 

which is controlled by the gas pressure, the temperature and the viscosity o f the 

solution. Glycerol is added to the solution to increase its viscosity, and also to protect 

the DNA solution from freezing. The nebulized sample is collected by briefly 

centrifuging the nebulizer in a Beckman GS-6R centrifuge at 1500 rpm. The solution 

then is equally divided into four 1.5 ml microcentrifuge tubes, ethanol precipitated, 

vacuum dried and resuspended in 24 ^1 of sterile ddH2Ü per microcentrifuge tube prior 

to proceeding with fragment end-repair.

II-1-3 End Repair

The nebulization generates for the most part DNA fragments with single­

stranded ends. Since the ligation step involves ligating DNA fragments to linearized 

blunt-ended p U C i8 vector with dephosphorylated 5' ends, the D N A fragments need to 

be end-repaired to make them blunt-ended and phosphorylated at their 3' ends. 24 jul of
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the DNA solution are mixed with 6 /i! o f lOX TM  buffer, 6 ^1 o f I OX kinase buffer, 6 

/xl o f 10 mM rATP, 10 ^1 o f 0.25 mM dNTPs, 2 ^1 o f T4 polynucleotide kinase, 3 /d of 

T4 DNA polymerase and 3 /il o f Klenow DNA polymerase. The use o f two polymerase 

activities is justified by the very active single-stranded 3'-5' exonuclease activity o f T4 

DNA polymerase to degrade 3' overhangs. The solution then is incubated in a 37°C 

water bath for 30 minutes. The reaction is stopped by cooling the sample on ice.

11-1-4 Size selection and DNA extraction

Following step 11-1-3, the reaction mixture is loaded into a O.Sff low melting 

point agarose gel. After an electrophoretical migration for 30 to 60 minutes at 100-120 

mA, DNA fragments are visualized in a dark room on a long wave UV light box with 

appropriate molecular weight markers (lambda DNA digested by H ind lll and phage 

X I 74 digested by Haelll). The fragments in the desired range (1-4 kb) are excised from 

the gel with a razor blade, put into a microcentrifuge tube and frozen at -70'C for at least 

15 minutes.

The gel slice containing the DNA fragments o f interest is melted by incubation 

in a 70'C water bath for 30 minutes. An equal volume of TE-saturated phenol is added. 

After vortexing for 30 seconds, the solution is centrifuged at room temperature for 5 

minutes. The upper phase is recovered and mi.xed with an equal volume of a solution 

containing half a volume of TE-saturated phenol and half a volume of chloroform. The 

solution is vortexed for 30 seconds and centrifuged again. The upper phase is recovered 

and further extracted by adding an equal volume o f chloroform. A final round of 

extraction is finally performed by adding an equal volume of water-saturated ether after 

what the lower aqueous phase is recovered, ethanol precipitated and vacuum dried. The 

DNA pellet then is resuspended in 10 to 20 fil o f sterile ddH ]0.
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I I - 1 -5  S h o t g u n  L i b r a r y  C o n s t r u c t i o n

Library construction requires two steps: ligation and transformation. The 

ligation is performed by mixing 100 to 1000 ng o f insert DNA fragments. 20 ng of 

pUC18 vector previously linearized and blunt-ended with Smal and dephosphorylated 

with calf intestinal alkaline phosphatase, 1 fd o f Ta DNA ligase and 1 [i\ o f lOX ligation 

buffer, with sterile ddH^O up to a final volume of 10 ^1. The reaction mixture is 

incubated ovemight at 4"C. A negative control is performed in the absence o f insert 

DNA fragments to test for any possible vector self-ligation. The transformation is 

performed by electroporation. Electrocompetent cells are prepared by inoculating 3 ml 

of YENB medium supplemented with 12.5 ^g/ml tetracycline with a colony picked from 

a plate previously inoculated with an aliquot o f glycerol stock o f X L l Blue M RF E. coli 

cells and containing 12.5 ^g/ml tetracycline. After incubation ovemight. 5 to 10 ^1 of the 

culture are inoculated into 1 liter o f YENB medium supplemented with 12.5 /ig/ml 

tetracycline. The cells are incubated at a shaking of 250 rpm at 37’C until they reach an 

A^oo of about 0.5. After being harvested in four 500 ml centrifuge bottles by 

centrifugation at 5000 rpm for 10 minutes in the RC5-B centrifuge, the cells are washed 

twice with 100 ml o f cold sterile water and once with 40 ml o f \07c cold sterile glycerol 

solution. Cells then are resuspended in 3 ml o f 10% cold sterile glycerol solution, 

divided into small aliquots o f 40 ^1 and frozen at -70"C for storage. For the 

transformation step. 40 /tl of electrocompetent cells are mi.xed with 3 jul o f ligation mix 

and incubated at 4 'C for I minute, the mixture then is electroporated in a Bio Rad E. coli 

puiser. One ml o f fresh YENB medium is added and the sample is incubated at 37°C at 

a shaking o f 350 rpm for no more than 60 minutes. Cells are harvested by 

centrifugation in a Beckman GS-6R centrifuge at 2500 rpm for 5 minutes and 

resuspended in 600 ^1 o f YENB medium, to which are added 90 /tl o f 20 mg/ml I PTC 

(in ddH ]0 ) and 90 /tl o f 24 mg/ml X-Gal (in DMF). Cells then are plated out on LB
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plates supplemented with 100 ^g/ml ampicillin (LB/Amp plates). The plates are 

incubated 18 to 20 hours at 37°C.

I I - 1-6 Miniprep isolation of DNA subclones

The resulting white colonies are picked with a Flexys automated colony picker 

(Genomic Solutions) and inoculated into each well o f a 96-well flat bottom microtiter 

plate (Dynayech) containing 150 jxl o f TB medium supplemented with 100 /rg/ml 

ampicillin. The plates are incubated for 18 hours at 37°C in an HiGro oxygenated 

shaker incubator (Gene Machines) with shaking at 520 rpm. Cells are harvested by 

centrifugation in a Beckman GS-6R centrifuge at 2500 rpm for 10 minutes and the cell 

pellets are stored at -70 C for at least 2 hours. Cells then are resuspended by adding 60 

fd o f TE-RNAse A solution into each well o f the 96-well Hat bottom microtiter plates 

(Dynatech) by using an Hydra 96 (Robbins). After shaking on a bench top shaker for 

20 minutes, cells are lysed by adding 60 fd o f alkaline lysis solution into each well of 

the microtiter plates using the Hydra 96 (Robbins) and incubating the plates on a bench 

top shaker for at least 30 minutes. 60 fi\ o f 3M NaO.Ac are added to precipitate 

chromosomal DNA. membrane and proteins and the plates are incubated for 30 minutes 

in the HiGro oxygenated shaker incubator (Gene Machines) with a shaking at 520 rpm. 

The plates then are stored at -20’C overnight. After thawing, the plates are centrifuged in 

a Beckman GS-6R centrifuge at 3200 rpm for 30 minutes. Using the Hydra 96 

(Robbins), 60 ^1 o f the supernatant are removed from each well and transferred to a new 

V-bottom microtiter plate (Dynex). 130 jLtl o f ethanol 95% then are manually added 

using a 12-channel manually pipeter and the plates are centrifuged in a Beckman GS-6 R 

centrifuge at 3200 rpm and at 4°C for 30 minutes. The resulting DNA pellet is washed 

with 150 fd o f ethanol 70%. The DNA pellets then are dried in a vacuum oven, 

resuspended in 50 o f sterile ddH^O and stored at -20 C for later use.
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I I - 1 -7  C y c l e  s e q u e n c i n g  r e a c t i o n  a n d  p u r i f i c a t i o n

In the cycle sequencing reaction with ABI BigDye fluorescent-labeled ddNTP 

terminators, 2 ^1 o f subcloned DNA are mixed with 1 /tl of forward or reverse universal 

primers (6.5 /xM), I /xl o f 25% DMSO (in ddH^O) and 2 ^1 o f ABI BigDye terminator 

mix previously diluted to one-third by adding two volumes of 5X TM  buffer. The ABI 

BigDye terminator mix (provided by the supplier) contains fluorescent-labeled ddNTP 

terminators, dNTPs, Taq DNA polymerase and MgCh. Typically. 384 reactions are 

prepared into each well o f a 384-well thermocycle plate (Robbins) (or each well o f a 

384-we 11 Viper plate) by using the Hydra 96 (Robbins) and perfonned simultaneously. 

60 cycles are performed for each reaction in a Perkin Elmer GeneAmp PCR system 

9600 thermal cycler according to the following cycle conditions: 95°C for 10 seconds, 

50 C for 5 seconds and 60°C for 4 minutes. After the reactions, the unincorporated dye- 

terminators are removed and the reaction products purified by ethanol precipitation. 

Briefly, 15 /il o f sterile ddH iO  are added to each reaction using the Hydra 96 

(Robbins). After a brief centrifugation at 1500 rpm in a Beckman GS-6R centrifuge, the 

reactions are transferred from the 384-well thermocycle plate (or from the 384-well 

Viper plate) to four 96-well thermocycle plate using the Hydra 96 (Robbins). 60 )il of 

95% ethanol/0.12N NaOAc are added to each well by using a 12-channel manually 

pipeter and the plates are centrifuged in a Beckman GS-6R centrifuge at 4"C and at 

3200 rpm for 30 minutes. The supernatant then is removed by briefly centrifuging the 

plates in a Beckman GS-6R centrifuge at 400 rpm. The DNA pellet is washed with 70 

III o f 70% ethanol, dried in a vacuum oven and stored at -20"C.

Before loading onto the Perkin Elmer ABI 3700 capillary sequencer, each DNA 

sample is resuspended in 20 to 50 ^1 o f sterile ddH jO . Each sample then is

electrophoretically loaded onto a capillaiy containing ABI 3700 POP-5™ polymer.
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Electrophoresis is performed for 3 hours at 6.5 kV and, after data collection, the raw 

data are transferred to a local SUN work station for further analysis.

I I  18  Data assembly

The sequence read length generated on the Perkin Elmer ABI 3700 sequencer is 

typically between 500 and 600 bp. Because the position o f the reads generated from a 

random shotgun library are unknown, computer programs are used on local SUN work 

stations to assemble these reads according to the potential sequence overlap between 

them. A program called PhredPhrap (P. Green; University o f Washington) performs 

this task. PhredPhrap is a highly accurate program that assemble short reads into large 

contigs, first, by estimating the quality o f each base and, second, by using this quality 

evaluation to assemble the reads together. Another program, called Consed (P. Green; 

University o f Washington), creates a consensus sequence from the assembly and 

performs several other tasks, such as sequence editing.

Such a random assembly usually results in an average 6 to 8 fold coverage of 

shotgun sequence data and the generation o f 10 to 20 contiguous contigs covering 

typically 95 to 997c of the sequence of the clone o f interest.

II-2 Gap closure

After 6 to 8 fold coverage of shotgun sequence data is collected and assembled 

into a database, a more directed strategy is applied, in which the remaining sequence of 

the clone is obtained to close the small gaps between contiguous contigs. The presence 

o f gaps in the sequence at this high depth o f coverage is not intuitive because, i f  the 

subclones picked for shotgun sequencing were truly picked randomly, then a typical 

clone could be completely sequenced by random shotgun sequencing. However.
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because o f a natural statistical bias in the random sequencing approach, some regions of 

the clone have a lower extent o f coverage (a 6 to 8 fold coverage is actually an average 

coverage). Furthermore, ends of contigs are usually made of low quality reads or reads 

shorter than the average read length. Then uncovered sequences may remain because 

they are not covered by shotgun reads. In addition, some regions are difficult to 

sequence because they have a high percentage o f G/C which results in secondary 

structure that prevents read through the region. Other regions that contain long stretches 

o f di- or tri- nucleotide repeats also are difficult to sequence through.

To overcome the above, several gap closing strategies were used during this 

dissertation research.

II-2 -I Primer walking

From the previous discussion, the approach taken entailed sequencing the 

shotgun subclones in both the forward and the reverse directions, using respectively 

forward and reverse universal primers, to generate forward and reverse sequence reads 

respectively. Since the average sequence read length was 500 to 600 bp, but the length 

o f a subclone can be up to ~4 kb, the middle portion o f a shotgun subclone typically is 

not sequenced using the forward and reverse universal primers. However, i f  the forward 

and reverse shotgun reads o f a same subclone are located at the end o f two different 

contigs and pointing towards the end o f these contigs. the gap between these two contigs 

is covered by the unsequenced region o f this subclone. Therefore, a custom-synthetic 

primer walking approach can be used to obtain the sequence covering the gap and 

thereby connect the original two adjacent contigs. To accomplish this approach, custom 

synthesized primers can be synthesized using a Mermade oligonucleotide synthesizer 

after their sequences are determined using a primer picking program such as PrimOU. 

I f  the gap has a high G/C content or contains long stretches o f polynucleotide repeats.
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alternative sequencing reagents can be used. For example, it has been shown that G/C- 

rich gaps are more efficiently closed by using a dOTP-containing dye reaction mix 

instead o f the dITP-containing BigDye reaction mix while A/T-rich gaps are closed 

more efficiently using the dRhodamine dye reaction mix instead o f BigDye reaction 

mix. Additionally, adding 5% to WVc DMSO or IM  Betaine to the cycle sequencing 

reaction may more easily denature the DNA regions with a high G/C content during the 

reaction. After cycle sequencing reaction and excess dye-terminator removal by 

purification through G-50 column, the mixture is loaded onto a 6% polyacrylamide gel 

in a Perkin Elmer ABI 377 automatic sequencer and then electrophoresed for 8 hours. 

After initial processing on the ABI 377's associated computer, the data is transferred to a 

local SUN work station for further analysis.

11-2-2 PCR-based methods

I f  no shotgun subclone was found covering the gap, then this region was 

amplified by a polymerase chain reaction (PCR) using custom synthesized primers to 

generate a DNA sequencing template covering the gap. The reaction mixture for a PCR 

typically contained 10 to 20 ng of BAC or cosmid clone DNA, 100 pmol o f each 

primer, 5U o f AmpliTaq DNA polymerase (Perkin Elmer), 20 mM of each diNTP, 10 fi\ 

o f lOX PCR buffer (500 mM KCl; 100 mM Tris-HCl. pH 7.6; 10 mM MgCh in sterile 

ddH2 0 ) and sterile ddH^O up to a total volume of 100 n\. 25 cycles o f 95 C for I 

minute, 55'C for 1 minute and 72°C for 2 minutes are performed in a Perkin Elmer 

GeneAmp PCR system 9600 thermal cycler. The concentration and size o f the PCR 

product is estimated by agarose gel electrophoresis. The PCR product is purified by 

mixing 10 /rl o f PCR reaction mixture with I OU of exonuclease I (USB) and lU  of 

shrimp alkaline phosphatase (USB) and incubating the reaction mixture in a 

thermocvcler at 37°C for 30 minutes followed bv enzvme deactivation at 80'C for 15
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minutes. 2 1̂ o f this reaction mixture then is used for cycle sequencing reaction with 

custom synthesized primers. An alternative PCR approach, in which dGTP is replaced 

by 7-deaza dGTP in the PCR reaction mixture appears to be very effective in closing 

gaps with a high G/C content. Here, the PCR template containing 7-deaza dGMP is 

more easily denatured during the cycle sequencing reaction, as 7-deaza dGTP does not 

base pair with dCTP.

I f  the contig order, and consequently the combination o f the two custom 

synthesized primers used for the PCR reaction, is not known, the Multiplex PCR 

(MPCR) can be used. In this method, more than one PCR reaction are performed 

simultaneously in the same tube, because of the simultaneous presence of multiple 

custom synthesized primers included in the reaction. Typically. 20 pmol o f up to 20 

primers are mi.xed in the same tube, dried in a vacuum oven and resuspended in 10 1̂ of 

sterile ddH ]0 . Then the MPCR is performed by mixing 250 ng o f the B.AC or cosmid 

clone DNA. 10 1̂ o f concentrated primers. 25 mM o f each dNTPs. 2U of Taq 

polymerase XL (Perkin Elmer). 2.5 ^1 o f DMSO. 10 fi\ o f lOX PCR buffer (83 mM 

(NHal^SOa; 335 mM Tris-HCl. pH 9.0; 33.5 mM MgCh; 50 mM 6-mercaptoethanol 

and 850 /rg/ml bovine serum albumin) and sterile ddH2Ü up to a total volume of 50 ^1. 

The reaction mixture then is incubated in a thermocycler for 6 minutes at 94 C. followed 

by 30 to 40 cycles o f 94 C for 30 seconds. 55°C for 30 seconds and 65°C for 4 minutes 

each. After the concentrations and sizes o f the MPCR products are estimated by agarose 

gel electrophoresis, the MPCR products are purified by adding lOU o f shrimp alkaline 

phosphatase (USB) and lOOU o f exonuclease I (USB) to the reaction mixture. This 

mixture then is incubated at 37°C for 30 minutes and the enzymes are deactivated at 

80'C for 10 minutes. The MPCR products then are extracted once with one volume of 

phenol/chloroform {1:1}. precipitated with 2.5 volumes o f 95% ethanol/0.12N NaOAc. 

washed with ethanol 70%. dried in a vacuum oven and resuspended in 50 [i\ o f sterile 

ddH2 0 . Typically 2 /d o f the MPCR products are used individually for cycle
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sequencing reaction, one reaction being pert'ormed with each o f the custom synthesized 

primers used for the MPCR.

I I  2-3 LI-COR-based DNA sequencing

The average sequence read length generated by the Perkin Elmer ABI 3700 and 

377 sequencers is about 500 to 600 bp. However, the LI-COR automatic sequencer 

often can generate sequence reads up to ~1000 bp. The LI-COR dye-terminator 

sequencing reaction differs from the Perkin Elmer ABI BigDye ddNTP terminator 

sequencing reaction by using the same tluorescent-labeled terminator-dye for each 

ddNTP instead o f four different fluorescent-labeled terminator dyes. Consequently, four 

reactions, one specific for each ddNTP terminators, are prepared and incubated 

separately. Because the four reactions are loaded separately, no "spectral deconvolution" 

is needed and therefore longer read lengths are possible.

I f  the gap between two contigs is less than a few hundreds bp long, and if  the 

sequence of a shotgun read is less than 500 bp away from and pointing toward the end 

o f a contig. then the corresponding shotgun subclone can be resequenced on the LI- 

COR according to the following conditions. Four cycle sequencing reactions are 

performed separately. First, a "master mi.\" is prepared by mixing 1 to 2 /il o f subclone 

DNA (10 to 20 ng). 1 /il o f forward or reverse universal primers (6.5 /i.M). 1 /il o f 

reaction buffer. 2 /tl of thermosequenase (USB) and sterile ddH ]0  up to a final volume 

o f 26 /il. 6.5 /il o f the "master mix" are aliquoted into four wells o f a 96-well 

thermocycle plate (Robbins) to which are added 2 /il o f "terminator-mix" specific for 

each ddNTP. 35 cycles are performed in a Perkin Elmer GeneAmp PCR system 9600 

thermal cycler according to the following conditions: 95'C for 30 seconds. 50 C for 30 

seconds and IT C  for 45 seconds. After the unincorporated dye-terminators are 

removed by ethanol precipitation as described above, the reaction mixture is dried in a
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vacuum oven and stored at -20"C. Before loading onto the LI-COR automatic sequencer, 

the samples are resuspended in 3 /tl o f loading buffer (10 mg/ml blue dextran and 5 

mM EOT A in deionized formamide) and heated at 95"C for 2 minutes. 1 /d o f each 

sample is loaded onto a polyacrylamide gel (0.2 mm) and electrophoresis is performed 

for 10 hours. After preliminary data processing, the data are transferred to a local SUN 

workstation and analyzed as described above.

I I  2 4 M.J. Basestation-based DNA sequencing

The Basestation, M.J. Research Inc., is a horizontal slab-gel DNA sequencer 

which is capable of sequence read lengths in c.xcess o f 1000 bases from the priming site 

as it uses thinner gels (50 /tm) instead o f the 200 jxm thick gels used in the ABI 377. 

Here, samples are applied after incubating in the thermal cycler under the identical 

conditions as used for the shotgun sequencing reactions described above. The 

electrophoresis run conditions o f 2200 volts for 6.7 hours, followed by base calling on 

the associated computer, often can produce data which is in the 800-1000 base read 

length range and thereby close many gaps without excessive additional procedures 

being needed.

II-3 Proofreading and correcting the assembled data

Although PhredPhrap gives a highly accurate assembly, some errors may 

occasionally occur, especially in complex repetitive regions that are longer than the 

average read length o f a shotgun read. In this case, false joins will occur between 

shotgun reads that otherwise belong to different regions. Several strategies are available 

to correct these misassembly problems.
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During random shotgun sequencing, shotgun subclones are sequenced both in 

the forward and in the reverse direction by using the forward and reverse universal 

primers (generating respectively a forward read and a reverse read). Because shotgun 

subclones are first size-selected during random shotgun sequencing, and their size 

usually cannot exceed -4  kb, the distance between forward and reverse reads cannot be 

longer than ~4 kb. After random shotgun sequencing, several contigs are generated 

whose length usually spans several kb. I f  the forward and reverse reads from a same 

shotgun subclone are located in the middle part o f two different contigs and therefore 

more than ~4 kb appart, it is very likely that one, or both, o f these two reads is misplaced 

in the PhredPhrap assembly. Thus, the corresponding shotgun subclone is a primary 

candidate for assembly proofreading. A list o f these shotgun subclones with forward 

and reverse reads located on two different contigs can be obtained using a locally 

modified program (” printrev_phrap") and the corresponding forward and reverse reads 

can be directly located in the assembly by using another locally designed program 

("cxgap"). The combination o f these two programs is used to select several subclones 

that can be totally sequenced in both the forward and reverse directions by primer 

walking. Here, to accomplish this, custom primers are designed from the forward and 

reverse reads o f a same subclone and synthesized. Cycle sequencing reactions are 

performed in both the forward and reverse directions by using these custom synthesized 

primers. The reads generated are used to design and synthesize more custom primers 

that will be used for more cycle sequencing reactions. It is of upmost importance that 

the reads generated in both the forward and reverse directions by this series o f primer 

walking reactions initially be assembled in a separate assembly, and only then the 

consensus read generated from this assembly is transferred to the main PhredPhrap 

assembly. Since the consensus reads generated from the selected subclones have a read 

length o f up to -4  kb and, it can span a unique region o f the clone immediately adjacent 

to a repetitive region. Any repetitive region which likely caused the original misassembly

5 8



then w ill be positionnée! coirectly in the new assembly. However, it must be noted that, 

even though the consensus assembly is assembled correctly, because of their small size, 

the underlying shotgun reads corresponding to this consensus sequence may not be 

positionned at the correct repetitive region in the new assembly.

The Phrap-based sequence data assembly accuracy also can be validated by 

showing an agreement between the assembly generated by PhredPhrap and the 

assembly generated by other programs, such as CAPII and XGAP. Assembly accuracy 

can be further verified by alignments performed with available genomic or cDNA 

sequences present in databases, such as the GenBank database. In addition, it also may 

be useful, in the case o f very large repeated sequences, to experimentally generate a 

series o f nested deleted clones by minitransposon random insertion (Chatteijee and 

Coren, 1997) and end-sequencing these deleted clones with specifically designed 

custom primers. Here, 1 fig o f clone DNA, previously dried up in a vacuum oven and 

resuspended in 2 /rl o f sterile ddH^G, is mi.xed with 16 pmol o f primer ( 16 juM), 1 fxl of 

257c DMSO (in ddH iO ) and 2 /ul of ABI BigDye terminator mix and 99 cycles are 

performed in a Perkin Elmer GeneAmp PCR system 9600 thermal cycler according to 

the following conditions: 95 C for 10 seconds, 50°C for 5 seconds and 60°C for 4 

minutes. Then, the reaction products are concentrated by ethanol precipitation, dried in a 

vacuum oven and stored at -20 C before loading onto a Perkin Elmer ABI 377 

sequencer. The position o f the end-sequencing reads in the assembly is used to validate 

the assembly by comparing their distance to the end o f the assembly with the size o f the 

deleted clone previously assessed by field inversion gel electrophoresis (FIGE).

Finally, to ensure that each base in the assembly is called correctly, the so-called 

"rule o f three" is applied, to ensure that each base in the assembly is read 

unambiguously at least once in the forward or reverse direction and at least twice in the 

opposite direction, usually resulting in less than one ambiguous base every 10 kb as 

determined bv Consed. I f  anv base is not covered according to the "rule o f three".
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further sequencing reads must be generated using custom synthesized primers on a 

tempiate(either subclone or the original BAC or cosmid. or PCR products) spanning the 

weak region o f interest. These reads then are added to the assembly until the Consed 

error rate is less than one every 10 kb.

II-4 Sequence analysis

The final stage o f a sequencing project consists o f analyzing the consensus 

sequence generated from the assembly to extract biological information. Programs are 

available to perform different tasks, depending on the nature o f the research conducted 

on the newly obtained sequence. The different tasks performed, and the corresponding 

programs, are as follows.

11-4-1 Detecting regions with repeated sequences

A program called RepeatMasker detects repeat sequences in the consensus 

sequence by comparing the query genomic sequence with a database o f common repeat 

sequences usually present in vertebrate DNA. such as SINEs. LINEs and other known 

repeated sequences. The query sequence file is in PASTA format and RepeatMasker 

generates an output sequence file in PASTA format containing masked portion 

corresponding to detected repeat sequences in the genomic sequence of interest. In 

addition. RepeatMasker also calculates the GC% o f the consensus sequence.

II-4-2 Gene prediction

Several programs, such as MZEP (Zhang. 1997). PGENESH (Salamov and 

Solovyev. 2000). GRAIL2 (Uberbacher and Mural. 1991) or GENSCAN (Burge and
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Karlin, 1997), are currently available to predict potential coding regions in the genomic 

sequence o f interest. Potential coding regions prediction is based on codon usage in 

open reading frame regions, hexanucleotide distribution and the occurence o f a 

consensus e.xon-intron splice site, and although each of the above programs have 

specific features, GENSCAN often is the program o f choice because o f its somewhat 

superior performance. However, further studies such as database similarity searches 

usually are needed to validate any predicted genes.

II-4-3 Database similarity searches

Gene prediction validation, as well as the identification of known genes in the 

genomic sequence of interest, usually initially are performed by BLAST (Basic Local 

Alignment Search Tool) (Altschul et a i. 1990). The BLAST program can search for 

homology between a query sequence and the known sequences present in databases 

such as GenBank or EMBL (European Molecular Biology Laboratory) databases. 

These database sequences are from various species and include cDNA sequences, high 

troughput genomic sequences (working draft) or finished genomic sequences. Other 

databases, such as the dbEST database, also can be compared to a query sequence. 

When homologies are found, alignments are performed automatically between the 

homologous regions o f a query and database sequences and given in the BLAST output 

along with the similarity probability score.

I I  4 4 Promoter and transcription factor binding sites searches

Potential transcription factor binding sites usually are searched by the M OTIF 

program which compares a query nucleotide sequence with a database containing a 

listing o f vertebrate transcription factor binding sites (see http://motif.genome.ad.jp).
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The query sequence file is In FASTA format and MOTIF generates a table output file in 

which the potential transcription factor binding sites are positioned along the query 

sequence.

Several programs are available to search for promoters, although their 

performance in terms o f sensitivity and specificity is generally less than 50% (Fickett 

and Hatzigeorgiou, 1997). One such program. Neural Network for Promoter Prediction 

(NNPP) (see http://www.fruitfly.org/seq_tools/promoter.html), predicts promoters 

using a neural network and gives relatively accurate results. However, because of their 

relatively low accuracy and the high number o f false positive predictions, promoter 

prediction typically only is performed on relatively short sequences near the possible 

transcription start site, where the probability of having a promoter region is strong.

II-4-5 Sequence Comparison

Several specialized programs are available to perform direct sequence 

comparisons, using short cDNA or genomic sequence files in FASTA format. Two 

e.xamples are the DOTTER (Sonnhamer and Durbin. 1995) and CROSSMATCH 

(P.Green) programs which can compare reasonably large sequences (up to a few 

hundreds kb). However, only relatively homologous sequences will give significant 

results using these two programs. The CROSSMATCH program generates a list o f the 

homologous regions o f two sequences while the DOTTER program generates a dot 

plot, in which a dot is plotted every time a base from the first query sequence is similar 

to a base from the second query sequence. PIPmaker (Schwartz et u/.. 2000) is a 

program that aligns sequences using a high stringency implementation of BLAST, 

called BLASTZ and is available at URL: http://bio.cse.psu.edu. This program is 

especially useful for comparative genomics and segments o f these alignments are then 

drawn according to their position in the first query sequence, on a percent identity plot

6 2

http://www.fruitfly.org/seq_tools/promoter.html
http://bio.cse.psu.edu


(PIP) along the length o f the first sequence. Only segments with an identity o f 50% or 

more are plotted so regions that match poorly appear blank. Finally, sequence 

alignments also can be performed by using ALIG N (Myers and Miller, 1989), which 

performs alignments between two sequences, and the more widely used CLUSTALW  

(Eddy, 1995), which can perform multiple alignments between two or more sequences.

II-4-6 Motif searches

Prediction of functional protein motifs can be performed with ProfileScan (see 

http://www.isrec.isb-sib.ch/software/PFSC.'\,.N_form.html), and with M OTIF (see 

http://motif.genome.ad.jp), which compare an amino acid query sequence with the 

PROSITE and the Pfam protein profile databases. Protein targetting sites can be 

predicted by PSortll (Nakai and Horton, 1999), a program which evaluates different 

parameters including signal sequence and protein secondary structure based on the 

amino acid sequence and estimates the subcellular localization o f the protein.
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Chapter III

Results and Discussion

In this dissertation research, nine mouse BAC clones have been sequenced to 

completion, generating 1.928.332 base pairs o f DNA sequences. Four BAC clones 

(mgsl-68e20. mgsl-166nl4. rp22-225p5 and mgsl-423c02) which map to 

chromosome lq21-23 were provided by Dr. P. Lengyel at Yale University. Three BAC 

clones (rp23-21118. rp23-9p22 and rp23-395h6) which map to chromosome Iq were 

provided by Dr. W. Gu at the JLP VA Medical Center. Loma Linda. CA. Two B.AC 

clones (rp23-145f9 and rp23-77a8) which also map to chromosome Iq were provided 

by Dr. D. Chambliss at the University o f Tc.xas Southwestern Medical Center at Dallas. 

TX. The chromosomal locations o f BAC clones mgsl-68e20. mgsl-166nI4. rp23- 

21118. rp23-9p22. rp23-395h6. rp23-145f9 and rp23-77a8 are shown on figure 3.1.
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During this work, all contigs larger than 2 kb were progressively deposited in 

the high-throughput genome sequencing (HTGS) division o f Genbank with no 

restriction on public access and the sequences for each BAC clone were given the 

Genbank accession numbers AC005992 for mouse BAC mgsl-68e20, AC007049 for 

mouse BAC mgsl-166nl4, AC006944 for mouse BAC rp22-225p5, AC008100 for 

mouse BAC mgsl-423c02. AC083893 for mouse BAC rp23-2Ill8 , AC079-446 for 

mouse BAC rp23-9p22, AC084821 for mouse BAC rp23-395h6, AC091521 for mouse 

BAC rp23-145f9 and AC091523 for mouse BAC rp23-77a8. respectively.

III-l Murine Ifi200 family of genes

Mouse genomic sequences corresponding to the 111200 family gene cluster 

located on mouse chromosome lq21-23 was obtained through random shotgun 

sequencing o f four mouse BAC clones (table 3.1) which formed two contigs (contig 1 

and contig 2) totaling 390 372 bp that are separated by a gap o f unknown size (see Fig. 

3.2). Sequencing the numerous repetitive regions on mouse BAC mgsl-423c02 was 

accomplished by introducing a series o f consensus reads generated by assembling in a 

separate assembly "walking" reads from the repeat spanning subclones into the Phrap 

assembly (see Materials and Methods).

BAC Size (bps) Position GC%

m gsl-166nl4(b781) 85931 lq21-23 37.62

mgsl-68e20(b779) 154284 Iq21-23 38.03

rp22-225p5 (b225) 120856 lq21-23 38.00

mgsl-423c02 (b637) 220020 lq2I-23 38.24

Table 3.1: The four mouse B.AC clones (official name and given name), their positions.
GCT and sizes, used in this studv.
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220 kb
mouse BAC mgsl-423c02 

. mouse BAC rp22-225p5
120 kb

iri203c iri202b iri203b iri202a Ifi203a 111204 111201
Contig I

154 kb
mouse BAC mgsl-68e20 

mouse BAC mgsl-166nl4

"204-like"

85 kb

iri202c "203-like"
Contig 2

Fig. 3.2: Location of the genes of the mouse 111200 cluster on the two contigs sequenced during this 
dissertation research. ’ indicates that the expression of "204-1 ike" remains to he established.

Initial analysis o f the mouse sequence for the above four BAC clones with 

BLAST and GENSCAN revealed the presence o f seven genes from the mouse 200 

family gene cluster, which all are in the same orientation in the single contiguous 

sequence obtained by merging BAC clones mgsl-423c02 and rp22-225p5 (contig I) 

(Fig. 3.2). Two of the seven genes showed a strong sequence conservation with 111203. 

and therefore have been named Ifi203a and 111203c. whereas the original 111203 gene 

was renamed 111203b. Although all the e.xons of 111203a and 111203b were present in this 

sequenced region, only the last three exons o f 111203c were present in BAC mgsl- 

423c02.111205. the gene encoding the interferon-activatable protein D3 (Tannenbaum et 

al.. 1993) was not observed in any o f the sequenced BACs and therefore its exact 

genomic location remains unresolved. The e.xon-intron organization o f the sequenced 

mouse 111202b. 111202a. Ifi203b and 111204 genes were deduced by comparison to their 

published cDNA sequences. The e.xon-intron organization o f 111203a and I(1203c genes
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were determined based on their sequence identity to Ifi203b cDNA sequence, because 

their cDNA sequences have not been determined. The e.xon-intron organization of 

Ifi201 gene was determined by its BLAST homology to other Ifi genes after the protein 

coding region was predicted by GENSCAN. The 5' flanking region o f 111201 followed 

by the beginning o f the first exon (GenBank accession number M31421) appeared to 

be located ~5 kb upstream of the first coding exon predicted by GENSCAN. The 

pseudogene Ifi202c (Wang ei a i, 1999) was present in the sequence obtained by 

merging BAC clones mgsl-68e20 and m gsl-166nl4 (contig 2) (Fig.3.2). This region 

also encodes a series o f other previously unknown putative coding regions. After 

BLAST analysis revealed that they are directly related to the mouse 200 family gene 

cluster, these additional putative coding regions appear to form, along with 111202c, a 

cluster o f 200 family-related genes and pseudogenes.

I I I - l - l  Ifi202a gene

G E .N S C .A .N  analysis

111203c I l l2 0 2 h

m il a I»
* i: 0 I a. 0 J« 0 4̂  0 4« 0

C 41 C
S4.0 .0

111203b 111202a

a i l  ■  I 1 » 3 1 1 II  ^
0 1 ?: 0 7(5 (1 1 10 0 0 10; 0 10a 0

« 4
lti203a I Itl204|

a 1 ■  1 I I  I I 1 1»

[
u: 0 ua 0 144

1 lli201| 

11 1 ■  1 1 > m

Q 0 tua 0

K e y  :

n g  3 3 G E N S C A N  analysis of coniig 1
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As shown on Fig. 3.3, a GENSCAN analysis o f contig 1 revealed that a putative 

coding region was present in a segment located between base pairs 98646 and 125808. 

A BLAST search o f the GenBank non-redundant nucleic acid database indicated that 

this segment o f contig I shared sequence homology with the two GenBank entries 

corresponding to Ifi202a and Ifi202b cDNAs. An ALIGN comparison made between 

this segment o f contig 1 and the 111202a and Ifi202b cDNAs revealed over 997c 

sequence similarity between the e.xonic regions o f this putative gene and the 111202a 

cDNA. Therefore, this genomic region corresponds to the eight exons o f the 111202a 

gene which spans 27 kb (table 3.2 and Fig. 3.4).

Ifi202a gene:

.vrt; STOP
1 2 3 4 5 6 7 8
H )l o7 17: 413 IS ') 41)3 I'X) 244

® ® ® :i:o ® is7:^4u^ ^

p202a protein:

N

E.von.s: ' 3 ' 4 ‘ 5

Fig. 3.4: Structural organi/.ation of the 111202a gene and its encoded protein. p202a. i Topi. 
Si/e in hase pairs are given below the introns and above the exons. The exons are indicated 
by black boxes, and the connecting introns by horizontal lines, i Bottom i n and h 
represents the two 200-amino acid domain conserved among the 111200 I ami I y of proteins

The Neural Network Splice Site Prediction program (NNSSP) confirmed the 

presence o f all potential splicing sites at the e.xon-intron borders o f the 111202a gene that 

were predicted by a CROSSMATCH comparison between this genomic DNA segment 

and the 111202a cDNA (table 3.3). Although the e.xon-intron organization o f 111202a has 

been previously determined (Wang et al.. 1999). the length o f intron 1 was unknown
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and these data now suggest that intron I is 9,374 bp long. Interestingly, exon 3 o f the 

Ifi202a gene is the first coding exon, and exons I and 2 correspond to the 5' 

untranslated region of the mRNA.

Exon number Size (bp) Contig position (bp)

1 101 98716-98817

2 67 108191-108258

3 172 113452-113624

4 413 II5744-II6157

5 189 II8 0 2 9 -II8 2 I8

6 403 118652-119055

7 190 124404-124594

8 244 125564-125808

Table 3,2: Exon sizes and contig positions o f the Ifi202a gene.

Donor Site Sequences Acceptor Site Sequences

Exon/Intron Sequence Intron/Exon Sequence

1/1
98819

caggaagGTgagtt 1/2
108190

catttatcttccttctcaaAGctgacacactctgccttgt

2/2
108260

cggcttgGTgagtc 2/3
113451

ttttcttttcttttcaaacAGaagaactcaatcaaaaagt

3/3
113626

tggacctGTaagtc 3/4
115743

ccctgtattttttcaatgcAGaacaaaaagtcacacac

4/4
116159

agagaagGTaatgt 4/5
118028

atgttaattttacttttgcAGaaaaaagtgaatgataaa

5/5
118220

catcaagGTaggaa 5/6
118651

ttttgtatatattctttgtAGggagaaaagctactaaaa

6/6
119057

atacaggGTaagct 6/7
124403

gaatgttaatttcttttgcAGaaaagttccggaaataat

7/7
124596

catggagGTatgtg 7/8
125563

ttcatcattttcttatcctAGgtcatcatgcctgaaaaat
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Table 3.3: Neural Network splice site predicted sequences: exons and introns aie 
numbered according to their order in the gene and the numbers on the top o f the donor and acceptor sites 
correspond to the contig positions. The numbered bases are underlined.

There are two contiguous 200 amino acid domains (domains a and b: see 

Introduction) with unknown function in the protein encoded by Ifi202a and these two 

domains are encoded by e.xons 4 and 5 and exons 6 and 7 respectively. Initial analysis 

of the region 1000 bp immediately upstream o f the first exon and the first 200 bp o f the 

first exon o f III202a with M OTIF using the TFM ATRIX matrix table (see Table 3.4) 

showed that the 5' flanking region o f Ifi202a contained two shorts interferon stimulated 

response elements (GA Box and Friedman-Stark Sequence). A Friedman-Stark 

Sequence is located within exon I o f the 111202a gene. 94-122 bp downstream from the 

3’ end of exon I, which is downstream o f sequence o f the 5' termini o f the mRNAs. A 

GA Box is located immediately upstream from the 5’ end o f exon I o f the 111202a gene. 

The 5' flanking region o f Ifi202a also exhibit several potential transcription factor 

binding sites for transcription factors that have been shown previously to be expressed 

in. or to be important for, the development o f cells o f the hematopoietic lineages. These 

regions include the CCAAT/enhancer-binding protein b(C/EBPb). c-Myb. c-Ets. 

G.ATAI. GATA2. G AT A3. M Z F l. NF-AT. NF-E2. Ik-1 and Ik-2 transcription factor 

binding sites (for review, see Kerhl. 1995). Interestingly, the 5' flanking region o f the 

I f i202a gene also exhibits potential binding sites for transcription factors whose 

regulatory activity is inhibited by the binding o f the protein encoded by 111202a (p202a). 

that include c-Fos. c-Jun. c-myc. E2F and MyoD. This region also contains potential 

binding sites for transcription factors that mediate the response to a large number o f 

cytokines and growth factors, termed Signal Transducers and Activators o f 

Transcription (STAT) transcription factors. In addition, two potential binding sites for 

p53 (which recently have been shown to modulate the transcriptional activity o f p202a: 

see D ’Souza ei al.. 2001) were found in the 5' flanking region o f Ifi202a. 357-379 bp
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and 683-705 bp upstream from the 5' end o f exon I. As stated above, the putative 

translation start site (ATG) present inside the third exon o f the Ifi202a gene is located at 

contig position 113505.

Gene ISRE Potential binding sites
Potential binding sites for transcription 
Factors bound by 200 family o f proteins

Itl202aÆ GA box and 
F.S. sequence

c-Mvb. c-Ets. GAT.A. 
M ZF l. NF-.-XT. NF-E2. 
Ik-1. Ik-2. ST.-\T

c-Fos. c-Jun. c-myc. E2F-1. MyoD. 
p53

Ill203a/b G.-\ box c-Myb. c-Ets. GAT.-V. 
M ZF l. Ik-1. Ik-2

c-Fos. c-Jun. MyoD. NF-kB

16204 G.A box and 
F.S. sequence

c-Myb. c-Ets. .\F-.-\T. 
GATA. lk-1. Ik-2. 
S0.X5. STAT

c-Fos. c-Jun. c-myc. MyoD. p53

111201 F.S. sequence MZFl.NF-.-XT. Lvf-1. 
Ik-1, lk-2. G.ATA. 
c-Myb. STAT

c-Fos. c-Jun. NF-kB. MyoD

••204-like" GA box c-Ets. c-Myb. G.AT.A. 
Ik-2. ST.AT

c-Fos. c-Jun. MyoD. E2F

Table 3.4: Potential binding sites tor transcription factors, determined using MOTIF, in the first 
1000 bp located immediately upstream from the genes o f the mouse 200 family cluster. (ISRE) 
Interferon-Stimulated Response Element. (F.S.) Friedman-Stark.

The promoter prediction by NNPP did not predict any TATA box-containing 

promoter region within one kb upstream o f the first exon. This observation is not 

surprising since the M N D A protein (see Introduction) also has been shown to lack a 

TATA box. However, a MOTIF search on the 5' flanking region o f Ifi202a revealed the 

presence o f potential TATA box elements located 769-783 bp and 290-304 bp. 

respectively, upstream from the 5' end o f the Ifi202a gene. Although a profile database
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(PROSITE) search did not indicate the presence o f any particular motif on the protein 

encoded by IFi202a (p202a), the p202a protein has been shown to carry several short 

sequences rich in basic amino acids in its amino terminus that ser\'e, in other proteins, as 

nuclear targetting signals. The PSortll program predicts that the p202a protein would be 

localized in the nucleus, confirming the observation that p202a is localized in the 

nucleus after a prolonged exposure o f the cells to interferons. The lack o f PROSITE- 

predicted DNA-binding motifs and the observation that p202a is not released from 

isolated nuclei by DNAse I digestion suggest that p202a interacts with proteins, rather 

than DNA, in the nucleus.

I l l - 1-2 Ifi202b gene

The Ifi202b gene was isolated by screening a mouse 129sv genomic DNA 

library with a Ifi202a cDNA probe. Besides the BAC clones positive for 111202a, four 

other BAC clones, whose sequences were determined to differ from 111202a cDNA by 

several base pairs were obtained. Because the 129sv mouse strain is an inbred strain that 

should be homozygous at all genetic loci, these two groups o f B.AC clones clearly 

contain two different genes, 111202b and 111202c (Wang et a i.  1999). The sequence of 

these genomic BAC clones confirmed the earlier obser\ation that the Ifi202b cDNA 

sequence differs from that o f 111202a by one dinucleotide substitution and two single 

nucleotide substitutions in exon 3, one single nucleotide substitution in exons 4 and 5, 

two single nucleotide substitutions in exon 6 and one single nucleotide substitution in 

exon 8 (Wang et a i.  1999). The protein encoded by the Ifi202b gene (p202b) would 

differ from that encoded by the 111202a gene (p202a) by only 7 out o f 445 amino acids 

(Fig. 3.5). This is consistent with the observation that the structural homology between 

p202a and p202b is so high that mice knocked out for the 111202a gene have a wild type
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phenotype. A  mechanism involving dosage compensation at the posttranscriptional level 

by 10202b in the knockout mice has been suggested (Wang et al.. 1999).

10 20 30 40 50 60
p 2 0 2 a . MSMRNLRSSTNSEFSEGQHQTPSSDSSGHGEDQPQ.aLSPGPMKKSHTPKKNISKGA^/LHEK

p 2 0 2 b  MSNRNL.RSSTNSDLAEGQHQTPSSDSSGHGEDQPQ.ASPGPNKKSHTPKKNISKG.WLHEK 
10 20 30 40 50 60

70 80 90 100 110 120
p 2 0 2 a . PMTVMVLT.ATEPF:-T!rKEGKENMFH.ATV.ATESQYYRVKVFNMDLKEKFTENKFXTXSKYFN

p 2 0 2 b  PMTVMVLT.ATEPFNYKEGKENMFK.ATVATESKYYRVKVFNMDLKEKFTENKFXTXSKYFN 
70 80 90 100 110 120

130 140 150 160 170 180
p 2 0 2 a  . SSGILEX.MET.ATVSEAAPNQMFEVPKNIXRSAKETLKISKXKELDSGTLIYGVF.AVEKKK

p 2 0 2 b  SSGILEINETATVSE.AAPNQMFEVPKNIIRSAKETLKISKIKELDSGTLXYGVF.AVEKKK  
130 140 150 160 170 180

190 200 210 220 230 240
p 2 0 2 a  . VNDKSITFKXKDNEDNIKW.VDKEQHNINYEKGDKLQLFSFKLRKGNGKPXLKSGNHSFI

p2 02b  v w d k s it f k ik d n e d m x k w x -;d k e q h n x n y e k g d k l q l f s f h l r k g n g k p il h s g n h s f v  
190 200 210 220 230 240

250 260 270 280 290 300
p202a . KGEKLLKESFEGDGYHKGPKQWALKATKLFTYDSIKSKKMFHATV.^TDTEFFR^/ir/FEE

p 2 0 2 b  KGEKLLKESFEGDGYHKGPKQW.ALKATKLFTYDSIKSKKMFH.ATV.ATDTEFFR'/MVFEE 
250 260 270 280  290 300

310 320 330 340 350 360
p 2 0 2 a . NLEKKFIPGNTX.ALSDYFGMYGSLAXHEYSSVSEVKSQNKEDSSSSDERPIEHLKICDLH

p2 02b  NLEKKFXPGNTXALSDYFGMYGSLAIHEYSSVSE7/KSQNKEDSSSSDERPIEKLKICDLH 
310 320 330 340 350  360

370 380 390 400 410  420
p 2 0 2 a . LQTEERLFDGEFKVYRKSSGNNCXCYGIWDDTG.AMK’'An/SGQLTSWCEXGNTXRLVCFE

p 202b  LQTKERLVDGEFKVYRKSSGNNCICYGIVroDTGAMrGA'^/SGQLTSVNCEIGNTIRLVCFE
380 390 400 410  420

430 440
p 2 0 2 a . LTSNADEWFLRATRYSYMEVIMPEK

p202b LTSN.ADEt'/FLRATRYSYME'YIMPEK 
430 440

Fig. 3.5: Alignment o f the amino acid sequence of p202a and p202b. The substituted 

amino acids are in bold.
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A GENSCAN analysis (Fig. 3.3) o f contig I reveals that a putative coding 

region was present in a segment located between base pairs 24697 and 51811. A 

BLAST search o f the Genbank non-redundant nucleic acid database followed by 

ALIG N comparison between this segment o f contig 1 and the IFI202b cDNA revealed 

that this segment corresponded to the Ifi202b gene. Although the sequence of exon 1 is 

not present in the Ifi202b cDNA sequence, its position was determined by a 

CROSSMATCH comparison between this genomic segment and the Ifi202a cDNA. 

based on the assumption that there is a strong homology between the I f i202a and the 

III202a sequences. This analysis revealed that the Ifi202b gene, similarly to the 111202a 

gene, contains eight exons spanning 27 kb o f genomic DNA (table 3.5; see also Fig. 

3.4) and has the e.xon-intron borders confirmed by the neural network splice site 

prediction program as shown in table 3.6.

Exon number Size (bp) Contig position (bp)

1 101 24762-24863

1 67 34236-34303

3 172 39485-39657

4 413 41777-42190

5 189 44062-44253

6 403 44687-45090

7 190 50447-50637

8 244 51607-51851

Table 3.5: E.\on sizes and contig positions o f the IfiZOZb gene.
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Donor site sequences Acceptor site sequences

Exon/Intron Sequence Intron/Exon Sequence

l/ I
24865

caggaagGTgagttc 1/2
34235

catttatcttctactcaaAGctgacacactctgccttg

2/2
34305

cggcttgGTgagtcc 2/3
39484

ttttcttttctttttaaacAGcagaactcaatcaaaaagt

3/3
39659

tggacctGTaagtca 3/4
41776

ccctgtattttttcaatgcAGaacaaaaagtcacacac

4/4
42192

agagaagGTaatgtg 4/5
44061

atgttaattttacttttgcAGaaaaaagtgaatgataaa

5/5
44255

cgtcaagGTaggaag 5/6
44686

ttttgtatatattctttgtAGggagaaaagctactaaaa

6/6
45092

atacaggGTaagcta 6/7
50446

gaatgttaatttcttttgcAGaaaagttccggaaataat

7/7
50639

catggagGTatgtgc 7/8
5 1606

ttcatcattttcttatcctAGgtcatcatgcctgaaaaat

Table 3.6: Neural Network splice site predicted sequences: exons and introns are
numbered according to their positions and the numbers on the top ot the donor and acceptor sites 
correspond to the contig positions. The numbered bases are underlined.

As with the p202a protein, the Ifi202b gene product p202b also contains two 

contiguous 200 amino acid domains (domains a and h) that are encoded by exons 4 and 

5 and exons 6 and 7 respectively (see Fig. 3.4). A search for potential transcription 

factor binding sites using .MOTIF on a segment spanning 1000 bp immediately 

upstream from the 5' end o f the first exon o f Ifi202b followed by the first 200 bp o f the 

first exon revealed results similar to those obtained for the 5’ flanking region of Ifi202a 

(see Table 3.4), suggesting a similar mode of transcriptional regulation for both the 

Ifi202a and Ifi202b genes. A putative translation start site (ATG) is located at contig 

position 39538. within the third exon of the Ifi202b gene. Promoter prediction by 

NNFF did not reveal any TATA-containing promoters within one kb upstream from the 

5' end o f the first exon. However, a MOTIF search o f the 5' flanking region of Ifl202b 

indicated the presence o f two potential TATA box elements at positions similar to the 

ones observed in the 5' flanking region o f Ifi202a. A FROSITE database search did not
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indicate the presence o f any specific motifs on the p202b protein and the PSortll 

program predicted that p202b would be localized in the nucleus.

Because of the extensive sequence similarity between the Ifi202a and Ifi202b 

gene exonic regions (over 99%). the Ifi202a genomic region was compared to the 

Ifi202b genomic regions using DOTTER (Fig. 3.6).

Contigl (Horizontal; v*. Conti g 1 ( vertical)

0 5 0 0 0 1 0 0 0 0 1 5 0 0 0 2 0 0 0 0 25ÛOO
1 , ; .

c o c o  -

dOOO -  

Ô 000  -

3 0 0 0  -

X
L IN E l

L IN E l

Fig. 3.6: Dot-plot analysis, using DOTTER. o f the It“i202a (horizontal) and 1112026 
(vertical) genomic regions. LINE I are repeat elements disseminated in the mouse 
genome. They are indicated by a box in the dot-plot.

A further genomic DNA sequence comparison using CROSSMATCH revealed 

that the nucleotide sequence for the genomic regions located between the first exon 

(e.xon I) and the last exon (exon 8 ) o f the Ifi202a and Ifi202b genes were 99.65%

7 6



similar. Although the coding sequences are extremely well conserved between Ifi202a 

and Ifi202b, much o f the intronic sequences flanking individual exonic sequences also 

are highly conserved (table 3.7).

Ifi202a/iri202b
% sequence identity

exon 1 100
intron 1 99.65
exon 2 100

intron 2 99.63
exon 3 98.26

intron 3 99.76
exon 4 99.76

intron 4 99.89
exon 3 99.48

intron 5 100
exon 6 99.51

intron 6 99.49
exon 7 100

intron 7 100
exon 8 99.52

Table 3.7: Comparison o f percentage nucleotide identity o f exons and introns o f murine Itl202a and 
111202b iienes usine CROSSM.MCH.

A dot plot analysis using DOTTER made between the first 2000 bps 

immediately upstream of the 5' ends o f the first exons of the lfi202a and Ifi202b genes 

also revealed e.xtensive sequence similarity (Fig. 3.7) suggesting a similar mode of 

transcriptional regulation. Interestingly, in mice knocked out for p202a. the expression 

o f Ifi202b mRNA persists at the same level as in wild type mice (Wang et ciL. 1999). 

suggesting that the Ifi202b gene is transcriptionally active in wild type mice and is not 

subject to dosage compensation at the transcriptional level in the knock-out mice.
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C ont ! g  I (horizontal) vs. Conti^l (vertical)
IAbout I
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Fig. 3.7: Dot-plot analysis, using DOTTER. of the 5' Hanking region of the Ifi202a 

(horizontal) and IH202b (vertical) genes. The first 2000 bp upstream from the 
initiation of transcription are analyzed. The boxed area corresponds to dinucleotide 
repeats.

I l l - 1-3 Ifi203 genes

A GENSCAN analysis (Fig. 3.3) o f contig 1 revealed the presence of three 

putative coding regions located at contig positions 3843-10558. 69310-91294. 143300- 

165288. respectively. A BLAST search o f the Genbank non-redundant nucleic acid 

database revealed that these three regions share sequence similarity with the Ifi203 

cDNA. An ALIG N comparison between each o f the three genomic segments o f contig 1 

and the 111203 cDNA confirmed that the three genomic segments shared sequence 

similarity with the 111203 cDNA. further revealing over 99% sequence similarity between 

the exonic regions o f the second segment (at contig positions 69310-91294) and the
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10203 cDNA. indicating that this region contains the 10203 gene. Analysis o f the 

second genomic segment revealed seven single nucleotide substitution and two 

dinucleotide substitution, when compared to the 10203 cDNA, located at the 3' end of 

the last exon o f the 10203 gene. The first genomic region (at contig position 3843- 

10558) shared over 90% sequence similarity only with the last three exons o f the 10203 

gene region (see below). The 10203 gene with highest homology to the cDNA has been 

renamed 10203b, the "203-like" gene located at contig position 143300-165288 has 

been named 10203a, and the "203-like" gene whose last three exons are located at 

contig positions 3843-10558 has been named 10203c, in the order o f their contig 

positions.

II I- l-3 - l Ifi203bgene

The 10203b gene contains seven exons, spanning 22 kb o f genomic DNA (table 

3.8 and Fia. 3.8).

E.xon number Size (bp) Contig position (bp)

1 165 69310-69475

-) 282 73680-73962

3 121 75067-75188

4 168 76523-76691

5 415 84489-84904

6 190 87576-87766

7 2195 89099-91294

Table 3.8: Exon sizes and contig positions of the Ifi203b gene.
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Ifî203b gene:

ATG
1 2 3 4

STOP  
5 6 7

163 ;s :  i : i  I6 * I4 4  415 190 2195

®  4205 ^  1105^ 1335^10x1^ 6371 ^

p203b protein:

Exons: ' 2

Fig. 3.8: Structural organization o f the It“i203b gene and its encoded protein. p203. (Topi 
Sizes in base pairs are given below the introns and above the exons. The exons are indicated 
by black boxes, and the connecting introns by horizontal lines. The white box indicates the 
presence o f a potential 144-bp-long alternatively spliced exon. The shaded white box 
indicates the presence o f a potential "fossilized" exon. (Bottom) b represents the b 200- 
amino acid domain conserved among the 111200 fam ily o f proteins. The gray box indicates 
the presence o f a P.AAD/DAPIN domain at the N-terminus o f p203b.

Further analysis o f the Ifl203b gene region by the neural network splice site 

prediction program confirmed the presence o f all the potential splicing sites that were 

observed by a CROSSMATCH comparison between this genomic segment and the 

111203 cDNA (table 3.9).

Donor site sequence Acceptor site sequence

E.xon/Intron

1/1

Sequence
69477

cacggagGTaagtct

Intron/E.xon Sequence
73679

1 /2 tgtgtctttaatttttttt AGgttaatctataatttgagag

2/2
73964

gcaaaagGTaataag 2/3
75066

gtgttttctttacccctacAGttcaagagaaaaagaaagga

3/3
75190

ttcaaagGTaaagtg 3/4
76522

aaagacaatgttgcttttcAGaaaaagagaaaacagatcac

4/4
76693

aaacaagGTaacact 4/5
S4488

tctcatgtgtgttttatgtAGgcaccaaggagaggaactgt
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S4906 87575
5/5 atttaaaGTaagcca 5/6 aatattaatttactttttcAGaaaagtgagaggcatgagtg

87768 89098
6/6 catgcagGTatgtgc 6/7 ttcattgttttcttctttaAGgtcatcaatgaaggaaagcc

Table 3.9: Neural Network splice site prediction sequences: exons and introns are
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

In earlier studies o f the I(1203b gene (Gribaudo et al., 1997). it was reported that 

the p203b protein was hydrophilic and contained 408 amino acids. Since the p203b 

protein contains only one copy of the 200 amino acid domains (domain h) encoded by 

e.xons 5 and 6 , it has a unique molecular structure among the 1(1200 family proteins (see 

Fig. 3.8). The region including the (Irst 1000 bp located immediately upstream from the 

first exon followed by the first 200 bp of the first exon o f the I(1203b gene was 

analyzed for the presence o f potential transcription factor binding sites using M OTIF 

(Table 3.4). Interestingly, the 5' (lanking region o f the I(1203b gene does not contain 

any Friedman-Stark sequences which typically are transcribed in the 5' (lanking region 

o f many interferon-activatable genes, among which are I(1202a and I(1202b. The 5' 

(lanking region o f the I(1203b gene does contain a GA box that is located only a few bp 

upstream from the 5' end o f the first e.xon o f the I(1203b gene. Besides the presence o f 

many potential binding sites for transcription factors usually expressed in cells from the 

hematopoietic lineage (for review, see Kehrl. 1995). the 5' (lanking region o f the I(1203b 

gene also exhibits potential c-Fos. c-Jun. MyoD and NF-kB binding sites whose 

regulatory activity is inhibited by the protein encoded by Ifi202a (p202a). However, the 

potential binding sites for p53 found in the 5’ flanking region o f the I(1202a and b genes 

are absent in the 5’ flanking region of the I(1203b gene. Taken together, these data 

suggest a differential mode o f transcriptional regulation for the Ifi203b gene. Since the 

putative translation start site (ATG) is located at contig position 73701. inside the 

second exon o f the Itl203b gene, it appears that the (Irst exon o f the Ifi203b gene is
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non-coding. Gribaudo et al. (1997) demonstrated previously that a stop codon (TGA) 

was located at position 1412 in the 10203 cDNA and that a large portion o f the large last 

e.xon (exon 7) o f the Ifi203b gene was non-coding, therefore corresponding to a 3' 

untranslated region. The promoter prediction program NNPP did predict a potential 

TATA-containing promoter located 881-931 base pairs upstream from the 5’ end o f the 

first e.xon that is located upstream from the GA box which confers the ability o f the 

lfi203b gene to be induced by interferons. This promoter region was confirmed by a 

M OTIF search made on the 5’ flanking region o f lfi203b. However, further 

experiments, including reporter genes, are needed to determine whether this putative 

promoter play any role in the initiation o f transcription o f the Ifi203b gene in vivo. 

Consistent with the results o f an immunoblot analysis of subcellular fractions of 

interferon-treated Balb/c 3T3 cells which indicated that the p203b protein is present in 

the nucleus (Gribaudo et a!.. 1997), a PROSITE search revealed the location o f two 

potential nuclear localization motifs. A Pfam protein profile database search revealed the 

existence of a PAAD/DAPIN protein domain at the amino terminus o f p203b. which is 

entirely encoded by exon 2 o f the lfi203b gene (Fig. 3.8). The PAAD/DAPIN [/?yrin. 

A IM  (absent in melanoma). ASC (apoptosis-associated speck-like protein containing a 

caspase recruitment domain (C.ARD). and c/eath-(/omain (DD)-like/t/omain in c/poptosis 

and //iterferon response] (Pawlowski et al.. 2001: Staub et al.. 2001) are unique to 

vertebrates or vertebrate-specific viruses and are present at the amino terminus o f several 

different proteins involved in apoptosis and interferon response. One of these proteins 

is the ASC protein (Masumoto et al.. 1999). The ASC protein sequence contains a 

carboxy terminal caspase recruitment domain (CARD) that binds to other CARDs 

during the apoptotic response, suggesting that ASC is directly involved in apoptosis. 

The PAAD/DAPIN domain also is present at the amino terminus o f the human 200- 

family o f proteins. Based on secondary structure prediction and sequence alignment. 

Marti non et al. (2001) suggested that the PAAD/DAPIN domain is an additional
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member o f the death-domain-fold superfamily, similar in structure to the DED (Jeath- 

cffector r/omain) and the DD (r/eath r/omain) domains and involved in some protein- 

protein interactions between apoptotic effectors during the apoptotic response. Taken 

together, these data suggests that p203b may be involved in apoptosis, via some protein- 

protein interactions. In addition, PSortll predicted that p203b would be localized in the 

nucleus. These data suggest that, in interferon-treated cells, p203b translocates to the 

nucleus. However, because no DNA-binding motif has been detected in p203b, it 

appears that p203b does not bind DNA but rather may be involved in protein-protein 

interactions in the nucleus. Alternative polyadenylation sites have been reported in the 3' 

untranslated region o f the Ifi203b gene (Gribaudo et at.. 1997) which does not share 

homology with the 3' UTR of the 111202a gene. Here, si.x potential poly(A) sites were 

identified within the 3' UTR of the 111203b gene (table 3.10) and northem-blot analysis, 

combined with sequencing analysis, revealed that two o f these sites, corresponding to 

the second and the si.xth poly(A) sites, predominantly are used in BALB/c 3T3 cells 

(Gribaudo e/ti/., 1997).

poly(A) sites 111203 cDNA position (bp)

1 1466-1471
2 1636-1641
3 1710-1715
4 2045-2050
5 3361-3366
6 3513-3518

Table 3,10: the six poly(.-\) sites located at the 3' end o f the 111203 cDNA and their sequence 
position.

The 5' end o f the 111203b 3.8 kb cDNA hybridizes to a 3.8 kb mRNA and a less 

abundant 1.8 kb mRNA in northem-blot analysis, suggesting two different transcription 

start sites or different mRNA processing (splicing and polyadenylation site selection) 

(Gribaudo et al.. 1997). Interestingly, a BLAST search o f the 111203b gene sequence 

revealed the presence o f a short sequence located inside intron 4 that shares 95%
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sequence similarity with the sequence of exon 4 (Fig. 3.8). Whether this sequence 

corresponds to a "fossilized" exon or an important functional sequence possibly subject 

to alternative splicing has not been established. Potential splice sites GT/AG consensus 

sequences are present at both sides of this putative exon. However, this sequence is not 

present in any Ifi203 mRNAs present in the Genbank database. In addition to this 

putative "fossilized" e.xon. a sequence comparison between the Ifi203 cDNA and a 

cDNA corresponding to the 3’ end o f the Ifi203 cDNA (Genbank accession number 

L 14559) reveals the presence o f an additional 144-bp long sequence in the shorter 

cDNA. This additional sequence, absent from the 111203 cDNA sequence, also is located 

inside intron 4 o f 111203b. at position 77775-77918 on the BAG clone mgsl-423c02 

and between consensus GT/AG exon-intron border sequences (Fig. 3.8). It encodes a 

putative 48-amino acid polypeptide that is absent from the amino acid sequence of the 

protein encoded by 111203b. Although the origin o f this DNA segment in the cDNA 

corresponding to the 3' end o f the 111203 cDNA remains to be established, it is likely 

that this segment corresponds to an additional exon and that the cDNA corresponds to 

the 3' end o f a splice variant of the 111203 gene.

II1-1-3-2 in203a gene

The 111203a gene exhibits strong sequence similarity with the 111203 cDNA. An 

ALIG N comparison made between the 111203a gene (at contig position 143300-165288) 

and the 111203b gene sequence reveals that the exonic sequences of the 111203a gene 

differ from those o f 111203b by a single nucleotide substitution in exon 3. several 

nucleotides differences in the 3' untranslated region (3' LTR). and in exon 7. where in 

111203a. it is shorter than exon 7 of 111203b. Thus, the proteins encoded by 111203a and 

111203b differ by only one out o f 408 amino acid (Fig. 3.9).
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10 20 30 40 50 60
p 2 0 3 a . MAEYKl'IIVLLKGLENMEDYQFRTVKSLLRKELKLTKKMQEDYDRIQLADv'n^EDKFPKDAG

p 2 0 3 b  MAEYKNIVLLKGLENMEDYQFR'TYKSLLRKELKLTKKMQEDYDRIQLADIVMEDKFPKDAG 
10 20 30 40 50 60

70 80 90 100 110 120
p 2 0 3 a . LDKLIKVCEHIKDLKDLAKKLKTEKAKVQEKKKGKCKMAGKKKGQDELSSSESLFINKES

p 2 0 3 b  LDKLIKVCEHIKDLKDLAKKLKTEKAKVQEKKKGKCKTAGKKKGQDELSSSESLFINKES 
70 80 90 100 110 120

130 140 150 160 170 180
p 2 0 3 a . YKSVPSSKKKRKQITKTEGGKKKKLTQEQAQLPETSGTNIKKEEDCLQMPHKSPPTPSSS

p 2 0 3 b  YKSVPSSKKKRKQITKTEGGKKKKLTQEQAQLPETSGTNIKKEEDCLQNPHKSPPTPSSS 
130 140 150 160 170 180

190 200 210 220 230  240
p 2 0 3 a . SSNKAPRRGTVPKEPSREEGKHQGPKQVMVLKVTEPFTYDFEETKRiMFHA'n/ATETEFFR

p 2 0 3 b  SSNKAPRRGTVPKEPSREEGHHQGPKQVI'r'.'LKVTEPFTYDFEETKRiMFHATVATETEFFR  
190 200 210 220 230  240

250 260 270 280 290  300
p 2 0 3 a . VKVFDTA LM SKFIPG KIIA ISHYIG CNG FLEIYRASCVSDV'NINPTM IISNTLSESAIAT

p 2 0 3 b  VKVFDTALM SKFIPGKIIAISHYIGCNGFLEIYRASCVSDVNIN’P TM IISN TLSES A IA T  
250 260 270 280 290  300

310 320 330 340 350 360
p 2 0 3 a . PKISYLLSQAKGTFVNGEFWFKKSERHECICYGIGDDTGKMAVWYGRLTNVRCEPGSK

p 2 0 3 b  PKISYLLSQAKGTFWGEFWFKKSERHECICYGIGDDTGKMAVW'i'GRLTNVRCEPGSK  
310 320 330 340 350  360

370 380 390 400
p 2 0 3 a . LRLVCFELTSTKDVCLLRSVRHS'TMQVINEGKPLNPDSVRRNSLEPYF

p 203b  LRLVCFELTSTKDVCLLRSVRHSYMQVINEGKPLNPDSVRRNSLEPYF 
370 380 390 400

Fig. 3.9: Alignment o f the amino acid sequences of p203a and p203b.The substituted 

amino acid is in bold.

Based on its strong sequence similarity with Ifi203b. the e.\on-intron structure 

o f the 111203a gene was deducted from a CROSSMATCH comparison between this 

genomic segment and the 111203 cDNA. revealing that the 111203a gene, similarly to the
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Ifi203b gene, contains seven exons, spanning 22 kb o f genomic DNA (table 3.11 and 

see Fig. 3.8).

Exon number Size (bp) Contig position (bp)

I 165 143300-143465

2 282 147682-147964

3 121 149069-149190

4 168 150525-150693

5 415 158495-158910

6 190 161583-161773

7 2186 163102-165288

Table 3.11: Exon sizes and contig positions ot the Ifi203a gene.

The presence of these splice sites was confirmed by the Neural Network splice 

site prediction program (table 3.12).

Donor site sequence Acceptor site sequence

Exon/Intron Sequence
143467

Intron/Exon Sequence
147681

1/1 cacggagGTaagtct 1/2 tgtgtctttaattttttttAGgttaatctataatttgagag

2/2
147966

gcaaaagGTaataag 2/3
149068

gtgttttctttacccctacAGttcaagagaaaaagaaagga

3/3
149192

ttcaaagGTaaagtg 3/4
150524

aaagacaatgttgcttttcAGaaaaagagaaaacagatcac

4/4
150695

aaacaagGTaacact 4/5
158494

tctcatatatattttatatAGacaccaaaaagagaaactgt

5/5
158912

atttaagGTaagcca 5/6
161582

aatattaatttactttttcAGaaaaataaaaaacataaata

6/6
161775

catgcagGTatgtgc 6/7
163101

ttcattgttttcttctttaAGgtcatcaatgaaggaaagcc

Table 3.12: Neural Network splice site prediction sequences: exons and introns ate
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.
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A M OTIF search on the segment spanning 1000 bp upstream of the first exon 

followed by the first 200 bp of the first exon o f the Ifi203a gene gave results similar to 

those obtained for the 5' flanking region o f Ifi203b (see Table 3.4). Because of the high 

level o f sequence similarity between the 5’ Hanking regions o f the two genes, it is likely 

that the Ifi203a and Ifl203b genes have a similar mechanism for transcriptional 

regulation. A putative translation start site is located at contig position 147703, inside the 

111203a gene second exon and five poly(A) sites were identified within the 3' UTR of the 

111203a gene. Interestingly, one of the two poly(A) sites (the sixth poly(A) site; sec table 

3.10 and Gribaudo et a i. 1997) predominantly used in BALB/c 3T3 cells for the 

111203b gene is absent in the 3' UTR of the 111203a gene. A search o f the Pfam protein 

profile database revealed the existence o f a PAAD/DAPIN domain at the amino 

terminus o f p203a, similar to the one found at the amino terminus o f p203b. In addition, 

a CROSSMATCH comparison between the 111203a gene sequence and the sequence of 

the putative 144-bp long putative alternatively spliced exon found in intron 4 o f 111203b 

reveals a sequence similar to the 144-bp long putative exon in intron 4 o f 111203a, at 

position 151777-151920. This suggests the existence o f a splice variant form of the 

111203a gene, containing an additional segment encoded by the putative exon located 

between exon 4 and 5 o f the 111203a gene.

Because the sequence similarity among the 111203a and 111203b exonic regions 

is extensive (over 99%), the Ifi203a genomic region (exonic and intronic regions) was 

compared to the 111203b genomic region by dot plot analysis using DOTTER (Fig. 

3.10). This result and a CROSSMATCH comparison reveal that the sequence for the 

genomic regions located between the first e.xon (e.xon 1) and the last exon (e.xon 7) o f 

the 111203a and 111203b genes have over 99% similarity. Therefore, the 111203a gene 

shares strong sequence similarity with 111203b, as observed for 111202a compared with 

111202b. Interestingly, the putative protein encoded by Ifi203a differs from p203 by only
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one out o f 408 amino acid, whereas p202a differs from p202b by seven out o f 445 

amino acids.

Cone 1. g l (horizontal) vs. Concigl (vertical > 
[A b o u ti
O 5000 I'JOOi

2 000  -

Ô000 —

2 0 0 0 0  -

Fig. 3.10: Doi-plot analysis, using DO TTER. of the Ifi203a (horizontal) and 111203b 
(vertical) sienomic regions.

As was the case for 111202a and b. the intronic sequences flanking individual 

exonic sequences are well conserved between the Ifi203a and 111203b genes (table 3.13).

iri202a/Ifi202b iri203a/iri203b
% sequence identity 7c sequence identity

exon 1 100 100
intron 1 99.65 99.41
exon 2 100 100

intron 2 99.63 99.63
exon 3 98.26 99.19
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intron 3 99.76 99.48
exon 4 99.76 100

intron 4 99.89 99.62
exon 5 99.48 100

intron 5 100 99.81
exon 6 99.51 100

intron 6 99.49 99.4
exon 7 100 99.81

intron 7 100 N/A
exon 8 99.52 N/A

T ab le  3.13; Comparison o f percentage nucleotide identity o f exons and introns o f murine 111202a and 
111202b tienes and murine 111203a and 111203b ttenes usinu C R O S S M A TC H .

A clot plot comparison o f the first 1000 bp located immediately upstream o f the 

5' ends o f the first exons o f the 111203a and b genes reveals e.xtensive sequence 

similarity, suggesting a similar mode of transcriptional regulation (Fig. 3.11 ). as was the 

case for the 111202a and 111202b ttenes.

i2 o n n  I  c I < hio )

200
[Mtaou tI

/ . Conn l a l  c v m r  n i  c .m 1 )

•400 taOO

lOO 4

200

300

5 0 0

7 0 0  -4

9 0 0  -4

1 OOO

1

Fig. 3.11: Dot-plot analysis, using DOTTER. of the 5' Hanking region of the 111203a 
ihonzontal) and Itl203b (vertical) genes. The tlrst 1000 hp located upstream from the 
initiation of transcnption are compared.
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I l l - 1-3-3 Ifi203c gene

An ALIG N comparison between the first genomic segment (at contig position 

3843-10558) and the genomic region encompassing the last three exons o f the 102035 

gene, reveals that the coding regions corresponding to the last three exons of the Ifi203c 

gene (not including the 3' UTR located at the end o f exon 7) differ from those of 

Ifi203b by only seven single nucleotide substitutions in exon 5. The exon-intron 

borders o f the last three exons of the Ifi203c gene, as determined by a CROSSMATCH 

comparison between this genomic segment and the Ifi203 cDNA, revealed a strong 

sequence similarity between the Ifi203b and Ifi203c genomic sequences (table 3.14).

Exon number Size (bp) Contig position (bp)

5 415 3843-4258

6 190 6926-7116

7 2129 8429-10558

Tabic 3.14: Exon sizes and contig positions of the last three exons o f the lfi203c gene.

The results from the Neural Network splice site prediction program confirmed 

the presence o f potential splice sites at the exon-intron borders corresponding to those 

delimited by a CROSSMATCH comparison between this genomic segment and the 

111203 cDNA (table 3.15).

Donor site sequence Acceptor site sequence

Exon/Intron Sequence Intron/Exon Sequence
4:60 6925

5/5 atttaasGTaascca 5/6 aatsttaatttsctttttcAGaaaastsasasgcatsasts

71 IS 8428
6/6 catacaaGTatatac 6/7 ttcattattttcttctttaAGatcatcaataaaaaaaaacc
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Table 3.15: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

Analysis o f the 3' UTR of the Ifi203c gene also showed the presence o f si.x 

polyadenylation sites at positions that were similar to the ones found in the 3' UTR of 

the Ifi203b gene (see table 3.10 and Gribaudo ei ciL, 1997). Whether the 111203c gene is 

transcriptionally active is still unknown because the 5’ end o f the Ifi203c gene remains 

to be sequenced.

I l l  14 1(1204 gene

A GENSCAN analysis (Fig. 3.3) o f contig 1 revealed the presence o f a putative 

coding region at position 170378-189955 which had sequence similarity to the 111204 

cDNA. An ALIG N comparison o f this region and the 111204 cDNA confirmed the 

presence o f the Ifi204 gene in contig 1. Only three nucleotides differed (one in exon 7 

and two in e.xon 9) between the 111204 cDNA and the 111204 gene e.xonic sequences. A 

CROSSMATCH comparison between this genomic region o f contig 1 and the 111204 

cDNA revealed that the Ifi204 gene consists o f nine exons spanning a genomic region 

o f -19  kb (table 3.16 and Fig. 3.12). Interestingly, the exon-intron structure o f the 

Ifi204 gene is similar to that o f the 111202a and b genes. This 111204 gene also contains 

an additional putative exon encoding a seven amino acid repeat (TSTAGAR) domain 

that would be located at the amino terminus o f p204. but was not observed in p202a and 

p202b. This seven amino acid repeat domain also is present in the amino terminus o f the 

D3 protein (encoded by the 111205 gene) where it consists o f four perfect and three 

imperfect repeats, which could form a largely alpha helical structure. In addition, similar 

to p202a. the amino terminus o f p204 also has several short sequence regions that are
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rich in basic amino acids and are similar to sequences that have been shown to serve as 

nuclear targetting signals in other proteins.

E.xon number Size (bp) Contig position (bp)

1 108 170378-170486

2 283 175392-175675

3 259 176891-177150

4 158 177653-177811

5 422 181239-181661

6 188 184368-184556

7 416 185220-185636

S 190 187864-188054

9 322 189633-189955

Table 3.16: Exon sizes and contig positions ot the 111204 gene.

Ifi204 gene:

,\TG STOP
I 2 3 4 5 6 7 8 9

IDS :s' IS') I5S 4”  iss 41(1 I'M)

I 4'MMi l i : i h  I <4;s I ro *  lix a  I :;;s i is'') N
p204 protein: 

N

Exons: 2 I 3 4 5 I 6 7 I s  9

Fig. 3.12: Structural organization ol the 111204 gene and its encoded protein. p204. iTopi Sizes, 
in hase pairs, are given helow the introns and a hove the exons.The exons are indicated by black 
boxes and the connecting introns by horizontal lines, i Bottom; a and b represent the two 200- 
amino acid domains conserved among the 111200 family of proteins. The gray box indicates the 
presence of a P.A.-XD/DAPIN domain at the N-terminus of p204.
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The results o f the Neural Network splice site prediction program analysis 

confirmed the presence of potential splice sites at the exon-intron borders indicated by 

the CROSSMATCH comparison o f this genomic region and the Ifi204 cDNA (table 

3.17).

Donor site sequence Acceptor site sequence

o n /In tro n

1/1

Sequence
170488

caggaagG Tgagttc

In tron /E xo n  Sequence
175391

1/2 tgccaattttttttcttccAGgctcagcaacaacttcaaag

2/2
175677

tcagaagCTaacaca 2/3
176890

aaaaagtctccacatcctAGtaacaggagaaacatcac

3/3
177152

agcccagG Tgagcct 3/4
177652

2 2 2 ca2 t2 aatatatttcAGaaaagaaaaaatatga2a

4/4
177813

ggctaagGTacaagc 4/5
181238

ccctgtatttgttcaacacAGaaccaaaaatcacaaccca

5/5
181663

acacaagGTaaggtg 5/6
184367

atgttaatcttacttttgcAGaaaacagtgaaccgaaaga

6/6
184558

catcaagG Ttagtgtg 6/7
185219

tcatat2 t2 t 2 tttta t2 tAG atatcaaa2 U2 a2gaaat2 t

7/7
185638 

aaataagGTaagccg 7/8
187863

aatgttaatttgctttttcAGaaaacggacaggaataaatt

8/8
188056

catgcagG Tacgtgc 8/9
189632

ttcattgttttcttctttuAGgtcatcaatgctagaaagtg

Table 3.17: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A region including the first 1000 bp located immediately upstream from exon 1 

followed by the first 200 bp o f e.xon 1 o f the Ifi204 gene was analyzed for potential 

transcription factor binding sites using M OTIF (table 3.4). Interestingly, the results 

were highly similar to those obtained by comparing the 5' flanking regions o f the 

111202a and b genes. In addition, two Interferon Stimulated Response Elements (ISRE).

9 3



a Friedman-Stark sequence and a GA box. are located a few base pairs upstream from 

the transcription initiation region o f the Ifi204 gene. The Friedman-Stark sequence is 

located at the border between exon 1 and the 5' flanking region o f the Ifi204 gene. The 

5' flanking region o f the Ifi204 gene also contains several potential transcription factor 

binding sites that have been implicated in the development o f hematopoietic lineage cells, 

such as Ik-1. Ik-2. c-Myb. c-Ets. NF-AT or S0X5. These regions may be important in 

this context as Gariglio et al. (1998) demonstrated that the Ifi204 gene had an 

expression pattern that was restricted to cells o f the monomyelocytic lineage, suggesting 

its involvement in the differentiation and maturation o f this cell lineage. In addition, the 

5' Hanking region of the 111204 gene has potential binding sites for transcription factors 

whose activity is modulated by members o f the 111200 family, including c-Myc. MyoD. 

c-Fos and c-Jun. as well as for STAT transcription factor that mediates the cell response 

to a variety of cytokines and growth factors. The 5' Hanking region o f the 111204 gene 

also shows two potential binding sites for p53 at 104-126 and 699-721 bases upstream 

from the 5' end of exon 1. Taken together, these data suggest that 111202a. 111202b and 

111204 have a similar mode of transcriptional regulation. A DOTTER comparison 

between the 5' Hanking regions o f 111202a and 111204 (the first 1000 bp immediately 

upstream from the first exon followed by the first 200 bp of the first exon) revealed 

their extensive sequence similarity (Fig. 3.13). consistent with the thought that I11202a 

and 111204 have a similar mode of transcriptional regulation. Since the translation start 

site (ATG). as defined by Choubey et al. (1989). is located at contig position 175419. 

inside exon 2. exon I o f the 111204 gene contains the 5' untranslated region. Promoter 

prediction by NNPP did not predict any TA TA  box-containing promoter in the 1000 bp 

located upstream from the 5' end of exon I. suggesting that the 111204 gene is another 

example o f a gene lacking TATA box sequences in its 5' Hanking region. However, a 

MOTIF search on the 5' Hanking region o f 111204 predicted the presence o f TATA box 

elements. 763-777 bp upstream from the 5' end o f the IH204 gene. The poly(A) site
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described by Choubey et al. (1989) is located at contig positions 189933-189938, 611 

bp downstream from the 3' end o f the last exon (exon 9). A  search o f the Pfam protein 

profile database indicates the presence o f a PAAD/DAPIN domain at the amino 

terminus o f p204 (Fig. 3.12), similar in terms o f structure and sequence to the ones 

found at the amino termini of p203a and p203b. Finally, a PROSITE search o f the 

protein profile database predicted the presence o f potential bipartite nuclear localization 

signal, consistent with earlier indirect immunofluorescence microscopy experiments on 

interferon-treated cells reporting that the p204 protein is located in the nucleolar and 

nucleoplasmic fraction (Choubey and Lengyel, 1992).

C o n  L i g 1 (h o r i m o n t a i  >
lAkouCI
O 200

0 -I 1--- 1--- 1--- 1--- L_

2 0 4 5  < v«sr 1 1 I  >

4 0 0  0 0 0 1 0 0 0  1 2 0 0  
1 » . I 1.

100 -f

3 0 0  ■

5 0 0  4

I

9 0 0  4

F ig . 3 .1 3 : D o t-p lo t analysis, using D O T T E R .  o f  the 5 ’ f la n k in g  regions o f  
the I t l2 0 2 a  (h o rizo n ta l) and 111204 (v e rt ic a l)  genes. T h e  firs t 1000  bp located  

upstream  fro m  the in itia tio n  o f  transcrip tion , fo llo w e d  by the first 2 0 0  bp o f  
the firs t exon  o f  each gene, are com pared .
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Ifi204 expression apparently is restricted to cells o f myeloid origin (Gariglio et 

a i,  1998), in contrast with the Ifi202a gene that is widely expressed and can be induced 

in various organs, such as spleen, heart and brain, all o f which are negative for p204 

induction. The protein encoded by Ifi204 (p204) has two contiguous amino acid 

domains (domains a and 6), similar in structure to the a and b domains o f p202a and 

p202b. Even though these two domains are encoded for p202a and p202b by exons 4 

and 5 and exons 6 and 7, respectively, but by exons 5 and 6 and exons 7 and 8, 

respectively, for p204 (Fig. 3.12), they likely arose from duplication o f an ancestral 

domain. However, p202a, p202b and p204 also possesses unique sequences that may 

reflect their individual functions. As mentioned above, p204 (as well as D3) has a large 

insertion containing a series o f short seven amino acid repeat sequences o f unknown 

function, as well as a PAAD/DAPIN domain absent from the amino terminus o f p202a 

and p202b. The p204 and the D3 proteins have a narrow range of tissue distribution, as 

they are selectively induced in vivo by interferons in macrophages only (Lembo et al.. 

1998). This expression pattem, that differs widely from the one observed for p202a, 

could indicate that each member o f the 111200 family is endowed with specific functions 

in specific cell lineages. It also appears that both p202a and p204 are involved in 

protein-protein interactions inside the nucleus, but their structural variations may 

indicate different interactions with various nuclear proteins are required to exert their 

antiproliferative activities.

in  1-5 10201 gene

The lfi2 0 I gene is the fifth member o f the murine 111200 gene family cluster 

sequenced during this dissertation research. Since its cDNA has not been cloned or 

sequenced previously, it was difficult to determine the exact position o f the Ifi20 I gene 

in the 111200 gene cluster. However, the 5' Hanking region followed by exon I o f a
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putative Ifi201 gene was located at contig position 194862-195810 by a 

CROSSMATCH compaiison between this segment of the lfi201 gene (Genbank 

accession number M31421) and contig 1. In addition, a GENSCAN analysis o f contig 

I locates a putative gene at contig position 199986-213291 (Fig. 3.3) that could 

correspond to the coding region of the lfi201 gene. A search o f the 5' flanking region 

followed by the first exon for potential transcription factor binding sites using MOTIF, 

reveals several interesting features (Table 3.4). First, the 5' flanking region o f the 111201 

gene contains potential binding sites for transcription factors that are expressed in cells 

o f the hematopoietic lineage, such as M ZF l. NF-AT. Lyf-1. lk-1. lk-2. GATAI. 

GATA2. G.ATA3. CCAAT/Enhancer Binding Protein (C/EBP). c-Myb. for ST AT 

transcription factors and for transcription factors whose activity is modulated by other 

members o f the 111200 family of proteins, such as c-Fos. c-Jun. NF-kB and MyoD. 

Furthermore, although an Interferon-Stimulated Response Element (Friedman-Stark 

sequence) is located inside exon 1. similar to the Friedman-Stark sequence located 

inside exon 1 o f the 111202a and b genes, no GA box was detected using MOTIF. 

Finally, no p53 binding site similar in sequence to those found in the 5' Hanking regions 

o f the 111202a. 111202b and 111204 genes, was detected in the 5’ Hanking region o f the 

111201 gene (see Table 3.4). Taken together, these data suggest a mode of transcriptional 

regulation for the 111201 gene that may be similar to that determined for the Ifi203a and 

b genes. However, since the 111203a and 111203b genes lacked a Friedman-Stark 

sequence while containing a GA box in their 5' Hanking regions, an observation 

opposite to that found for the 111201 gene, the IH201 gene likely has a different mode of 

interferon transcriptional activation. Finally, a Pfam search on the putative protein 

encoded by 1H201. p201 (whose sequence was deduced from GENSCAN) revealed the 

existence o f a PAAD/DAPIN domain at the amino terminus o f p201. These results 

indicate that p201. along with p203a. p203b and p204. but not p202a or p202b. share a
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common structural feature (the PAAD/DAPIN domain) indicative o f their putative role 

in apoptosis.

I l l - 1-6 in202c pseudogene and others possible genes

An Ifi202c pseudogene, along with the Ifi202b gene discussed above, initially 

was discovered by screening a mouse I29sv genomic DNA library with a 202a cDNA 

probe (Wang e: a l. 1998). When compared to the Ifi2G2a e.xonic sequences. Ifi202c 

had a single nucleotide substitution in e.xon 4. two single nucleotide substitutions and a 

nucleotide deletion in e.xon 6. one single nucleotide substitution in exon 7 and one 

single nucleotide substitution in e.xon 8. The single nucleotide deletion in e.xon 6 results 

in a translational frameshift mutation, and any resulting translated protein encoded by 

in 202c would be truncated because of an in-frame stop codon. (Fig. 3.14).

p 2 0 2 a  .M S N R N L R S S T N S E F S E G Q H Q T P S S D S S G H G E D Q P Q A S P G P N K K S H T P K K N
p 2 0 2 b  M S N R N L R S S T N S D L A E G Q H Q T P S S D S S G H G E D Q P Q A S P G P N K K S K T P K K I'I
p 2 0 2 c  M S N R N L R S S T N S E F S E G Q H Q T P S S D S S G H G E D Q P Q A S P G P N K K S H T P K K N

p 2 0 2 a  IS K G A V L H E K P M T V M V L T A T E P F N Y K E G K E N M F H A r /A T E S Q Y Y R V K V F N
p 2  0 2 b  I  S K G A V L H E K P M T V > rv T L T A T E P F trF K E G K E N M F H .A T V .A T E S K Y Y R V K V F M
p 2 0 2 c  IS K G A V L H E K P M T V M V L T V T E P F N Y K E G K E N M F K A T V .A T E S Q Y Y R V K V F N

p 2 0 2 a  M D L K E K F T E N K F IT IS K Y F N S S G IL E IN E T .A T V S E A J \P N Q M F E V P K N IIR
p 2 0 2 b  M D L K E K F T E N K F IT IS K Y F N S S G IL E IM E T .A T V S E A A P N Q H F E V P F .N I IR
p 2 0 2 c  M D L K E K F T E N K F IT IS K Y F N S S G IL E IN E T A T V S E A A P M Q M F E V P K N IIR

p 2 0 2 a  S A K E T L K IS K IK E L D S G T L IY G V F .A V E K K K ^ y 'N D K S IT F K IK D M E D M IrF /V
p 2 0 2 b  S .A K E T L K IS K IK E L D S G T L IY G V F .A V E K K K V N D K S IT F K IK D N E D N IK Y n /
p 2 0 2 c  S A K E T L K IS K IK E L D S G T L IY G V F .A V E K K r O /N D K S IT F K IK D N E D N IK ’/^ /

p 2 0 2 a  ’.• ro K E Q H F IIN 'Y E K G D K L Q L F S F H L R K G N G K P IL H S G N H S F IK G E K L L K E S F
p 2  0 2 b  V j-D K E Q H N ItT Y E K G D K L Q L F S F H L R K G N G K P IL K S G M H S F V K G E K L L K E S F
p 2 0 2 c  W D K E Q H N IM Y E K G D K L Q L F S F H L R K G N G K P IL K S G N H S F IK G E K L L K E S F

p 2 0 2 a  E G D G Y H K G P K Q W A L K .A T K L F T Y D S IK S K K M F K A T V A T D T E F F R V M V F E E
p 2 0 2 b  E G D G Y H K G P K Q W .A L K A T K L F T Y D S IK S K K M F H A T V .A T D T E F F R V M '/F E E
p 2  0 2 c  E G D G Y H K G P K Q W A L K A T K L F T Y D S IK S K K M F H A T V A T D T E F F R V M V F E E
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p 2 0 2 a  NLEKKFIPGNTIALSDYFGMYGSLAIHEYSSVSEVKSQNKEDSSSSDERP
p 2 0 2 b  NLEKKFIPGNTIALSDYFGMYGSLAIHEYSSVSEVKSQNKEDSSSSDERP
p 2 0 2 c  NLEKKFIPGNTIALSDYFGMYGSLANMNIPACLR-------------------------------------

p 2 0 2 a  lEHLKICDLHLQTEERLFDGEFKVYRKSSGNNCICYGIWDDTGAMKVWS
p 2 0 2 b  lEHLKICDLHLQTKERLVDGEFKV’/RKSSGNNCICYGIWDDTGA.MFGAO^S
p202c ---------------------------------------------------------------------------------------------------------

p 2 0 2 a  GQLTSVNCEIGNTIRLVCFELTSNADEWFLRATRYSYMEVIMPEK
p 2 0 2 b  GQLTSVNCEIGNTIRLVCFELTSNADEWFLRATRYSYMEVIMPEK
p202c ----------------------------------------------------------------------------------------------

Fig. 3.14: Clustal alignment o f the amino acid sequences o f the p202a. p202b proteins 
and the putative p202c protein.The mouse protein sequences are indicated on the left. 
The comparison was performed using the CLUSTALW  program. (*) Identical or 
conserv'ed residues in all sequences o f the alignment; (:) conserved substitutions; (.) 
semi-conserved substitutions.

Wang et al. (1998) reported that no 202c mRNA was detected by RT-PCR or 

by sequencing the ESTs from several murine tissues and cell lines before and after 

interferon treatment. Thus, they proposed that this putative 111202c gene might be a 

pseudogene. Additional lluorescence in .situ hybridization (FISH) colocalized the 

111202a and b genes and the 111202c pseudogene on the same distal region o f mouse 

chromosome 1. indicating that this pseudogene is present in the same genomic region as 

the Ifi202a and b genes (Wang et ai.. 1999).

A GENSCAN analysis o f contig 2 revealed that a putative seven e.xon-coding 

region was present in a genomic segment located between base pairs 61679-79950 that 

represents e.xon 2 to exon 8 o f the putative 111202c pseudogene described by Wang et 

ai. (1999) (Fig. 3.15). The resulting exon 2. 3. 4, 5. 6, 7 and 8 sequences (Genbank 

accession numbers A F 141664. AF141665. A F 141666. A F 141667. A F 141668. 

.AF141669 and AF141670. respectively) were merged and an A L IG N  comparison made 

between the genomic segment and the sequence generated by merging the Genbank
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entries corresponding to exons 2 to 8 of the Ifl202c cDNA confirmed that this segment 

corresponds to the Ifi202c pseudogene.

G E N S C A N  analysis

•:04-likc"
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Fig. 2.15: GE.NSC.A.N analysis o f  contig 2. Th e  genes and pseudogenes present on this clone  
are indicated.

The predicted translation start site (ATG) o f the truncated protein encoded by 

the Ifi202c pseudogene is located inside exon 3. in a position similar to the translation 

start sites in the Ifi202a and b genes. Based on the observation o f a strong sequence 

similarity between Ifi202a and Ifi202c e.xonic sequences, a CROSSMATCH 

comparison was made between exon I o f Ifi202a and a genomic segment corresponding 

to the first 10000 base pairs located immediately upstream from the 5’ end o f exon 2 of 

Ifi202c. Interestingly, no sequence similar to Ifi202a exon 1 sequence was found, 

indicating that there is no e.xonic sequences homologous to the first exon o f the Ifi202a 

gene in the region upstream from the second exon o f the Ifi202c pseudogene. This 

suggests that the duplication event leading to the appearance of the I f i202c pseudogene

1 0 0



resulted in the loss o f exon 1 and, likely, of any transcriptional regulatory region located 

upstream from the first exon. A CROSSMATCH comparison between the first 1000 bp 

located upstream from the first exon o f the Ifi202a gene and the first lOOOO bp located 

upstream from the second exon of the Ifi202c pseudogene and a MOTIF analysis made 

on the first 1000 bp located upstream from the second exon o f the Ifi202c pseudogene 

did not indicate the presence of any significant transcription factor binding sites, 

including interferon-stimulated response elements. Thus, it is likely that the Ifi202c 

pseudogene is not expressed since it lacks any known transcriptional regulatory 

regions.

A GENSCAN analysis o f contig 2 revealed several other putative coding 

regions, besides Ifi202c (Fig. 3.15). A BLAST search made on a predicted coding 

region at contig position 97371-104776 revealed sequence similarity with the first five 

exons o f the Ifi203b gene. A dot plot comparison, using DOTTER. between the contig 

region at position 97371-104776 and the genomic region between the first and the last 

exons o f the lfi203b gene (Fig. 3.16) revealed sufficient sequence similarity with part of 

the Ifi203b gene to speculate that a partially duplicated region o f the Ifi203b gene might 

be present. Another dot plot comparison between the genomic region at contig position 

97371-130000 and the 10203 cDNA (Fig. 3.17) further confirmed the presence of 

sequences similar to the first five exons o f Ifi203b within this partially duplicated 

region. A BLAST search made on the genomic region at contig position 97371-130000 

against a mouse-specific dbEST database did not reveal any significantly homologous 

EST sequences. Although the origin o f this genomic region is unknown, it is likely that 

this region contains a truncated Itl203 pseudogene that was generated by duplication of 

an ancestral Ifi203 gene or by progressive mutations in a duplicated 111203 gene that 

rendered it non-functional, during the evolution o f the mouse Ifi200 gene family cluster.
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Fig. 3 .16: D ot-plot analysis, using D O T T E R . ot the 111203b gene 
I horizontal I and the putative "2 0 3 -tike" pseudogene (vertica l). The vertical 
axis corresponds to the "2 03 -likc "  pseudogene tolknved by -1 5  kb o f 

genomic sequence, to demonstrate the absence ot' homology after the fifth  
exon o f the "203  like " pseudogene.
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Fig 3.17: Dot plot analysis, using D O TT E R . o f the "203-like" pseudogcne followed by -1 5  kb of 
genomic sequence (horizontal), and the 111203 cDN.Ai vertical)
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A BLAST search on a predicted coding region at contig position 18705-53100 

revealed sequence similarity with the 111204 cDNA sequence. A  dot plot comparison, 

using DOTTER, between the genomic segment located between the first and the last 

exons o f the 111204 gene and the contig region at position 18705-53100 indicated 

regions o f sequence similarity (Fig. 3.18).

C o n  t 1 g I < ► 
I n h o  11 r. I

j r - i io n t i» L >  V % . C o n n i^ l  )

3 00 0  «3 —

Fig. 3.18: Dot-plot analysis, using D O TTE R . o f the 111204 gene (horizontal) 
and the putative "204-like" gene (vertical).

•Another dot plot comparison made between the contig region at position 18705- 

53100 and the 10204 cDNA revealed the presence o f nine putative exons similar in
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length to the nine exons o f the Ifi204 gene (Fig. 3.19). suggesting the existence o f a 

gene encoding a protein similar to p204.

2^1*1 ' Mor I zont at I V*. fM.COG 329.1 < vwr*-. i •  ̂i >

200C JÛOJ

:o o o

-j

Fig. 3.19: Düi-plüi analysis, using DOTTER. ot'ihe putative "204-like" gene (honzontal) and 
the 111204 cD.\.-\ (vertical).

This putative gene would span a genomic region o f -34 kb. which is longer than 

the region spanned by the 111204 gene. .A putative translation start site (ATG) is located 

at contig position 21986. but because of a seven nucleotide insertion, a poly(A) site 

similar to that in 111204. as defined by Choubey et al. ( 1989). is absent. However, other 

possible candidate poly(A) sites are present at contig position 52897-52902 and 53133- 

53138. The search for potential transcription factor binding sites, using a .MOTIF 

search o f the first 1000 bp located immediately upstream from the 5' end o f this putative 

gene revealed that, while the 10204 5' flanking region contains two ISREs (Friedman-
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Stark sequence and GA box), only one ISRE (GA box) could be found in the 5' 

flanking region o f this putative gene. Also, besides the presence o f binding sites for 

transcription factors important for the development o f hematopoietic cells, such as c-Ets, 

c-Myb, Ik-2, G ATAI, GATA2, G ATA3, and for ST AT transcription factors, several 

potential binding sites for transcription factors whose activity is regulated by other 

members of the Ifi200 gene family, such as c-Fos, c-Jun, M yoD and E2F, were found 

(see Table 3.4). The sequences o f each exon o f this putative "204-like" gene were 

deduced after a GENSCAN and a CROSSMATCH analysis, based on their strong 

sequence similarity with the III204 cDNA. The virtual cDNA sequence of the "204-like" 

gene was deduced by merging the sequence of each e.xons, and comparing it, using 

ALIGN, to the sequence o f the 111204 cDNA. At the nucleotide level, these two 

sequences shows a 85.4% similarity (Fig. 3.20).

10 : 0  30 40  50 60
I  f  i  :  0 4 TTTCTCATTT.^CTa^CTT.^TCTGCCT.^CCT.^CTCA.-.GCCA.nGC.i.GGCC.i.CTTCTTG.nCCC

C e n t i g  TTTCTCAGTTACTG.^TT.=iTCTGCCT.nCCTACTC.-A3iCC.ViGC.^GGCC.2.CTTCTG TT
10 20 30 40 50

70 SO 90 100 110 120
I f  i  2 0 4 03TG.A.AGGTCTCAOGATCTG7.2iC.ATC.ACTGC2iGAA.AT.^TCCAGGA.AGGCTC.nGC.AAC.AAC

C c n t i g  GTTGAAGATCTCAGC.ACCTGTAC.ATTGCTGCCGAAA.T-TCCAGGG.AGTAT.AnCC.VLCAAC
60 70 SO 90 100 110

130 140 150 160 170 180
1 :1 2 0 4  TTCAAAG.ATGGTGAATGAATACA.AGAGAATTGTTCTGCTG.AGAGGACTTGAATGTATCAA

C one i g  TTG.AAA.G.ATGGAGAATGAAT.ATAAGAGACTTGTTCTGCTGGAAGGACTTGAATGTATCAA 
120 130 140 150 160 170

190 200  210  220 230 240
111204  T.AAGC^TT.ATriT.AGCTT.ATTT.AAGTCATTGCTGGCC.AGAGATTT.A.AiTCTGGA.AAGA.G.A

C e n t I g  TAAGCATCAATTC.AvTTT.ATTT.AiGTCATTGATC-GTC.A-AGATTT.AA.ATCTGGA:iGAAGA
ISO 190 200 210 220  230

250 260  270 280 290 300
1 :1 2 0 4  CAACCAAGAGCAATAC.ACCACG.ATTC.AGATTGGT.AAC.ATGA.TGGA.AG.AG.AAATTTCC.AGG

C e n t I g  CA.ACCAiGAGAAATAT.ACCACGTTTCAGATTGCT.A.ACATGATGGT.AiAG.AAATTTCCi.GC 
240 250 260 270 280  290

310 320 330 340 350 360
111204  TGATTCTGG.ATTGGGC.AA.ACTGATTGAGTTTTGTGA.AGA.AGT.ACC.AGCTCTT.AGAA.AACG

C o n t ig  TG.ATGCTGGATTGG.ACAA.ACTGATCAACTTTTGTGA.ACGTGT.ACC.iACTCTTAAAAA.^CG
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300 310 320 330 340 350

370 380 390 400  410
I  f 1204 AGCTGAAATTCTTAAAA.3iAGAa^GATC;^.GAAGTA---ACAGGAGAAACATCACTGGAAAA

C o n t i g  TGCTGAAATTCTTAAAAAAGAGAGATCAGAAGTAGTAA.CAGGAGAAiACATCACTGGAAAT 
360 370 380 390 400 410

420 430 440 450 460 470
1 :1 2 0 4  AA-ATGG'TCAAaiA.GCAGGTCCTGCAACACCTACATCAACTACAAGCCACATGTTAGCATC

C e n t  I g  AAATAGGCA.AGAAGCAGGTCCTGCA.ACACCTACATCAACTAC.V.GCCACATGTTAGCATC 
420 430  440 450 460 470

480 490 500 510 520 530
I  f  1204  TGAAAGA.GGCGA.GACTTCTGGAACCCAGGAALGAGACTTCCACAGCTCA.GGCGGGGACTTC

C o n t I g  TGAA.AGAGGCGAGACTTCCGCAACCC.AGGAAGA.GACTTCCACAGCCC.A-----------------------
480 490 500 510 520

540 550 560 570 580 590
11 1204  CACAGCTCAGGCGAGGACTTCCACAGCTCAGGCGAGGACTTCCACAGCTCAGGCGAGGAC

C o n t ig  ------------------------------------------------------------------------------------------------------GGTGAGGAC
530

600  610 620 630 640 650
1 1 1204  TTCCACAGCTCAGGCGAGGACTTCCACA.C-CTCAGGCGGGGACTTCCACAGCCCAGAAAAG

C c n t i g  TTCCACAGCTCAGGCGGGGACTTCCACAGCTCAGGCGGGGACTTCTACAGCCCAGAAAAG 
540 550 560 570 580 590

6 60  670 680 690 700  710
1 11204  AAAAAGTATGAGAGAAiGAAGAGAC'2GGAGTGAAAAAiGAGC.AAGGCGGCT.AAGGAACCAGA

Con t i g  GAAAGGTATGAGTGAAGAAAAGACTGACGTGAAGAAGATCAAGGCATCTGGGAAAGCAGA 
600 610 620 630 640 650

720  730  740 750 760  770
1 11204  TCAGCCTCCCTGTTGTGAAGAACCCACAGCCATGTGCCAGTCACCAATACTCCACiiGC'rC

C o n t ig  TCAGCCTCCCTGTTGTG.AAGGACCCACAGCCnCATGCCAGTCACCAA.TATCCCAGGTCTC 
660 670 680 690 700 710

730  790 800 310 320 830
1 1 1 2 0 4  ATCTTCGGCTTCATCTAACATTCCTTCGGCTAAGAACCAAAAATCACAACCCCAGAATCA

Con t i g  ATCrrCGGCTTCATCTAACATTCCTTCGGCTAA.GAACCAAAAATCACAACCCCAGAACCA
720 730  740 750  760 770

840 850 860 870 880 890
1 1 1 2 0 4  GAATATTCCCAGAGGTGCTGTTCTCCACTCAGAGCCCCTGACAGTGATGGTGCTCACTGC

C o n t ig  GAACATTCCCAGAGGTGCTGTTCTCCACTCAGA.GCCCCTGACAGTGATGGTC-CTCACTGC 
780 7 9 0  300 310 820 830

900 910 920 930 940 950
1 1 1204  AACAGACCCATTTGAATATaV.TCACCAGAACATGAAGTAAAGAACATGCTTCATGCTAC

C o n t ig  AACAGACCCATTTGAATATGAATCACCAGAACATGAAGTAAAGAAiCATGTTTCATGCTAC 
340 850 860 370 880 390

960 970 980 990 1000 1010
1 1 1 2 0 4  AGTGGCTACAGTGAGCCAGTATTTCCATGTGAAAGTTTTCAACATCAACTTGAAAGAAAA
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C one i g  AGTCXXrTACAGTaAGCCiGTATTTCCATGTGAAAGTTTTCAACATCGATTTGAAAGAGAA 
900 910 920 930 940  950

1020 1030 1040 1050 1060  1070
1 5 1 2 0 4  GTTCACAAAAAAGAATTTTATCATCATATCCAATTACTTTGAGAGCAAAGGCATCCTGGA

C one i g  GTTCACAAJiAAATAATTTTATCACCATATCCAATTACTTTGAGAGCAA.AGGCATCCTGaA 
960 970 980 990 1000 1010

1080 1090 1100 1110 1120  1130
151 2 0 4  GATCA.ATGAGACTTCCTCTGTGTTAGAGGCTGCTCCTGACCAAATGATTGAA.GTGCCCAA

C o n e ig  GATC.AATGAGACTTCCTCTGTGTTAGAGGCTGCTCCTA-AACAA1.ATGATTGAAGTGCCCAA 
1020 1030 1040 1050 1060 1070

1140 1150 1160 1170 1130  1190
1 51 2 0 4  CAGTATTATCAGAAATGCA.AATGCCAGTCCTA.AGATCTGTGATATTCAAAAGGGTACTTC

C o n e ig  CTGTATTACCAGAAA.TGC.AAATGCCAGTCCTAA.GATCTGTaATATTCW.AGGGTACTTC
1080 1090 1100 1110 1120 1130

1200 1210 1220 1230 1240 1250
1 51 2 0 4  TGGAGCAGTGTTCTATGGAGTGTTCACATTACACA.AGA.AAACAGTGA.ACCGAAAGAACAC

C o n e ig  TGGAACAGTGTTCTATGGAGTGTT'TACATTACACA.AGAAAAA.AGTGAAAACACAGA.ACAC 
1140 1150 1160 1170 1180 1190

1260 1270 1280 12 90  1300 1310
151204  A.ATCTATaAAATAA.AAGA.TGGTTCAC-aAAGCATAGAA.GTC-GTGGC-GAGTC-GAAA.ATOC-CA

C o n e ig  .AAGCTATGAAATAAAAGATGGTTCAGGAAGTATAGAAGTGGTGGGGAGTGGACAATGGCA 
1200 1210 1220 1230 1240 1250

1320 13 3 0 1340 13 50 1350 1370
1 5 1 2 0 4  CAACATCAACTGCAAGGAAGGAGATAAACTCCACCTCrrCTGCTTTCACCTGAAAACAAT

C one I g  CAACATCAACTGTAAGGAA.GGAGATAAGCTCCACCTCTTCTGCTTTCACCTGAA.AAGAGA 
1260 1270 1230 1290 1300 1310

1380 1390 1400 1410 1420 1430
151204  TGACAGGCAACCAAAGTTAGTGTGTGGAGAACACAGTTTCATCAAaATATCAAAGAGAGG

C o n e ig  AAGAGGACAACCA.AAGTTAGTGTGTGGAGACCACAGTTTCGTCAAGACACCAAGGAGAGG 
1320  1330 1340 1350 1360 1370

1440 1450 1460 1470 1480 1490
151 2 0 4  AAATGTACCAAAGGAGCCTGCTAAGGAAGAAGATCACCATCATGGTCCCAAACAAGTGAT

C o n e ig  AACTGTACCAAAGGAGCCTTCTAGGGAAGAAGGTCACCATCAAGGTCCCAAACAAGTGAT 
1380 1390 1400 1410 1420 1430

1500 1510 1520 1530 1540 1550
1 51 2 0 4  GGTGCTGAAAGTAACAGAACCATTTACATATGACCTGAAA.GAGGATAAA.AGAATGTTTCA

C o n e ig  GGTGTTGAAAGTAACAGAACCATTTACATATGACCTGGA.AGAAAATAAAATGATGTTTCA 
1440 1450 1460 1470 1430  1490

1560 1570 1580 1590 1600 1610
1 51 2 0 4  TGGTACCGTGGCTACTGAAALC'TgAGTTCTTCAGAGCGAGGGTTTTTGACACAGCTCTAAA

C o n e ig  TC-CTACAGTGGCTACTGAAACTGAGTTCTTCAGAGTGAAGGTTTTTGACACAGCTCTAAA 
1500 1510 1520 1530 1540 1550
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1620 1630 1640  1650 1660 1670
I  f  i  2 0 4 GAGCAAGTTCATCCCAAGAAATATCATTGCC3iTATCi.GATTATTTTGGGTGCAATGGGTT

C o n t i g  GAGCAAiOTTCATCCCAGAAAJiTATCATTGCCATATCAGATTATTrTGGGCTCAATOOGTT 
1560 1570 1580 1590 1600 1610

1680 1690 1700 1710 1720 1730
I  f  i  2 0 4 TCTGGAGATATACAGAGCTTCCTGTGTCTCTGATGTGAACGTTAAiTCCSiAGAATGGTTAT

C o n t i g  TCTGGAGATACACA.GCGATTCCTCTGTGTCTGATGTGA.ACGAAAACCCACCAATGGTrGT 
1620 1630 1640 1650 1660 1670

1740 1750 1760 1770 1780 1790
I  f  i  2 0 4 CTCAAATACA.CTGAGACAAAGAGCTAATGCAA.CTCCTAAAATTTCTTATCTTTTCTCACA

C o n t ig  CTCAGATACACTGAAiGCAAAAAGCT.AAiGCAACTCCC.AAAATTTCTTATCTTTTCTCACA 
1680 1690  1700 1710 1720 1730

1800 1810 1820 1330 1840 1850
I  f  i  2 0 4 AGCA_AGGGGGACATTTGTGAGTGGAGAGTACTTAGTAAATAA.GAA_AACGGAGAGGAA.TAA.

C o n t ig  AACAATGGGGAGATTTGTGAATGGAATATTTTT.AGTAATTGAGAAAACTGA.GAGGAATGA 
1740 1750 1760 1770 1730 1790

1860 1870 1880 1890 1900 1910
I £ i  2 0 4 .ATTC.ATTTACT.ATGGAATTGGA.GATGAT.ACAGGG.AAAATGGAA.GTGGTGGTTT.ATGGAAG

C o n t ig  AGTC.ATTTACT.ATGGAATTGA_AG.ATGA.T.AC.AGGG.AAAATGGAAGTGGTGGTTTATGGACG 
1300 1310 1320 1830 1840 1350

1920 1930 1940 19 50  1960 1970
I f i  2 0 4 .ACTC.ACGAATGTCAGGTGTGAACCAGGCAGT.AAACT.AAGACTTGTCTGCTTTGAATTGAC

C o n t ig  .ACTCACCAATATCAAGTGTGAACCAGGCAGTA_AACTTAGACTTGTCTGTTTTAAATTGAC 
1360 1870 1380 1890 1900 1910

1980 1990 2000  2010  2020  2030
I  f  i  2 0 4 TTCCACTGAAGATGGGTGGCAGCTGAGGTCTGTAAGGCACAGTTACATGCAGGTCATC.AA

C o n t ig  TTCCACTGAAGATGGGTGGCAGCTGAGGTCTGTAAGGCACAGTTACATGGAGGTCATC.AA 
1920 1930 1940 1950 1960 1970

2040  2050 2060  2070 2080  2090
I £ i2 0 4  TGCTAGAAAGTGAAGGAAAGCCACTC.AACCGAGACTCAGTCGGGAGAACCTCTCTGGAAC

C o n t ig  TCCTAGAAAGTGAAGGAAAGCCACTC.AATCC.AGACTCAGCCAGGAGATCCTCTCTGGT.AC 
1980 1990 2000  2010  2020 2030

2100  2 110  2120  2130  2140  2150
I f i2 G 4  C----------- .ATACTTCTGAAAACCTGAATGCCAATGATATTTTTTTGTGGAGAT.AAGATTCA

C o n t ig  CTGGGTGAT.ACTTCTGAAAACCTGGATGCGAATGAT.ACTGTTTCA-GAAGACAAGATTCA 
2 040  2 050  2060  2 070  2080  2090

2 1 6 0  2 170  2 130  2190  2 2 0 0  2210
I  f  i  2 0 4 .ATT.ACAGAAAATAAATGTGTAGAAG -CCT.ATTGAAATATCA.GTCCTATAAAGATT.ATCTC

C o n t ig  .AGT.AGAGAAAAT.AAATGTGCATATGGCCTGTTGAAAiTACGATCCCT.ATTA_AAACGAGCTC 
2100  211 0  2120  2130  2140  2150

2220  2 230  2 2 4 0  2250  2260
I  f  i  2 0 4 TT.AATTCTAGGAAATGGTATTTTCTT.ATATCTTTAC -.AGATTTT -CT.AT -  ATCT.AAATT -

C o n t ig  TT.AATTCTAGGAAATGGTGCTTTCTTATGTTTTTAAT.AGATTTTTCTATTATCT.AAATTT
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216 0  2170  2180 2 1 9 0  2 2 0 0  2210

2 2 7 0  22 8 0  2290  230 0  231 0  2320
I  f i  2 0 4 CATTTGTTGTCTCTATAACTTCTATAACTGTTCAATTKKZAATTTTTATGCCTAAAACTT

C o n e ig  CATATGTTGTCTCTATAAGTTATATAATTGTT- 
2220  2230  2240

23 3 0  2340  2350
I f i 2 0 4  ATAAAAJiTAAATTO.Ci.CV.TTTCTGT

C o n t i g

Fig. 3.20; Alignment of the cDNA sequences o f the Itl204 gene (top) and the "204- 
like" putative gene (bottom). The two sequences exhibit 85.4% sequence homology.

The corresponding amino acid sequence of the putative "p204-like" protein was 

deduced from the sequence of each putative exon and compared, using ALIGN, to the 

sequence o f p204 (Fig. 3.21 ).
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4 c C  4 " ' :  4 3 0  4 9 0  5 0 0  5 : 0

5 4 0  5 5 0  5 6 0  5 7 0  5 3 0  5 9 0
T L R C P A riA T fX :sY L F S C A P .o r:r /S G r:L % i:K frrE R };f:F :r% 'G :3 = z :G f^zT rr:G R L T

TLKCfYk>V̂T?K:S'rLFS.7IV.G?.r.T;G:FLV:îKTE?,'rr;:*:T3:E!:2T'3f:>îE'w-T3?.LT
5 : 0  5 5 0  5 4 0  5 5 0  5 6 0  5 7 0

600 6:0 6:0 ooc 64:
r-;?rZFCSFLFL%'CFELTSTE3GWC'L?.S'vrW35'X7V:;Lkf.K
X :  FCEP-GSK LRLVCFK LTSTE37XC LF S*.?  »S5'ME'/: XFF.F 

5 3 0  5 9 :  6 0 0  6 : 0  6 : 0

Fig. 3.21: Alignment o f the amino acid sequences o f p204 (top) and the putative "p204- 
like" protein (bottom)

This comparison reveals that p204 and the putative "p204-like" protein shares 

81.4% sequence similarity at the amino acid level, and shows that three o f the seven 

amino acid repeats present at the amino terminus o f p204 are absent at the amino 

terminus o f the putative "p204-like" protein. Taken together, these data suggest that the 

putative "204-like" gene encodes for a new member o f the 200-family o f proteins, 

similar, in terms of sequence, to the protein encoded by 111204.

The p204 protein contains two a and h domains that are conserved among the 

members o f the 200 family o f proteins and these two domains are encoded by e.xons 5 

and 6 . and exons 7 and 8. respectively, o f 111204. The a and h domains o f p204 shows 

over 90% sequence similarity with two segments o f the putative "p204-like" protein, 

encoded by exons 5 and 6, and exons 7 and 8. respectively, indicating that ” p204-like" 

contains two a and b domains. The D3 protein does not contain a b domain and its 

carboxy-terminus is made of a short non-conserved domain following the a domain. 

Because o f the strong sequence similarity between the protein encoded by the D3 gene 

and the amino terminus of p204 (Tannenbaum er ciL. 1993). a CROSSMATCH analysis 

was made between the genomic sequence of the "204-like" gene and the D3 cDNA. The 

CROSSMATCH comparison between the genomic sequence of the "204-like" gene and 

the D3 cDNA revealed the first six exons o f the putative "204-like" gene, as well as the 

presence o f an additional exon containing a STOP codon located inside the intron 6 of
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the putative "204-like" gene. The sequence of this putative additional exon was deduced, 

using GENSCAN and CROSSMATCH, based on its strong sequence similarity with 

the D3 cDNA. When merged with exons 1-6, this putative "204-like" gene created a 

virtual open reading frame from the seven exons. The resulting cDNA was translated, 

and the deduced amino acid sequence compared, using ALIGN, to the sequence of the 

D3 protein. Interestingly, the two sequences shares 86.4% sequence identity (Fig. 3.22).

10 20 30 40 50 60
pD3 . f a  r-rvTj'E'r'KRI^/LLRGLECIJrrarjTSLFKSLiJiuHrJLMLERDNQEQ'/TTIQI.iJ'lI-E-EEKFP.-iJS

v i r c  IV METIEYlTlL'/LLEGLECIirKHQFNLFKSLl-r. rXLJILEEDNQEK'nTFQI.y'H-E-r/lCKFP.iJO.n
10 20 30 40 50 60

70 30 90 100 110 120
pD3 . f a  GLGra.IEFCEF/PAL.=j2’j\EILKr'.ERSFv’TCETSLEr.2'K30EAG?.iiTPTSTTFri!-!LASERG

v i r t  IV GLDFa.INTCERV?TLrGG3.^ILr2<ERSFv'TGETSLEIf®QEAGP.:iiT?TSTTSKMLASERG
70 30 90 100 110 120

130 140 150 160 170 130
pD3 . f a  ETSATQEETST.^QAGTSTAQAGTSTAQAGTST.2.Qr'K-'.S>!REEETGP7fG:SKGG.F.EPi:QPPC

v i r c  IV ETSATQEETSTAQVRTSTAQAGTSTAQAGTSTAQKRKGMSEEKTa'yKKIFASGK.ADQPPC 
130 140 150 160 170 ISO

190 200  210 220 230 240
pD3 . f a  CEEPTAÎ-lCQSPILHSSSSASSKÎLSAI-GIÇKSQPC'NÇMIPRGA'/LKSEPL'r/W/LTATDPF

v i r t  IV  CEGPTATCQSPISQVSSSASSNIPSAKMCKSÇPQMÇNIPRGA'/LHSEPL'T.W/LT.^TDPF 
190 200 210 220 230 240

250 260 270 280 290 300
pD3 . f a  Fi'ESPEKEVrGS’IFKA'r/A'F/SQ'xTK’FfrvTNIDLKEKFTKI'INFITIS iriTESKGILEirET

v i r t  IV FÆ SPEKFA-GII-IFHA'F/AT'/SQ'ï'FF/Fv'FriIDLKEÎ'TTlGIlIFITISîr.^ESFGILEIMET  
250 260 270 280 290 300

310 320 330 340 350 360
pD3 . f a  SF.'LEAAPKQHIF^'PNCITRIIAMASPKICDIC'KGTSG'T "l'G'/TTI.KKi'Grv’KTÇfrrS-rEI

v i r t  IV  SF.XE.AAPKQMIF/'PNCITRlIAMASPKICDIQKGTSG'F/FrG'vTTLKC-GF/f'.TQNTFrEI 
310 320 330 340 350 360

370 380 390 400 410 420
pD3 . f a  r2X-SGRIFy"/GSGv'.v'KNINCKEGEKLKLFCFHLfj3ERGQPKLVCGDKSF.2-2,’TKAGKK:-;E

v i r t  IV  ■'TGSGSIF."/GSGCV.TiNINCKEGDKLHLFCFKLFG3ERGgPKL7CGDHSFv2-";TflAGF2«2-:E 
370 380 390 400 410 420

pC3 . f a  AST/Q-

v i r t  IV ASTVQSSTKNEEEMO'I-PF/GIF/'EI'IPK 
430 440

1 I I



Fig. 3.22: Alignment o f the amino acid sequences o f the D3 protein (top) and the virtual 
amino acid sequence deduced from the alternatively spliced form of the putative "204- 
like" gene (bottom).

Putative lji204-like gene:

ATG STOP STOP
1 :  .1 4 5 6 6’ 7 8 9

lo t  :s4  I 'll,  15» 4 ”  iss  : s :  4 io  iss  r s

 ̂ < 151)  ̂s '4   ̂50-  ̂ w i i  ® :oss  ̂ iM)   ̂ ÔÜÔÔ ® : r <  ^
Putative p204-like protein:

Putative D3-like protein: 

N

Kxoas: I

Fig 5 2} Siructural organi/ation o f Ihc pulativc 'ZlW-likc" gcno aiiJ iLs cnoixlcd proicms iTopi Si/es. in 
ba.sc pairs, arc giscn below the mirons and above the exons The exons are indlealed b \ black boxes and the 
eonneelmg mirons by hori/ontal lines ( Bottomi a and b represent the two ’ IKFamino aeid domains conserved 
among the It'iZ(X) family o f proteins The gray box indicates the presence o f a putative I’A A D /D A P IN  domain

Taken together, these data raise the possibility o f a new "204-like" gene whose 

translation product shares 81.4% sequence identity with p204. In addition, the presence 

of the additional exon inside intron 6 o f this "204-like" gene suggests the possibility o f 

an alternatively spliced form of "204-like" that could contain the first 6 exons o f "204- 

like" and the additional exon, which would result in a translation product that shares 

86.4% sequence identity with the D3 protein. A similar approach used with 111204 did 

not reveal that the D3 gene was an alternatively spliced form of 111204. It remains to be 

established whether D3 corresponds to a splice variant o f a still unknown gene sharing 

some sequence similarity with IH204 . or whether the duplication o f the "204-like" 

putative gene led to the appearance of the 111204 and D3 genes. The organization o f the
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putative "204-like" gene, along with its corresponding putative p204-like and D3-like 

translation products, are summarized on Fig. 3.23.

III-1 -7  Repeat elements in the mouse 1(1200 cluster

Repeat elements in the mouse 1(1200 gene cluster were identified using 

Repeatmasker and localized using PIPmaker (see Materials and Methods).

Analysis o f the repeat elements in the 236088 base pairs o f contig 1 showed that 

they make up to 39.63% o f the sequence of this contig (table 3.18). Interestingly, most 

o f the repeat elements (-75% ) were members o f the LINE I family. Other abundant 

repeat elements in the mouse lineage, such as the SINE B l and B2 repeat elements, 

represent only 4 to 5% of the repeats. Inspection o f the distribution o f the repeat 

elements in the contig also shows that the LINEs are equally distributed within large 

intronic and intergenic regions. Although overall. LINEs occur mostly in gene-poor AT- 

rich regions of the human genome, this tendency is not observed here, as the L IN E l 

elements represent about 30% o f the total sequence o f this gene-rich region. Because 

many o f the genes present in this region do not have any orthologs in the corresponding 

human cluster, it is likely that they arose from duplications that are specific to the rodent 

lineage. Also, because LINEs are present in both species, the appearance of LINEs must 

have predated human and mouse spéciation, indicating that their presence in this region 

probably occured prior to the duplications leading to the Ifl200 cluster. These 

duplications also likely led to the duplication o f intragenic LINE elements and thus 

e.xplain. at least partially, the emergence of such a high percentage o f LINE elements in 

this region. In addition, new intergenic LINE elements could arise from the high rate of 

recombination in mouse. The presence of such a high percentage o f LINEs in this 

region may have been the driving force behind the duplications leading to the 

appearance o f this cluster. The low amount of SINEs may be explained either by a
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decline in their activity during the evolution o f the cluster or by unexplained negative 

selection events.

number o f 
elements

length
occupied

percentage 
o f sequence

SINEs: 33 4153 bp 1.89%
B is 19 2438 bp 1.11%
82-84 14 1715 bp 0.78%
IDs 0 0 bp 0 .00%
MIRs 0 0 bp 0 .00%

LINEs: 72 64982 bp 29.53%
LIN E l 72 64982 bp 29.53%
LINE2 0 0 bp 0 .00%
L3/CR1 0 0 bp 0 .00%

LTR elements: 30 10875 bp 4.94%
MaLRs 5 900 bp 0.41%
ERVL 0 0 bp 0 .00%
ERV_classI 0 0 bp 0 .00%
ERV_classII 18 5986 bp 2.72%

DNA elements: 5 1223 bp 0.56%
MERI_type 3 611 bp 0.28%
MER2_type 0 0 bp 0 .00%

Unclassified: 0 0 bp 0 .00%

Total interspersed repeats: 81233 bp 36.92%

Small RNA: 0 0 bp 0 .00%

Satellites 0 0 bp 0 .00%

Simple repeats: 66 4316 bp 1.96%

Low complexity 33 1645 bp 0.75%

Table 3.18: Identification o f the repeat elements on contig I.

The analysis o f the repeat elements in the 154284 base pairs o f contig 2 shows 

that they make up to 36.56T o f the sequence of this contig (table 3.19). This 

observation is similar to that observed above for contig 1. since the LINE elements here 

also contain only L IN E l family elements and represent -70%  of the total repeat
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elements present. Only -5%  of the total repeat elements in this contig are SINE B 1 and 

82 elements. Thus, these two contigs share common repeat element distributions. 

Inspection of the position of the LINEs in this contig shows that they mainly are present 

in the region encompassing the "204-like". 202c and "203-like" genes (or pseudogenes) 

(see Fig. 3.25). These LINEs occur within the intronic and intergenic regions o f these 

genes or pseudogenes at a percentage similar to contig 1. suggesting that they appeared 

during the evolution scale at a time similar to the time of appearance of the 111200 genes, 

and that multiple duplications led to the simultaneous appearance o f genes and 

pseudogenes within this region.

number of 
elements

length
occupied

percentage 
of sequence

SINEs: 23 3049 bp i.gs'T
B is 7 787 bp 0.5 17r
B2-B4 15 2143 bp 1.399^
IDs 0 0 bp 0 .00%
MIRs 1 119 bp 0.08%

LINEs: 52 40032 bp 25.95%
LIN E l 52 40032 bp 25.95%
LINE2 0 0 bp 0 .00%

LTR elements: 22 7783 bp 5.04%
MaLRs r 435 bp 0.28%
Retroviral 15 6037 bp 3.91%

DNA elements: 2 454 bp 0.29%
MERI_type 2 454 bp 0.29%
MER2_type 5 0 bp 0 .00%

Unclassified 2 1011 bp 0 .66%

Total interspersed repeats 52329 bp 33.92%

Small RNA 0 0 bp 0 .00%

Satellites 0 0 bp 0 .00%

Simple repeats 47 2978 bp 1.93%

Low comple.xity 25 1096 bp 0.71%

Table 3.19: Identification o f the repeat elements on contig 2.
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I l l - 1-8 Mouse IH200 gene cluster: a summary

In this dissertation research, seven genes were predicted in contig 1, and three 

genes or pseudogenes were predicted in contig 2 (table 3.20).

Gene or pseudogene Contig position Biological effects Tissue distribution

111203c (last 3 exons) 3843-10558 unknown unknown

Ifi202b 24762-51851 unknown unknown

111203 b 69310-91294 unknown unknown

111202a 98716-125808 retards cell 
proliferation

thymus, heart, 
muscle...

111203a 143300-165288 unknown thymus, bone 
marrow and spleen

111204 170378-189955 retards cell 
proliferation 
and triggers 
myoblast fusion

myeloid tissues

111201 199986-213271 unknown unknown

111205 unknown unknown myeloid tissues

"204-like" 18705-53100 unknown unknown

111202c 61679-79950 unknown unknown

"203-like" 97371-104776 unknown unknown

Table 3.20: Contig position, biological effect and tissue distribution o f the genes and pseudogenes 
analyzed in this dissertation research. 111205 position remains to be established. The "204-like. 111202c 
and "203-like" genes or pseudogenes are positioned on contig 2.The 111203c. 111202b. 111203b. 111202a. 
111203a. 111204 and 111201 genes are positioned on contig 1. Determination o f the contig positions is 
described d above.

Because o f the e.xtensive sequence similarity between the Ifi202a and 111202b 

e.xonic and intronic regions, and between the 111203a and 111203b exonic and intronic 

regions, the sequence o f these regions revealed the precise distribution pattern o f the
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genes present in this cluster. A DOTTER comparison between contig 1. and itself (Fig. 

3.24) revealed that a genomic region of approximately -60  kb, containing the Ifi202a 

and Ifi2G3a genes, was duplicated to form the region o f the cluster that contains the 

Ifi202b and Ifi203b genes.

rw l • *>c >■ I al

Ili203c

111202b

111203b

111202a

111203a

Fig. 3.24: Dot-plot analysis, using DOTTER. of contig I (horizontal) 
and itself (vertical). The positions of the 111202a, 111203a. 111202b. 
111203b genes and the last three e.xons of the 111203c genes are 
indicated on the vertical axis.

Another DOTTER comparison between contig I and contig 2 (Fig. 3.25) 

revealed that a portion of the same genomic region. -40 kb containing the Ifi202a gene 

and the first five e.xons o f the 1(1203a gene was duplicated to form the cluster containing 

the "203-like" and 1(1202c pseudogenes. It appears therefore that the genomic region 

containing the 1(1202a and 1(1203a genes was duplicated at least twice during the 

evolution o f this mouse 1(1200 gene cluster. Although the physical basis o f this
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duplication remains unknown, it could be related to the unusual amount of L I repeat 

elements in this genomic region.

:e” . 1 r:nt»i ■■

in:o2c

"203-likc"

clusters

Fig. 3.25: Doi-plot analysis, using DOTTER. of concig I ihon/ontal) and 
contig 2 (vertical). The positions of the 111202c pseudogene and the "203- 
like" putative gene are indicated on the vertical a.xis.

I l l - 1-9 Comparative analysis of the mouse and human Ifi200 gene

The comprehensive annotation and analysis o f a DNA sequence generally is 

based on two approaches. The first approach is based on the comparison of genomic 

sequences with other genomic or cDNA sequences or ESTs. Although this approach 

can find, and often identify, a high percentage o f orthologous or paralogous genes in a
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given sequence, it obviously is limited by the amount o f data present in these databases. 

The second approach involves heuristic exon prediction programs. These programs are 

based on typical exon characteristics, such as codon usage, hexanucleotide distribution 

and consensus exon-intron splice sites. While they give a useful initial identification and 

characterization o f a given sequence, they also have the tendency to produce large 

amounts o f false positive predictions. Similarly, programs used for the prediction of 

promoters and other regulatory elements also give a high number o f false positive 

predictions. To lim it false positives, sequences regulating gene expression are predicted 

on very short sequences, where the probability of having regulatory sequences is strong.

The recent completion o f the human genome sequence and the progress o f the 

mouse genome sequence allow identification o f new genes and regulatory elements 

based on their cross-species conservation. The premise o f this approach is that, while 

non-coding (intronic and intergenic) regions exhibit variable levels o f sequence 

similarity between species, coding regions and other functionally important regions are 

usually strongly conserved. The detailed analysis o f sequences in conserved segments 

may help our understanding o f the genomic organization o f important genes and 

suggest candidate regulatory regions likely to carry important biological functions. 

Several comparative studies on a number o f regions in the mouse and human genomes 

already showed the value of this approach. Footz et al. (2001) identified two putative 

genes in the cat eye syndrome critical region on human chromosome 22, in the absence 

o f any EST hits, by comparing segments o f human genomic sequences with segments 

of mouse genomic sequences from the region of conserved synteny on mouse 

chromosome 6 . Also, the comparative genomic sequence analysis o f the human and 

mouse cystic fibrosis transmembrane regulator (CFTR) genes by Ellsworth ei al. 

(2000) proved to be a useful tool for the structural characterization o f the CFTR gene in 

mouse and human and of potential sequences regulating their expression in both 

species. Finally, the comparative genomic sequence analysis by Mallon et al. (2000) of
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the human and mouse Bpa/Str region located on the X chromosome of both species and 

encompassing a pair o f murine X-linked dominant disorders aided the identification of 

at least four putative conserved genes in the region.

As discussed in the Introduction chapter, the human counterpart o f the mouse 

Ifi200 gene cluster is made up of three genes whose expression is under complex 

controls. The first gene encodes the Myeloid Nuclear Differentiation Antigen (M NDA). 

Partial sequencing of the purified protein followed by cDNA cloning revealed that this 

protein of 403 amino acids includes one 200 amino acid domain (domain a). The amino 

terminus of this protein is homologous to the amino termini of the 1 FI-16. p204 and D3 

proteins and these four proteins also share a potential nuclear localization sequence 

(AQKRK). In addition. M NDA has a short unique sequence in which 12 out o f 23 

amino acids are identical with those in a sequence of the interferon-inducible 

transcriptional repressor IRF-2 protein. The second gene encodes the 729 amino acid 

lFI-16 protein. IFI-16 includes two 200 amino acid domains (domains a and h). The 

two domains are separated by a unique 116 amino acid spacer domain, whereas, in the 

case o f p202a and p204. the two domains (a and b) are contiguous. The amino terminus 

o f this protein is homologous to the amino termini of the MNDA. p204 and D3 

proteins. Also. IFI-16 shares with these proteins a potential nuclear localization signal 

(AQKRK). The genomic organization o f the IFI-16 gene (Trapani et al.. 1994) has 10 

exons covering at least 28 kb o f genomic DNA. Each o f the two domains (a and b) are 

encoded by specific exons; exons 4 and 5 for domain a. exons 7 and 8 for domain b. 

The 116 amino acid spacer domain is encoded by exons 5 and 6. indicating that exon 5 

encodes for both a portion o f the a domain and a portion o f the spacer domain. The 

third gene encodes the 344 amino acid A IM 2 protein. AIM 2 includes only one 200 

amino acid domain (domain a) and shares strong sequence similarity with 200-family 

proteins, such as IFI-16. M NDA and p204. Unlike the other members o f the 200-family 

o f proteins, which are primarily located in the nucleus (IFI-16. M NDA and p203) or are
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detected both in the cytoplasm and the nucleus (p202), cell fractionation followed by 

westem-blot analysis showed that A IM 2 is primarily located in the cytoplasm (Choubey 

et a i. 2000). Psortll analysis further predicts that A IM 2 is localized in cytoplasmic 

membranous organelles, including mitochondria.

The genes encoding M NDA, IFI-16 and A IM 2 were mapped using various 

techniques, including pulse field gel electrophoresis and fluorescence in situ 

hybridization (FISH). The three genes are localized to human chromosome Iq2I-23 in 

a region that is conserved in human and mouse. Initial analysis o f this region using 

GENSCAN and BLAST indicates that the M NDA and IFI-16 genes are in the same 

orientation, whereas the AIM 2 gene is in the opposite orientation, i.e., is located on the 

complementary strand o f DNA. This location o f the MNDA, IFI-16 and AIM2 genes 

reveals that the mouse 111200 gene cluster and its human counterpart are located within a 

large linkage group conser\ed between human and mouse.

I l l  19-1 Human/mouse cluster genomic sequence 

comparison

It is interesting to note that, while the mouse 111200 gene cluster consists o f at 

least eight genes, two pseudogenes and maybe an additional Ifl200-related gene (the 

seven genes, the two pseudogenes and the "Ifl204-like" putative gene discussed in this 

dissertation research plus the 111205 gene, encoding the D3 protein), its human 

counterpart likely only contains three genes (M NDA, IFI-16 and AIM2). The region of 

genomic DNA encompassing these three genes has been previously sequenced 

(Genbank accession number AP002534). Although the reasons behind this structural 

discrepancy remain to be established, it is possible to compare the human and mouse 

cluster genomic sequences using the approach depicted in the percent identity plot (PIP) 

shown in Fis. 3.26.
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gene c luster sequence com pared ssith the human 10200 I'am ils gene c luster sequence Irorn human 
chrom osom e 1 The nuc leotide  position  ot the mouse sequence is show n on the % axis and the percent 

sequence ideniits o O -K X P l , is shown on the s-axis. G ap-tree segments dem onstrating > )0 '1  sequence 
identity are ind ica ted by horizon ta l b lack bars below the graphica l dep ic tion  ot the mouse sequence Exons 
and repeats are ind ica ted above the m ain  boxes accord ing to  the legend, t Num bered black boxes» Exons.

I w h ite  arrows I L IN E  I . i b lack  arrows) L IN E  2. (b lack  m angles) M IR  and o ther repeats, (w h ite  triangles» 
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This graphical overv'iew facilitates identification o f conserved exons and shows 

the arrangement o f repeat elements and CpG islands. As presented in Fig. 3.26. the 

majority o f the mouse 200 gene family e.xons from all seven different genes shows 

some degree o f sequence conservation while there is an absence o f conservation in 5' 

and 3' tlanking. intronic and intergenic regions. The absence of conservation in the 5' 

flanking region of the genes o f the mouse 1(1200 cluster is surprising, suggesting a 

mode of transcriptional regulation that may differ, at least partially, from that of the 

human Ifi200 cluster genes. Interruption in sequence alignments mainly is observed in 

repeat-rich regions. However, two small intronic regions did show sequence 

conservation with the human 200 family gene cluster, indicating either a duplication 

event or a biologically relevant sequence. The PIP indicates that all genes in the region 

have diverged at a similar rate (the amount o f percent identity is similar for every aligned
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segments). However, several e.xons. including exons 1 and 3 o f Ifi202a, Ifi202b. Ifi203a 

and Ifi203b, as well as exon I o f Ifi204. did not show any sequence conservation with 

the human sequence. In the case o f Ifi202a and Ifi202b. significantly more sequence 

conservation is observed with the exons located downstream o f exon 3 in these genes. 

This likely is due to the observation that although exon 3 is the first coding exon for 

in 202a and in 202b. the partially conserved 200 amino acid domains that are needed for 

the function o f the proteins encoded by Ifi202a and III202b (Wang et al., 1999) are 

encoded by exons 4 and 5 for domain a and exons 6 and 7 for domain b. In the case o f 

10204. exons 2. 3 and 4 encoding domains that are located upstream from the conserxed 

200 amino acid domains (encoded by e.xons 5 and 6 and exons 7 and 8. for domains a 

and h respectively) exhibit some sequence conservation, suggesting important functional 

domains located at the amino terminus of p204. In the case o f 111203a and b. although 

only exons 5 and 6 encodes the conserved 200 amino acid h domain, exons 2 and 4 

exhibit some sequence conservation, again suggesting important functions for domains 

located at the amino terminus of the protein. There also is very little human-mouse 

sequence conservation o f the non-coding exon 1 o f III204 and the coding exons 7 o f 

Ifi203a. b and c. and exon 5 of 111201 with other exons in the 200 family genes. Finally, 

further examination o f the PIP clearly reveals aspects of gene duplication, since many of 

the exons on the mouse 200 family gene cluster exhibit conserved sequences. For 

example, exon 2 o f Ifi203a and 111203b shows three distinct homologous regions with a 

percent identity of approximately 157c (Fig. 3.26).

The human and mouse 200 family genomic sequences also were compared by a 

Dotplot comparative analysis (Fig. 3.27) (Schwartz et a i. 2000). A repetitive pattern was 

observed as human genes IFI16. M NDA and A IM 2 show regions o f sequence 

conservation with each o f the seven genes o f the mouse 200 family gene cluster. Three 

non-coding regions o f the human cluster also exhibited a similar pattern and might 

correspond to putative pseudogenes present in the human cluster. Initial BLAST
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analysis reveals that at least one o f these putative pseudogenes also shares sequence 

identity with the human gene IFI16.

IfilOl in:(w  in:o3a in :o :a iri203b iri;o2b in:o3c

Putative
Pseudogenes?

F ig . 3 .2 7 : D o tp lo t co m p ara tive  scale o f  mouse and hum an c luster  
sequences. T h e  D o tp lo t scale was generated using B L A S T Z . a 
high stringency im p le m e n ta tio n  o f  B L A S T N  (S c h w a rtz  e t  ciL.  

2 0 0 0 ). C onservations in the D o tp lo t are represented w ith  b lack  
dots. T h e  genes o f  the m ouse and hum an clusters are ind icated  on 
the .\- and y -a .\es . resp ec tive ly , and w ere id e n tified  using  
C R O S S M A T C H  based on the av a ilab le  c D N A  sequences.

The PIP (Fig. 3.26) also showed that only the e.xonic regions o f the mouse 

cluster exhibited sequence conservation with regions o f the human cluster. Therefore, 

another PIP was generated, in which the human and mouse sequences were aligned and 

the alignments converted into segments o f percent identity relative to position in the 

human cluster. This PIP (Fig. 3.28) showed that the e.xonic regions o f IFI16, M NDA 

and A IM 2 are similar to e.xonic regions o f each o f the seven mouse 200 familv genes.
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In the case o f IFI-16, whose genomic organization has been reported (Trapani ei 

Lii. 1994). both the exons encoding the conserved 200 amino acid a and b domains, and 

exons 2. 3. 4. 9. 10 and 12 of IFI-16 show sequence conservation with the mouse Ifi200 

gene cluster sequence. Interestingly, exons 5 and 6 o f the IFI-16 gene, which encodes 

the 116 amino acid spacer domain unique to the IFI-16 protein, show sequence 

conservation with the mouse 111200 gene cluster sequence. In the case o f zVIM2. only 

exons 4 and 5 exhibit sequence conservation, suggesting that they encode a functionally 

important domain o f the AIM 2 protein. Finally, in the case o f M NDA. every exon, 

except the first and the last exon, show sequence conser\'ation with the mouse 111200
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gene cluster sequence, suggesting that the first and the last exons o f the M N D A gene 

likely are non-coding exons.

These data can be related to the presence o f one or two partially conserv'ed 200 

amino acid domains (domains ci and b) in all the proteins encoded by the mouse and 

human Ifi200 gene clusters. The amino acid composition o f the a domain expressed in 

different proteins is highly conserved, as is that o f the b domains. For example, the 

sequence similarities between the a domains o f p202a and p204, and between the b 

domain of p202a and p204 are 55T and 50% respectively, a higher level o f conservation 

than those seen between the a and b domains o f p202a (27%) and between the a and b 

domains of p204 (34% ) (Lengyel ei a l. 1995). This suggests an evolutionary 

duplication o f an ancestral gene encoding a unique 200 amino acid domain. Johnstone 

et al. (1998) mapped the transcriptional repression domain o f IFI-16 to the 200 amino 

acid a and b domains and later further demonstrated that the functional interaction o f 

IFI-16 with p53 required a conserved motif (MFHATVAT) present in the 200 amino 

acid domains o f all mouse and human 200-family o f proteins (Johnstone et al.. 2000). 

Koul et al. (2000) demonstrated that this same motif was sufficient for the self­

association of the p202 protein. Thus, although the function of these conserved domains 

still remains to be clearly established, it appears that the presence o f this signature 

domain in all the proteins encoded by the mouse and human 111200 genes most likely 

refiects important conserved functions. Therefore, considering that both the human and 

mouse proteins most likely assume the same type o f functions by modulating the 

transcriptional activity o f targeted genes, it is not surprising that the exons encoding the 

a and b domains of the different proteins o f the mouse and human 111200 gene clusters 

are conserved between both species.

In addition to the two 200 amino acid domains, all members o f the 200-family o f 

proteins, except p202a and probably p202b, show sequence conservation at their amino 

termini (Johnstone and Trapani. 1999) with the presence o f a putative nuclear
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localization motif and a series o f highly conserved leucine and basic residues which are 

thought to be involved in a homo- or heterodimerization process (Xie et al.. 1997). 

Although the absence of sequence conservation for the exons located upstream from 

exon 4 o f the AIM 2 gene remains to be explained, it is interesting to note that the only 

protein without a conserved amino terminus. p202a. does exhibit a significant amount of 

sequence conservation for the exons encoding domains a and b.

Taken together these data indicate that, although there is a high divergence rate 

between the mouse and human genes o f the 10200 cluster, the observed sequence 

similarity between the mouse and human genes likely reOects some common functions 

as several domains are conserved.

IIM -9-2  Human/mouse cluster 5' flanking sequence 

comparison

The 5' Hanking region of the M NDA and the IFI-16 genes have been examined 

by Kao et al. (1996) who identified two interferon alpha/beta-stimulated response 

element (ISRE) fi an king a multiple transcription start site region identifying M NDA as 

a TAT.A-less interferon-regulated gene. Other DNA elements including a cluster of 

Myb sites, several Ets. an Ets-related PU. I site and a Spl site also were identified within 

600 bp o f the transcription stan sites. However, analysis o f deletion mutants by Kao et 

al. (1997) indicated that the Spl site, but not the Ets or the PU. I sites, contributed to the 

restricted expression o f the M NDA gene. Trapani et al. (1994) identified two ISREs in 

the 5' flanking region o f the IFI-16 gene that bear only limited sequence similarity to 

other previously described ISREs. Although M NDA can be induced by interferon alpha 

and IFI-16 can be induced by interferon gamma, two regions that could correspond to 

interferon gamma activation sites (GAS) were identified in the 5’ flanking region o f the 

IFI-16 gene. A  consensus Ets binding site overlapping its ISRE occurs in the 5'
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flanking region o f the IFI-16 gene. Surprisingly, although they are located in the first 

1000 bp immediately upstream from the first exon followed by the first exon o f the 

M NDA and IFI-16 genes, none of the ISRE and GAS mentioned above were identified 

using MOTIF. Interestingly, all o f these interferon-dependent motifs, as well as the 

ISREs in Ifi20 I, Ifi202a, Ifi202b and Ifi204. are located within the 5' untranslated exons 

o f their respective genes, rather than upstream from the transcription start sites.

A CLUSTALW  alignment was performed between the first 1000 bp 

immediately upstream from the first exon followed by the first 200 bp o f the first exon 

of the Ifi202a. Ifi203a. Ifi204. IFI-16 and M NDA genes (Fig. 3.29).

IF I1 6 _ 5 _
MND.a>_5_
2 0 2 a5
2045
2 0 3 a5

I r I iO _ D _
t-!NDA_5_
2 0 2 a5
2045
2 0 3 a5

TATœ?GCTCC;TTTC-G.“ ?TA.“.GAC.4.ATC.AGCTTT.ATTCTTCTCTGT.-.aATGGCCTTGG.AT

-----------------------------------------------------------CCTTTTCCACTCATGACC.ACATCCTGCTTGC.A
C.4TTTTCCCCT.ATT.AGCTGTTTTGGGA'TCCTTTTCCAGTC.4TGACCACATTTTGCTTACA
-------------------------------------------------- .A4GAGAGAAGCTAGA.A4A.AGA.AAGAGAGAGGAGGGA
---------------------AAATGCAGGGGTAT.A4GAGAGA.AGCTAG.4A.AAAG--.AGAGAGAGGAGGGA
--------------CTGGTTTATTGAACAC.4CACCCCAAGACTG.ATTGAJ4AAGGGGCTCAGCTCAGA

I r I 1 6 _ 5 .
MNDA_5_
2 0 2 a5
2045
2 0 3 a5

GATCTG -  -CTGCTGGGTT.^ACACCACATCATCTGCTAGTTGATGCCATTT.ATTTGACATC 
G.ATCAG -  -CTAGTTGGTA..ACC.AC4GCACTGTCTGCTAACTGATACC.ATTCATTTGACA.AT 
GAGAGA--GAAAAGGGAGGGAGGGAG.AGGGAGAGAGAGAGAAGGCT.AG.AGAGAA.4G.AaAG 
GAGAGA--GA.AA.AGGGAGGGAGGGAG.AGGaAGAGAGA.GAGAGAAGGCTAGAGAG.AAA.GAG 
TACAAGAGCTATTTTCCAGGGTCAGTTTATATAGGCAGAAAATCATAATGAGCTCATT.AG

I F I 1 6 _ 5 .
h!NDA_5_
2 0 2 a5
2045
2 0 3 a5

CTGGGGTTACAGCACGCTAAAGGGCACCCACTGTCCTTAACAGAGAAAAATACACTGCTG
TCAGAGTTATGAT.ACTTTGT.AGTGaACCCACTGTTCTTCACAGGAA.AA.AA.AA-.ATTGCAG
aAAaA.G.AGAGAGAGGAGAGGAGAAGAC.AAAGAGAAAGaAA.AGAGGAGAGA.AGAGTGAaAG
TAAGAGAGAGAGA.AGAGAGGAGAAGA.CAAAGAGAAAGGAAAGAGaAGAaAAGAGTG-------
CGGGTGAGGGGAGGGCTGTAGGGTGGTCA.ACCTTTTTCCAAGTCTTTTTTTTTCAAGCTG

IF I 1 6 _ 5 .
HNDA_5_
2 0 2 a5
2045
2 0 3 a5

.AGCAGAGaATT.AAACAGACTCCTCAC.ACT.ACCGaA.AGTTaAGTGC.ATTTTCC.AGGA.T--T 
TAaAAAGGGTTT.ATCAGGCCCCCTATCATTCCAGAGTTTCA.GTGC-TGTTCCAGA.AT--G 
.AAGTaAGAGTTAAGAGAACAA-GGAGTAAGAGAAGAGACAAGTAAGATAGCAAACGG -  -G
 AGAGTTAAGAGAACAAAGGAGTAAGAGAAGAGACAAGT.AAGATAGCA.AACAGAA.G
TCCTCTATCTTTCTTTGCTCTGAGTGAAGGCT.ATGGGTTGGTA.ATTTCTGATGATGATGA

I F I 1 6 _ 5 .
:-!TŒ)A_5_
2 0 2 a5
2045
2 0 3 a5

TTCAA--GTCTTCaATGCTGTCATGTTGAGAGTCCACTATCCACGTTTGTTT.ATCCAGGA
TTCAA- -GGTTTCA GTCATGATATGAACC.AACTATCCATA----------------------------- A
CTGA.AaAGCCCTTTTT.ATGGTCTTTACTGTTGCTAGGTAACTGGAGAGGA--GTTTA.GCC 
CTGAACAGCCCTTTTT.ATGGTCTTTACTGTTGCTAGGT.AACTGGGGAGGA--GTTTAGCC 
CTATTTAAGCCTCAGAATATGGTCAACTTGACCTTTCTTTCAGTCAAA.CT TTTTCTT
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I F I 1 6 _ 5 .
MNDA_5_
2 0 2 a 5
2 0 4 5
2 0 3 aS

ATAATGCAGAAAA--TCTGAGCATTCGTGAATCTAATCATTGAGGTAAAGTAACCTAGTC
ATAATGCAAAAA.G--CATGAGTAATCATGAATTTAATAATCAAGGTAAGGCAGCTCAGTT
TG.iAGGTCAGAAG--CTTGGGCCATTGCCTACATGACT-TCTACCCATGCTTCTCTTGTG
tg a ag g tca g ;̂ a g  -  - c t t g g g c c a t t g c c t a c a t g a c t  - t c t a c c c a t g c t t c t c t t g t g

TTAATTTTAAAATGTTTTTATCTTCTTTTTTTCTTTTTCTTTTTATTAGATGTTTTCTTT

I F I 1 6 _ 5 .
MNDA_5_
2 0 2 a 5
2045
2 0 3 a 5

AT -  -  -GGTCAAGAGGA-CAGCT -  -  AGTGTTAAACTCC TTCATATAAATTTAAGGAAG
ATTATACTC.V>GAGAG-CAACT- -AGTATGAAACTCT- -  -TTCAAATTA-TTTGAATAAG 
GGGTCTGTGGGGGGAGGTAACT - -  TAGGCAGGAGCCAGA.GTTCCAGCAGCATAAGGGAAT 
GGGTCTGTGGGGGGAGGTAACT--TAGGCAGGAGCCCGAGTTCCAGCAGCATAAGGGAAT 
ATTTACATTTAGGATGTTATCCCCTTTCCTGGTTTCCCCiCTGAAGACTCCCTATCCCCT

IF I1 6 _ 5 _
:-!NDA_5_
2 0 2 a 5
2045
2 0 3 a 5

GATTTACATATT-CATAATGACTTTCTGA-TCTGGAAAiGC-CCAGGCTTGTCAGTTATTA 
GATTTACATATT-CAT.V.TGACTTTCTGCCTCTG'rcAAGCTCCAGGTGTATCAGTTATTA 
GCCTACTGTGTCATGT.AOCTGAAiTTATCACCCTTTGGCGT-TCAGACCTCAGCTCiACTG 
GCCTACTGTGTCATGTAGCTGAATTATCACCCTTTGGAGT- TCAGACCTCAGCTGAACTG 
CCTCCCTCCATCTGCTCACGAACCAACCC-ACACTGGCTTCCTGGCCCTGGCATTCCCCA

IF I1 6 _ 5 _
MMDA_5_
2 0 2 a 5
2045
2 0 3 a 5

ATAATTGGA-TGA.^TACT--TCAGGTAGTATTT.W'.CAAAT-AGCGATTTCATAGCna^C 
AT AACTGGG -  TGAATATG -  -  T -  AGGTACTATTTAA.-.CAAA -  -  AAiCAATTTCACAGTAGAC 
GAGACCAGCCTGTCTGTG -  -CAA-AACCTCAAAA.CCAC.A^TT -CTCTGGCTTCTGAAGGGC 
GAa^CCAGCCTGTCTGTG--CAAGACCTCAAAACCAC.iATT-CTCTGGCTTCC.iAAGGGC 
ATACTGGCTGTGCCTAGAGTCAAGGTGCTTTTGTGTC.W.C.A^GCTGGGAGGCATGAAAC

IF I1 6 _ 5 _
MNDA_5_
2 0 2 a 5
2045
2 0 3 a 5

-  -  -  ATTTCCCCAACCAGGAGATGTAGTAAAGTATTGGT - -  AGC.-ATAGAT2-CTC - -CTAC 
- - -CCACCCCTATCCAAGAGATGAAGTCAAGTTCTGGT-- AGCAATAGACATCT- -CTAC 
TTGATACTTGTAAACCCTGAGTGTATTAGACTCTTCCCTGGGCCTTGAGTACTTTACTAC 
TTGATACTTGTAAACCCTGAGTGTATTAGACTCTTCCCTGGGCCTTGAGTACTTTACTAC
- - -AAAA.GTATTACAGCTAAG -GTAGCAGGCTTCATCAATTCCAAGGAACAACAGACTCT

i r  i io _ 3 _
mroA_5_
2 0 2 a 5
2045
2 0 3 a 5

C.AAGATCTCCTCCT- -GCC.ACTGCCACTCTGTGCAC- -AGGAAAGGAGGG-GAGAAGAAG
CAA.GATCTCCT---------GCTCCTGCCACTCTGTGAAC -  -  AGGAAAGGAGGGA.GAAACTTTG
AATAA.AAACTCC ACCTTAGCTGTCCAGGACTCCTATCT.AAGTAGAGCAGAA.CCTTG
AAT.AAAAACTCC-------ACCTTAGCTGTCCAGGACTCCTATCTAAGTAGAGCAGAACCCTG
GAGGAGCTCCCCTCTGACCACTTTCATACTGAACAAACAAA.GAAGGGTGA-GGTGGCTGA

IF I1 6 _ 5 _
!'Ë'IDA_5_
2 0 2 a 5
2045
2Q3a5

CCATGTTGCTTCTC TTATATTT -GAGCATCATTTAAGGGAATATAAGTCTCTAAT
GTGTTTTGCCTTTCCCAATTTATATTAA.GATCCTTATTCAA.GCGGCTACCGGTTTCTAAT 
GTCAGCTAGTTTTAACACCTTGATCTGGTTGTACCATGTATGTGAAT- TTTGTGTCTAGT 
GTCAGCTAGTTTT.AACACCTTGATCTGGTTGTACCATGTATGTGAAT - TTTGTGTCTAGT 
GTGACTCGCTTGTATTTCCTTGTGATT-CATCTTCTTTCAGATGAGA-GTGATTCCTAGT

I F I l â _ 5 .
MNDA_5_
2 0 2 a 5
2045
2 0 3 a 5

GACTCACATGTAAGTCTGCTGGGTAAaAAAGTTCTAATGTTGGAACTCCTTTCAGCTATC 
GACCTATATGTAAGTTAGCTTTATAAGAAAGTTCTGAGTTTGAAACTCCTTTGAGCAAGT 
'GGCCA.G - -TGTATATCTGTTTGCTATAAAAGTTGTAAGGTTAGGGCTT -TCTTATTCAGT 
GGCTAG--TGTACATCCGTTTGCTACAAAAGTTGTAAGGTTAGGACTT-TCTTATTTAGT 
GACCCACCCCTA.AGTCTACTGGACATAAAACATGCAGTGTTGCAATTTCTCTC-TCTCCT

I F I 1 6 _ 5 .
MNDA_5_
2 0 2 a 5
2 04 5
2 0 3 a 5

GAATTTTGTAA'CAAAAAAAACTTATTTGTGTTTATATACATTTATGAGATACAAGTGTAA
A TTTGTAAGTCA.AAAAAGCGAAGAAGA.GGCAC -  -  -CATTTAC TGTCATT -TCT
GAGATTCATCAGAAAAGAATGTGAGCC-----------TG------- ACTAAGC -  -  -TGTGATT -  -TT
GAGATTCATCAGAAAAGAATGTGAGCC-----------TG------- ACTAAGC -  -  -TGTGATT -  -T T
GTG-TGTGTGTGTTT-GTGTGTGTGTG TG TGTGTGTG TGTGTGTA-TG
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I F I 1 6 _ 5 .
MNDA_5_
2 0 2 a 5
204 5
2 0 3 a 5

TTTCGTTACATGGAT-ATATGCCATATTGGTGAAGTCAGAGATTTC- - AGTGTGCACATC
CCTTGTGACTGAGATTACTTACTACAAAGAGGAACTGACCACTTTC— TCTG ACATC
TTTTTTCATAGTGAC- -CACAGTGTTTACAGGAAGTTAAGATGTTT- -CCAAA--GTOiQ 
TTTTT-CATAGTGAC -  -CACAGTATTTACAGGAAGTr.AiaATGTTr -  -CCAAA- -GCCAQ 

CTTCTTTCTAGAAAT- -TACATTAATAACAGGAAATAAAGTGCTCTATTTTA^^XOAGCTGa

IF I1 6 _ 5 _
MNDA_5_
2 0 2 a 5
2045
2 0 3 a 5

ACCCGAAAAAiTGTTAACTGTACCCATTAAAGTAATTTCTC=.TCCCCCATTTCCCCTCACC
TGAAATAGAAAGCTACAAAGGCTGATAGGCGTGGCTICAAAAT--------- TGTTTCATGATT
S2AAATTQAAASCTATGAACGAAACTGGG.1.GGAGGCCTGGCTGATTCAGCACTCCTCACC 
GGAAATTGAAAGCTATGAACGAAACTGGGAGTAGGCCTGGCTATTTCAGCACTCCTCACC 
GGAAATCG.A^AGCTATGAACA.GTGCTGGGAGGAGCCCAATTTC------- ATCTTA;i.GTCTCC

IF I1 6 _ 5 _
MMDA_5_
2 0 2 a 5
2045
2 0 3 a 5

ACATGCTCC.AGCCCTTGCCAGGAA^CTGTTC^. -  TTTTCTCTGACTAACAG;^AACGP.AAGC 
ACAT.aACTTCTTTCTAGTTAGGAATTAGGACAGTGTAAGAAGGCCATCTACAATCAA.anT
caatggagaca .gcacaggga .qag .a c-  -.a g c c a g tg c tg ttc a a g a a a t g a a a -  - caa.c t c

CGAGGGAGAC.AGCACA.GGGA.GA.GAC- -.AGCCAGTGCTGCTCAAGAAATGAAA- -CAACTC 
CC.AGGAAGAC.AGCAC.ACTGT.A.AGAC--.ATCCAGCCCTGCTCAAGCTA.GGAAC--TT.ACTT

IF I1 6 _ 5 _
!4NDA_5_
2 0 2 a 5
204 5
2 0 3 a 5

T AAAAACACTGGTGGG.AGGAGTCTCC.ACATTGTTTCCTACTCCATTT -  TCTCTGGGGCAA
TGAGAGTGGCTCTAACAAGTG CGATTTTTCCTTGTT.AGCTTTC.A -  TTTCTCa.GCCCT
TGAGAGTGTTGT.AATC.ACTACCATCTTCCTTT.ACACCC.AACTGTTC.AGTTTCTC.ATTT.AC 
TGAGAGTTTTGT.AATC.ACT.ACCCTCTTCCTTT.AC.AC.ACAACTGTTC.AGTTTCTC.ATTT.AC 
TAACCAGTTCTCCCGCCCCCCCCCC--------------------------------------------------------------------------

IFI16_:
HIIDA_5_
202a5
2045
2 0 3 a5

TAGCAGAAT.AGGA-GCAAGCC.AGCACT.AGTC.AGCT.AACTAAGTGACTC.AACC.AAGGCCTT
TT.ACAAGATT.AAA-.ATA-GTCTGCAGT--TT.AATCTCTCCAAAGCTTT.ACGGAC.AGTGAT
IGACTT.ATCTGCCTACCTACTGAAGCCAAGC.AGGCCACTTCTTGACCCGGTaA.AGGTCTC
IGACTTATCTGCCTACCT.ACTCAAGCC.AAGCAGGCCACTTCTTGACCCGGTGAAGGTCTC

I F I 1 6 _ :
MNDA_5.
2 0 2 a 5
204 5
2 0 3 a 5

TTTTCCTTGTTA.TCTTTGCAGATACTTCAT -  -  TTTCTT.AGCGTTTCTGG.AGATT.AC.aACA 
TCTGTCCTA--AACAAGACAGTGACTCCA.GGATTTCTGAAGACTATTGTGG.AAGA-AGCA 
.AGGATCTGTACATCACTGCAGAAATATCCAGGAAGGTGAGTTCTGTTTGTTTCTTAAA.CA 
AGaATCTGTACATCACTGCAGAAAT.ATCC.AGG.AAGGTaAGTTCTGTTTGTTTCTTAA.ACA

I F I 1 6 _ 5 .
I-!NDA_5_
2 0 2 a 5
2045
2 0 3 a 5

TCC--TGCGGTTCCGTTTCTGGGAACTTTACTGATTTATCTCCCCCCTC.AC.AC.AAATAAC,
TCCATTAAGGTGAGATTTCTGGGAAGTTCT------------------------------------------------------------
TGTGATCAGAT -C -  - TTTCTGTGAAATATAAAGGACCATAGAAAAAAATCAGTGTTGAAT 
TGTGATCAGAT-C -  -TATCTGTGAAATATAAAGGACCATAGAAAAAAATCAGTGTTGAAT

I F I 1 6 _ 5 .
MNDA_5_
2 0 2 a5
2045
2 0 3 a5

CATTGATTCCTGCATTTCTGA

GGTGGAGGACC.AAGGCT-------
GGTGGAGGACCA-----------------

Fig. 3.29: CLUSTALW  alignment comparison between the first 1000 bp upstream 

from the first e.\on followed by the first 200 bp o f the first exon o f the IFI-16. MNDA.
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Ifi202a, I f i204 and Ifi203a genes. The different ISREs and GAS (see Text) are 

underlined.

No significant sequence similarity was obser\ed between the 5' flanking regions 

o f these genes. The different ISREs and GAS described by Choubey et al. (1989) for 

lfi202a and 111204. by Trapani et al. (1994) for lF l-16 and by Kao et al. (1996) for 

M NDA and analyzed using M OTIF for lfi203a were positioned according to their 

sequence on Fig. 3.29. Interestingly, they were contained in a very small area o f the 5’ 

flanking regions o f each gene. In addition, ISREs described for the M NDA, 111202a, 

111203a and 111204 genes, all induced by interférons alpha and beta, were located at 

similar positions in the 5' flanking region o f each gene. This suggests that, despite a low 

level of sequence similarity in the region, the position o f both ISREs in the 5' Hanking 

region o f the MNDA, 111202a and 111204 genes could play an important role in driving 

the protein interactions between the different elements o f the interferon alpha/bcta- 

induced transcription complex.

A CLUSTALW  alignment also was performed between regions located 

upstream from the transcription start site in M NDA, 111202a and 111204 and downstream 

from the transcription start site in 111203a (Fig. 3.30).

:0 2 a 5  - 138 CACAGTGTTT,4C4aZ4/iC7TAAGA- -  -TGTTTCCAAAGTC:^GGa:^A.ATTG.A.^GCT.^TG

2045  -  138 !2ACAGT.^TTT.4C4<3S4.4g7T .^G .^  TGTTTCC.\AAGCC.^GGGA;^ATTG.AA.y,CT.:i,TG

2 0 3 a 5  * 60 TACATTAATA.4C4iSS4.4.47aAAGTGCTCTATTTT.^GAGCTGGGGA.AATCGA.\^GC'rATG

MMDA.S -  83 CTTACTACAA.4G4(%Z4.4(r7GACCA-- -GTTTCTCTGACATCTG-AAATAGAAAGCTACA
ELs sites ISRE sites

2 0 2 a5  -  82 AACGAAACTGGGAGG.AGGCCTGGCTG

2 0 4 5  -  32 AACGAAACTGGGAGTAGGCCTGGCTA
Ik-2 site

20 3a5  -  120 .A.AC.AGTGCTGGGAGGAGCCCAATTTC
Lyf-1 site

:-CIDA_5 - 32 A.AGGCTGATAGGCGTGGCTTCAAAAT
Spl site
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Fig. 3.30: CLUSTALW alignment comparison between regions located upstream from the 
initiation o f transcription sites in It'i202a, 111204.111203a and MNDA. The positions o f these 
regions, in base pairs, are shown related to the transcription start site position. The putative 
transcription factor binding sites are shown on the figure.

Although these regions are located at different positions of the 5' flanking 

regions o f each gene, they all share some sequence similarity at positions that 

correspond to one ISRE and a putative Ets binding site (described by Kao ei al. (1997) 

for M NDA. Interestingly, mutations of the putative Ets site by Kao et al. (1997) did not 

significantly alter promoter activity of the M NDA gene, indicating that this site likely is 

not involved in the activation of the M NDA gene, whereas mutations of the putative Spl 

site, located downstream from the ISRE o f the M N D A  gene (Fig. 3.30) reduced the 

overall promoter activity of the M NDA gene (Kao et al., 1997). indicating that Spl is 

one o f the factor involved in the specific e.xpression o f the M NDA gene. Surprisingly, 

the putative Ets site exhibits more sequence conservation between mouse and human 

than the Spl site despite the fact that 111204 and M N D A exhibit the same pattern of 

expression, restricted to cells o f the myelomonocytic lineage (Briggs et al.. 1994a; 

Briggs et al., 1994b; Gariglio et al., 1998). However, a putative Ik-2 site and a putative 

Lyf-1 site were found in the 5' flanking region o f the 111204 gene and 111203b gene, 

respectively, colinear to the Spl site in the 5' flanking region o f the M NDA gene. Since 

Ik-2 and Lyf-1 are important transcription factors for hematopoietic cell differentiation 

(Kerhl. 1995). they could modulate 111204 and 111203b expression in hematopoietic cells, 

just as Spl does for M NDA gene expression. However, whether the putative Ets site is 

involved in the transcriptional activity o f the 111202a, 111203a and 111204 genes remains to 

be established.

Another CLUSTALW  alignment was performed between regions upstream 

from the transcription start sites in M NDA and IFI-16 (Fig. 3.31).
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MNDA_5 -  88 CTTACTACA^AGAGaAACTGACCACTTTCTCTGACATCTGAAATAGAAAGCTACAAAGGC
I F I1 6 _ 5  -  88 CAC^CCTTGCCAjGGAAACTCTTCATTTTCTCTGACTAACAGAAACGAAAGCTAAAAAC^C

MNDA_5 -  27 TGATAQSTGTISXTITCAAAAT
I F I 1 6  5 -  28  TGGTGGGA.GGA.GTCTCCACAT

Fig. 3.31: CLUST.-\LW alignment comparison between regions located upstream from the 
transcription start sites in MNDA and IFI-16. The positions in base pairs, indicated in the 
right, are relative to the transcription start site position. The ISREs are underlined, and the 
Spl site is italicized.

M N D A  is induced by inteiTerons alpha/beta and IFI-16 by interferon gamma, 

and has a unique pattern of expression (see Introduction). However, this region contains 

two ISREs and one Spl site, which directly contributes to the restricted expression o f 

the M NDA gene (Kao ei a i.  1997) and exhibits sequence variations that could account 

for the differences in interferon response and constitutive expression o f these two 

genes. Interestingly, the ISREs that account for interferon alpha/beta-induced 

expression o f the M N D A and IFI-16 genes are in a region that appears to be relatively 

well conserved for both genes, even though each ISRE induces M NDA and IFI-16 gene 

expression in a different manner. Because of the relative sequence conservation in this 

region, it remains to be established whether the induction of M N D A and IFI-16 gene 

expression by these ISREs could play a role in establishing lineage/stage specific 

expression for both genes.

I l l - 1-9-3 Human/mouse cluster repeat sequence comparison

Analysis o f the repeat elements in the 300000 bps o f the contig containing the 

human MND.4. IFI-16 and A IM 2 genes (Genbank accession number AP002534). 

using RepeatMasker. showed that they represent -52.3% of the sequence (Table 3.21). 

Similarly to the mouse Ifi200 gene cluster, LINE I family elements represent an 

estimated -64% o f the repeat elements. Alu repeats, which represent an abundant repeat
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element in human, make only ~l07c o f the total repeats present in this human contig, 

whereas -20% of the repeat elements are LTRs. Inspection o f the distribution of L IN E  I 

elements throughout the human III200 gene cluster, using PIPmaker (Fig. 3.27), shows 

that they are equally distributed and mostly present within intergenic and long intronic 

regions. This pattern o f distribution o f LINE I elements is similar to the one observed 

throughout the mouse 111200 gene cluster, indicating that their appearance occured prior 

to mouse-human spéciation. In addition, the low percentage of Alu repeats in the human 

l f i200 gene cluster is similar the low percentage o f B 1 and 82 repeats in the mouse 

III200 gene cluster. This observation suggests that these SINEs could have been 

selectively eliminated from this region before mouse-human spéciation. Because SINEs. 

rather than LINEs, are present mainly in gene-rich regions, while LINEs mainly occur in 

gene-poor regions, it remains to be e.xplained why such a high percentage of L IN E l 

elements are present in this region. It is possible that these L IN E l elements give a 

selective advantage to organism containing them in the 111200 gene cluster. .A similar 

pattern o f distribution o f LINEs and SINEs also has been observed in a relatively small 

gene-rich region in mouse and human (MaiIon ei al.. 2000) and might represent a 

general mechanism o f chromosomal rearrangements in these particular gene-rich 

regions with a relatively low G/C content. Finally, it is interesting to note that the 

percentage o f sequences occupied by repeat elements in the human and mouse clusters 

is 52.37% and 39.63% respectively. This difference can be explained, at least partially, 

by the higher presence o f LTR elements in the human cluster, and by noting that human 

Alu repeats are significantly longer than mouse B1/B2 repeats.

number o f 
elements

length
occupied

percentage 
o f sequence

SINEs: 92 20278 bp 6.76%
Alus 54 14841 bp 4.95%
MIRs 38 5437 bp 1.81%

LINEs: 91 101092 bp 33.70%
LIN E l 63 93714 bp 31.24%
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LINE2 23 6058 bp 2.02%
L3/CRI 5 1320 bp 0.44%

LTR elements: 38 30219 bp 10.07%
MaLRs 17 10876 bp 3.63%
ERVL 2 780 bp 0.26%
ERV_classI N 11395 bp 3.80%
ERV_classII 5 7168 bp 2.39%

DNA elements: 16 3224 bp 1.07%
MERI_type 8 1017 bp 0.34%
MER2_type 8 2207 bp 0.74%

Unclassified: 0 0 bp 0 .00%

Total interspersed repeats: 154813 bp 51.60%

Small RNA: I 54 bp 0 .02%

Satellites I 180 bp 0.06%

Simple repeats: 28 1370 bp 0.46%

Low complexity: 22 688 bp 0.23%

Table 3 .2 1 : Identification o f the repeat elements on the contig (Genbank accession number 
AP002534) corresponding to the human 111200 gene cluster.

I l l - 1-10 Evolutionary aspects of the mouse IfiZOO gene cluster

The extent o f sequence conservation between Ifi202a and Ifi202b and that 

between Ifl203a and Ifi203b indicates that duplication events might have involved one or 

more o f these genes quite recently. In this regard, the respective positions of Ifi202a and 

b, and 111203a and b in the mouse cluster suggest the possibility o f a dual duplication 

event, leading to the conjoint appearance o f Ifi202b and Ifi203b. It has been observed 

that the Ifi203b and 111202a genes exhibit a reciprocal pattern o f expression in various 

mouse strains, indicating that p203b and p202a might have a similar function in a mouse 

strain in which only one of them is expressed (Gribaudo et al.. 1999). The synonymous 

and non-synonymous substitution rates o f the coding regions were determined, 

according to the method of Ina (1995), for the two pairs o f paralogous genes (IFi202a
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and Ifi202b, Ifi203a and Ifi203b, respectively) (see table 3.22). Synonymous 

substitution rates reflect the rates o f evolutionary divergence o f nucleic acid sequences 

(Oeltjen et a l, 1997) while non-synonymous substitution rates reflect the rates of 

protein evolution (Li and Graur, 1991). As expected, the rate o f synonymous 

substitution is higher than the rate o f non-synonymous substitution, reflecting 

functional constraints on non-synonymous substitution. Furthermore, the ratio between 

the two rates is more pronounced for the lfi202a and 111202b pair o f genes (see Ka/Ks), 

suggesting stronger constraints on non-synonymous substitutions for these two genes. 

However, no substantial variations were observed between the synonymous substitution 

rates (-2.4 fold range of variation) and the non-synonymous substitution rates (-4.5 

fold range o f variation), indicating that 111202b and 111203b probably appeared, if  not 

simultaneously, at least in a very close period of time during the evolution o f the cluster.

Non-
Synonymous Synonymous Ka/Ks

(X 10"^) (X 1 0 ^ )

Itl202a/iri202b 0.908 0.390 2.32

Itl203a/Ifi203b 2.132 1.766 1.20

range o f variation 2.34 4.52

Table 3,22: Synonymous and non-synonymous substitution rates, calculated 
by the method o f Ina ( 1995). (Ks) Substitution rate per synonymous site; (Ka) Substitution 
rate per non-synonymous site.

I l l - 1-11 Closing the gap between the two contigs

The mouse 111200 gene cluster contains two contigs (contig 1 and contig 2), 

encoding three genes from the 203 subfamily (Ifi203a, b and c) (Kingsmore ei ai. 

1989), as well as three genes from the 202 subfamily (Wang et a i, 1999), two genes 

from the 204 subfamily (Choubey et a i,  1989), a "203-like”  putative pseudogene and 

the lfi201 gene. In addition, the genomic region containing the 111202a and 111203a
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genes was duplicated at least twice during the evolution o f this mouse Ifi200 gene 

cluster, and the extent o f conservation between the duplicated regions is over 99% (see 

above).

The mutual orientation and the position o f contig I and contig 2. as well as the 

size and sequence of the gap between the two contigs, remain to be established. A 

BLAST analysis o f the mouse assembly database, based on whole genome shotgun 

(WGS) trace data currently available at littp://u w u .cnscmhl.org/Miis musculus 

indicates that contig 1 and contig 2 are separated by a gap of -23 kb located between the 

3' end o f contig 1 and the 5 ’ end of contig 2. However, a BLAST analysis o f the 

current mouse WGS trace database (see http://u u u .ii-acc.cnscmbl.org) indicates that the 

traces mapped to the gap region share over 99% sequence identity with traces mapped, 

during this dissertation research, to three other regions located on contigs 1 and 2. and 

corresponding to the genomic regions at the 5 ' end of the "203-like", ltl203a, and 

Ifi203b genes. Thus, the trace data mapped to the gap region by WGS assembly may 

actually map to any o f the three other conserved regions. Interestingly, the analysis o f 

the mouse 111200 gene cluster sequence generated by WGS assembly indicates that the 

conserved regions on contigs 1 and 2 are superposed, and therefore misassembled. In 

addition, the WGS trace data (available at http://tracc.cnsemhl.org) are generated from 

RPCI-23 female (C57BL/6J) mouse BAG libraries that differs from the one used 

during this dissertation research (mouse strain SV129 provided by Genome Systems, 

Inc.). Single nucleotide polymorphisms (SNPs), relatively frequent between two mouse 

strains, may occur in the gap region between contigs I and 2. and are impossible to 

differentiate with base pair substitutions between extremely well conserved duplicated 

regions. Thus, closing the gap between contigs 1 and 2 requiring additional data will be 

the subject o f additional future studies.
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I l l - 1-12 Two-dimensional dot-plot comparison of the human and 

mouse lfi200 clusters

OR 123-1 IF II6-likL -I A IM : like
O R IZgC  ^ IN D A g cn c  [ ^  IHIIÔ-likc-: | IR • IÛ gcncAlM t gene

-, a o r i :? -:  
J O R i:3 - l
I lfi2 lU ' gene 

[ lfi:i)2c
. in:u3- 

Pulaiive eene 1

Bap
• Ifi203c gene 
I Ifi202b gene

I Ifi203h gene

Mouse contig 2

Mouse contig 1
lfi2()2a gene

Ifi203u gene 
Ifi204 gene 
lfi201 gene

J ^f*uiaiive gene 2

Fig. 3..32a: D»t*plol comparison of the mouse and human IHKN) clusters. Hach of the genes are represented on the x axis 
(human genesi and the >-axjs ( mouse genes) according to their positions in the clusters (OR 123) Putative oltactors receptor 
pseudogene. dFI Ih-likei I*utative pseudogene sharing sequence similarity with the IF!- Ih gene; ( A IM 2 like; Putative 
pseudogene sharing sequence similanty with the AI.M2 gene. The directions oi transcription are marked by an arrow tor each 
gene. The two contigs from the mouse cluster are separated by a gap of unknown si/e.

The doi-plot analysis o f the human and mouse 200 family genomic sequences 

shown in Fig. 3.32a reveals a repetitive pattern, as the human IFI-16. M NDA and AIM 2 

genes contain regions which are similar to each o f the seven genes o f the mouse 200 

family gene cluster. Three regions o f the human cluster, located between the M NDA 

and IFI-16 genes, also share the same pattern, indicating the additional presence o f three 

pseudogenes within the human cluster. .A BLAST analysis o f this region confirms that 

two o f these pseudogenes share sequence homology with the human gene IFI-16. The 

third o f these pseudogenes is located on the complementary DNA strand and shares 

sequence homology with the human gene AIM 2. In addition, genomic regions 

downstream from the murine 203-like and Ifi20 I genes are conserved in the human 

cluster and share sequence similarity with the Ifi202a. Ifi2G2b and Ifi204 cDNAs. These

1 4 0



conserved sequences, which may represent additional 10200 genes, are indicated as 

putative gene I and putative gene 2 in Fig. 3.32a.

n i l 13 Postulated evolution of the IfiZOO gene cluster

Comparison o f the mouse and human 10200 gene sequences indicates greater 

sequence similarity between paralogs than between orthologs, therefore suggesting that 

a number o f mechanisms, including unequal crossover between repeating units, gene 

conversion, and gene amplification, may have occurred during the evolution of the 

cluster (for review, see Liao. 1999). The mouse paralogs were more conserved than they 

were in human, and one or a combination o f these concerted evolution mechanisms 

likely took place in the mouse lineage, after the human/mouse spéciation. In addition, the 

presence o f several pseudogenes in both the mouse and human chromosome 1 genomic 

regions suggests that several of the genes became non-functional over evolutionary time. 

Thus, as described in the model developed by Brunner er al. (1986). several duplicated 

genes that initially underwent homogenization by gene conversion, somehow escaped 

gene conversion, and evolved independently. A postulated evolutionary pathway for the 

mouse and human 111200 cluster is proposed in Fig. 3.33a. As can be seen, it is likely 

that a primordial 111200 gene encoded a protein containing only a type a domain. Gene 

duplication and gene conversion then occurred prior to the human/mouse spéciation, and 

resulted in a cluster o f genes similar, in terms o f structure and organization, to the 

human cluster. Additional duplications in the mouse cluster, which likely occurred after 

spéciation, then resulted in the multiple gene copies that are unique to the mouse lineage. 

The subsequent accumulation o f deleterious mutations, which transformed selected 

genes into pseudogenes in the mouse and human lineages, resulted in the formation of 

the M NDA gene in the human cluster, in which exons encoding a type b domain in the 

ancestor protein became non-functional through mutations. Although cis-acting
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elements may influence the concerted evolution o f DNA sequences (Hibner et al., 1991: 

Thompson-Stewart a/., 1994). their effect on the evolution o f the genes present in the 

mouse and human clusters can only be speculated. Finally, according to this postulated 

evolutionary pathway, it is predicted that two genes from the mouse cluster are yet to be 

discovered (Fig. 3.33a), and one o f these two genes may be the D3 gene which codes 

for a protein containing only a type a domain (Tannenbaum et al.. 1993).

j n _

I Gene conversion
m i B i  [ H i m  A--------- (31 m

[3] [ET

j g i  f*n  [g i [tT]
[g j  IËJ

iFiif-iikc i iniwikeo ^  ^ H u m a n /M o u s e  spéciation
f  IF I1 6

r^Tbimrin ia~iri p ib i |B~i ppi
1£ 1 ‘ "  ' [ u j  □  @T

▼ \IM 2 - l ik c  A IM 2

- E L
M N D A

2()4.|ike 202c202-likc ? 202c 202b 20.2b 202a 202a 204 201

 [ a i f r i p i t n f t n r n * n i ^ p n ^ n f < n F n * n i * n p ^

Fig. 2.22a: I’oslulatcd evolution o f the 111200 gene cluster. Hach of the 111 gene encodes for a protein containing 
either a type a and type b 200-amino acid conserved domain, or only one o f these two domains These a and h 
domains are indicated by a box "a" or a box "b", according to the domamts) they encode tor An indicates 
that the gene structure and charactenstics remain to be established. The "D2 indicates the existence of a 
putative D2 gene The black line underneath portion of the mouse genomic region corresponds to the possible unit 
of duplication
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III-2- Genetic aspects of bone mineral density

Bone mineral density is the strongest determinant o f osteoporotic fracture, and 

60 to 70% o f the normal variability in human bone density is genetically determined. 

The identification of genes involved in bone density regulation w ill aid in understanding 

pathways regulating bone density and factors influencing diseases such as osteoporosis. 

Multiple environmental factors, such as nutrition and e.xercise, can effect the adult 

skeletal system by altering the production of endogenous factors, such as hormones and 

mineral levels, which modulate bone cell function at the molecular level. Because of the 

comple.x interactions between genetic factors and environmental factors, studies of genes 

that regulate bone mineral density have been difficult. The main strategies for 

identification o f such genes are based on finding evidence o f an association between 

altered bone density and polymorphic genetic markers. This is done by analyzing 

genetic markers throughout the genome to identify Quantitative Trait Loci (QTL; sec 

Introduction) which may be concentrated in specific regions (candidate loci) or near 

specific genes o f interest (candidate genes). Through association studies, several 

candidate genes for bone density regulation have been identified (see Introduction). 

Also, genome-wide scans o f appropriate human population or inbred strains of mice 

have been widely successful in identifying QTLs. However, none o f the genes 

responsible for these QTLs have been identified. In addition, although one might e.\pect 

candidate genes identified by association studies to be located within a QTL, only one 

gene (tumor necrosis factor receptor 2) is located in a QTL, and another gene 

(osteocalcin) is located near to a QTL,

Thus, identifying the genes involved in regulation o f bone density is still at an 

early stage. Furthermore, many o f the genes have to be thoroughly studied before 

understanding the possible role of their gene product at the molecular level and how the 

abnormalities related to these genes can lead to osteoporosis.

143



To accelerate the identification of genes present in QTL o f bone density, new 

strategies involving the genomic resources currently available should be used. For 

instance, the draft working sequence of the human genome should be useful to identify 

the predicted genes in the QTL regions, to facilitate selecting candidate genes for further 

studies. In addition, the sequence of syntenic regions between human and mouse 

chromosomes and the availability of the sequence of the mouse genome will provide a 

convenient model for identifying genes o f QTL o f bone density. The next challenge 

relates to the ability to analyze the functionally important regions (5' flanking region, 

e.xon/intron borders, coding regions and 3' flanking region) o f each candidate gene 

within genomic sequences.

Five mouse BAG clones (rp23-2 lll8 , rp23-395h6, rp23-9p22, rp23-145f9 and 

rp23-77a8), which map to a QTL located on chromosome Iq have been sequenced and 

annotated during this dissertation research. Each candidate gene is discussed according 

to its putative ability to regulate bone mineral density. A map o f this region is shown in 

Fig. 3.1, and Table 3.23 lists each of the clones, its predicted genes and its size.

Clone Genbank 
Accession Number

Size (bp) Genes present in the clone

rp23-145f9 AC091521 198810 CD 150/SLAM,CD48/BCM 1 
BCOl 1154/19A24, AK002863

rp23-77a8 .AC091523 235508 Lyl08,C D 84

rp23-211I8 AC083893 244345 none

rp23-395h6 AC084821 211748 mCAR. myelin PO, Apo.A-11, 
NDUFS2, beta4Gal-T3, Ppo.x, 

USP23, DEDD, N it l,  Adamts4, 
Fcerla, L27' (pseudoaene), 
R lK E N l, R1KEN2, R1KEN3

rp23-9p22 AC079446 223103 none

Table 3.23: summary o f ttie genes present in tfie mouse B.AC clones sequenced during tfiis 
dissertation research. See te.xt for details.
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I l l  2 1 Mouse BAC clone rp23-I45f9

The mouse BAG clone rp23-145f9 (Genbank accession number AC091521) is 

198810 bp in length and is located on mouse chromosome lq22. It contains two 

putative genes (Genbank accession numbers BCOl 1154 and AK002863) and two 

known genes, B C M l (Genbank accession number X17501) and SLAM (Genbank 

accession number NM _013730). that are both involved in the lymphocytic activation of 

T  cells in mouse.

I l l  2 11 Mouse CD150/SLAM gene

Besides the T cell receptor, numerous cell surface molecules participate in the 

interaction o f T cells with antigen-presenting cells such as lymphocytes and 

macrophages. One of these molecules is CD2. a protein expressed on the surface o f 

both T cells and natural killer cells (Davis and van der Merwe. 1996). In addition to 

CD2. optimal T cell activation for proliferation and cytokine production requires the 

involvement o f co-stimulatory signals provided by accessory molecules (Jenkins. 1994). 

One T cell co-stimulatory molecule that is a member of the CD2 subfamily o f the Ig 

superfamily. SLAM  (signaling lymphocytic activation molecule) has been described as a 

transmembrane glycoprotein expressed on the surface o f T. B. natural killer and 

dendritic cells (Davis and van der Merwe. 1996). The extracellular domain o f SLAM is 

the receptor for measles virus (Tatsuo et al.. 2(X)0). and monoclonal antibodies (mAbs) 

directed against human SLAM (CD 150) enhance antigen-specific proliferation and 

cytokine production by human CD4+ T cells (Cocks et a i. 1995). Human SLAM is 

associated with a small cytoplasmic adaptor protein named SAP that has been identified 

as being responsible for the X-linked lymphoproliferative disease (XLF) (Coffey et a i.
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1998; S ay os et a i.  1998). XLP is characterized by an increased susceptibility to primary 

Epstein-Barr virus (EBV) infection, leading to an uncontrolled proliferation of virus- 

containing B cells and reactive cytotoxic T  cells (Purtilo, 1985). It has been suggested 

that the absence o f SAP in XLP patients affects T/B cells interactions induced by 

SLAM, leading to an uncontrolled B cell proliferation caused by EBV infection (Sayos 

et al., 1998).

The human and mouse CD 150 genes have seven exons in a genomic region that 

is highly homologous, in terms o f sequence and exon/intron organization, between 

mouse and human (Wang et al.. 2001). AN ALIG N comparison between the amino acid 

sequences o f the mouse and human SLAM proteins indicates that they share 51.2T 

sequence identity (Fig. 3.32).

10 20 30 40 50
SLAMhu MDPKGLLSLTF'/LFLSLAFGASYG'TGGîy-n-iNCPKILRQLGSrrj’LLPL'r'rE-RIfrf.SI-’irf.S

SLAlSnu MDPKGSLS’.'.’RILLFLSLAFELS'ïGTGGG'v'î-IECP/ILQI'CLGQDTÆPLTirEKQINî'tSVT'rKS
10 20 30 40 50 60

60 70 30 90 100 110
SLAI-Ihu IHIV/TMAr;SLENS’-/ErrKIVSLDPSEAGPPR'.^DR'rPG^.G:.Eia.TLGIRESRKEr)EG?.-ri'L

SLARSnu •/RILVTÎ-lATSPGSKSRn-GtlVSFDLSKGSVPDKLEIXr./HFCSrG'ÎLSLKILGRmRESEG'.-rrL 
70 30 90 100 110 120

120 130 140 150 160 170
SLARttlu ••!TLEKNVSVQRFCLQLPI.'/EQVST?EIf"iU'n<TQEN--GTCTLILGCT'y'EKGD.HVAYS’.';S

SLAl’lmu VS’v'EERr/SVQCFCKQLKI.i'EQVSPPEIfr/Ur-'.TQEMERKOTCSLLLACTVKEGDRr/rrSl'.'S 
130 140 150 160 170 130

180 190 200 210 220  230
SLAÎ-Îhu EKAGTHPLi\'P.ANSSKLLSLTLGFOK.ADKIYIC'n/SNPISWr;SQTFS-P.-.'PG.CRTDPS-ET

SLA!-!mu DEAGTKLLSRANRSKLLKITLSMQHQDS I'lYiCTASMFYSS ISRTFNLSSQ.AŒÇESSSES 
190 200 210 220  230  240

240 250 260 270  280 290
SLARÜ1 U KP',-RV"rAGLLGG’VIMILIMV--VILgLRRRGKTRn-riQTTVEKKSLTIY’AQVQr;PG?L<2Ki;

SLARimu SP.-.'MQ iTLV PLC vV IIFILV TTA III-2-KRQGKSNKCQPF/EEKSLTIYAQVQKSG---------
250 260 270 230  290

300 310 320 330
SLAI'lhu LDSFPAQDPCTTIxV.iATEF'.G=ES"/QETNSirrrAS^jTLPES

SLARSnu YRSRÎPKLAGVF.'I FRTGFL r.A.ALKTTRr.G.CGLL E
300 310 320
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Fig.3.32: ALIGN comparisons between the amino acid sequences o f the human (top) and mouse 
(bottom) SLAM proteins.

A GENSCAN analysis, followed by a BLAST search, o f the BAG clone rp23- 

I45f9 revealed that the genomic segment at position 152526-185145 corresponds to the 

mouse CD 150 gene (Fig. 3.33).

G E X S C A N  predicted xeoes in  sequence rp23 -IdS rS .fas ta^creen .C un tijjl

19A 2 4 i Cl
nil I »

■V0 J Î 0 10 0 15 0 10 0 ^  15 J jO 0 35 J 00 0 05 J 50 0
i  I I II I  I I I I

CD48 AK002863
] i l l  » 1 >

d ÎÎ J «0 0 *ri 0 ?U. j T'i.i ISO J J #0 0 0 lOO J
I  I K C  4  I C

I I  I

CD I.SO
I I I  I I I I  I I I I m m

15 0.0 15 5 0 i«0 0 1*5.0 170.0 175 0 laO.J 105 0 100 . J 105 0

H  ‘.firtM l «>«sn
Q titu k l g  T « r« in *I

««on«Mcn ««an ^«n«

Fig. 3.33: GENSC.AN analysis of the mouse BAG clone rp23-14519. The genes are indicated above 
the sequence. iC l The gene is located on the complementary strand.

A CROSSMATCH analysis between the mouse CD 150 cDNA and the segment 

at position 152526-185145 confirms that the mouse gene is made of seven e.xons and 

indicates that it spans a genomic region o f appro.ximately 33 kb (Fig. 3.34 and table 

3.24). The results o f the Neural Network splice site prediction program analysis 

confirmed the presence o f potential splice sites at the e.xon-intron borders indicated by 

the ALIG N comparison of this genomic region and the CD 150 cDNA (table 3.25).
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CDI50/SLAM gene:

.\TG
I 2 3 4

L'6

1
;ai :*ih 

1 1
04

1
"  '4 S I 1056.4 1

STOP 
6 7

:o'i

VS6 ^■i;6:

C D I50  protein:

C Yl CY2 CY3 c

Kxons: 1 2  3 ' 4 5 ' 6 I 7

Fig. 3.34: Structural organization of the CD150/SL.-\M gene and its encoded protein. iTopi 
Sizes, in base pairs, are given below the introns and above the exons.The exons are indicated 
by black boxes and the connecting introns by horizontal lines, i Bottom I The dark gray box 
indicates the presence of an extracellular Ig-like V domain. The clear gray box corresponds to 
an extracellular Ig-like C2 domain. The white boxes correspond to the signal sequence lexon 
11 and the transmembrane region (exon 4i. The black boxes corresponds to the cytoplasmic 
CYl. C \ 2 and CY3 regions, encoded by exons 5. 6. and 7. respectively. The last two domains 
iCV2 and C\'3i are absent t'rom the splice variant form of CD 130

E,\on number Contig position E.xon length (bp)

I 152526-152663 137
2 160144-160485 341
3 162444-162740 296
4 173302-173397 95
5 177658-177731 73

6 * 183506-183601 95
7* 184936-185145 209

Table 3 .24 : contig position and length of the exons of the mouse CD 150 gene. 
The fifth exon ctxles for the entire cytoplasmic domain (C Y l) o f an alternatively 
spliced mRN.A form o f CD 150. (*) These two e.xons are not transcribed for the 
mRN.A splice variant o f CD 150.

Donor site sequence Acceptor site sequence

E.\on/Intron

l/ I

Sequence 
152665 

agaacaaGT sasts

Intron/E.xon

1/2

Sequence
160143

ttccctcAGstssa

160487
2/2 ctttataGTaaaaaa 2/3

162443
cccaacAGaacag
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162742 173301
3/3 tcctcagGIgatca 3/4 titttcAGaatcg

173399 177657
4/4 agacaagGTaggct 4/5 ttcttcAGgtaaa

177733 1S3505
5/5 atcagggGTacgtt 5/6 ttgtglAGcctcaa

1S3603 184935
6/6 tgtccagGTgacata 6/7 gcccacAGgaaccaa

Table 3.25: Neural Network splice site prediction sequences: exons and introns an: 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 152587. in the first 

e.xon. Castro ei al. (1999) characterized the mouse CD 150 gene and revealed that the 

first e.xon actually encodes a 24 amino acid signal peptide that precedes an extracellular 

region o f 221 amino acid. The extracellular domain consists of an incomplete Ig-like V 

domain lacking intrachain disulfide bonds and one membrane-proximal Ig-like C ] 

domain with two disulfide bonds. The extracellular domains are encoded by e.xons 2 

and 3. respectively. The transmembrane region is encoded by exon 4. and each o f the 

three cytoplasmic regions (CYl. CY2 and CY3) are encoded by exons 5, 6 and 7. 

respectively (Fig.3.34). The ORF of CD 150 is 1232 bp with a 149 bp 5' and a 60 bp 3' 

UTR. Castro et al. (1999) also characterized an alternatively spliced mRNA. in which 

the fifth exon (C Y l) encodes the entire cytoplasmic domain o f the corresponding 

protein. Splicing o f the next exon (e.xon 6 ) to an internal 5’ splice site situated in exon 5 

gives rise to the cytoplasmic domain of the CD 150 protein.

Initial analysis of the first 1000 bp located immediately upstream from the first 

e.xon o f CD 150 with M OTIF shows that the 5' flanking region of CD 150 contains 

several potential binding sites for transcription factors that are important for the 

development o f cells o f the hematopoietic lineages. These regions include the
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CCAAT/enhancer-binding protein b (C/EBP-b), c-Myb. c-Ets, NF-AT, M Z F l, G ATAI, 

GATA2, GATA3, Ik-1, Ik-2, L y f-I and Pbx-1 transcription factor binding sites. The 

promoter prediction by NNPP predicted two potential TATA-containing promoter 

regions located 254-304 bp and 62-112 bp upstream from the first exon o f CD 150, 

respectively.

ni-2-1-2 Mouse CD48/BCM1 gene

CD2 is a 55 to 60 kO protein expressed on the surface o f T  cells and natural 

killer cells, that participates in the interaction o f T cells with antigen-presenting cells 

{Davis and van der Merwe, 1996). One ligand for CD2 in mice is B C M l (Kato el a i, 

1992). B C M l is a glycosylphosphatidylinositol-anchored molecule whose expression 

is restricted to antigen-presenting lymphocytes and macrophages and to dendritic cells 

(Kato et al.. 1992). The human homolog o f B C M l, CD48, does not bind CD2 with 

high affinity, as the major ligand for CD2 in human is CD58 (SelvaraJ et al., 1987). 

CD48, CD58 and B C M l are structurally related and are members o f the CD2 

subfamily o f the Ig superfamily (Wong et al.. 1990). Although the function o f CD2 and 

of its ligands remains uncertain, Gonzalez-Cabrero et al. ( 1999) revealed, by generating 

mice deficient in CD48 expression (CD48'/‘  mice), that CD4+ T cells from CD487' 

mice were defective in activation, suggesting that CD48 plays a significant role in the T 

cell activation process.

The mouse B C M l gene, previously characterized by Wong et al. (1990), is 

located on a genomic region structurally conserved between mouse and human. In 

addition, Wong et al. (1990) demonstrated that the BC M l locus was structurally related 

to another locus located on mouse chromosome 3 and containing the CD2 and LFA3 

genes. LFA3, a glycosylphosphatidylinositol-anchored antigen of the CD2 subfamily o f 

the Ig superfamily, is involved in adhesion reactions between T  cells and accessory cells
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(Tiefenthaler et a i,  1987). These data suggest that the duplication o f a chromosome 

region including the precursors of the genes for B C M l. CD2 and LFA3 gives rise to 

the linkage groups now observed. Because of the sequence similarity between LFA3 

and B C M l. Wong ei cil. ( 1990) suggested the existence o f a gene encoding a recognizer 

molecule in linkage with B C M l on mouse chromosome 1. According to the present 

data, this gene might correspond to the neighboring CD 150 gene.

A GENSCAN analysis, followed by a BLAST search, o f the clone rp23-145f9 

revealed that the genomic segment at position 67401-90612 corresponds to the mouse 

B C M l gene (Fig. 3.33). A CROSSMATCH analysis between this segment and the 

mouse B C M l cDNA indicates that this gene is made up o f four exons and spans a 

region o f approximately 23 kb (table 3.26 and Fig. 3.35).

CD48/BCM I gene:

.\TG STOP
I 2 3 4

.«04 :t)7

4 — 1— h

CD48 protein:

N C
-

Exons: 1 ^ 2 ^ 3  ' 4

Fig. 3.35: Structural organization of the CD4S/BCM1 gene and its encoded protein. iTopi Sizes, 
in base pairs, are given below the introns and above the exons.The exons are indicated by black 
boxes and the connecting introns by honzontal lines, i Bottomi The white box corresponds to the 
extracellular domain. The black box corresponds to the glycosylphosphatidylmositol anchor, 
encoded bv exon 4.
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The results o f the Neural Network splice site prediction program analysis 

confirmed the presence o f potential splice sites at the exon-intron borders indicated by 

the ALIG N comparison o f this genomic region and the CD48 cDNA (table 3.27).

Exon number Contig position Exon length (bp)

1
2
3
4

67401-67524
81019-81321
84739-85005
90154-90612

123
302
266
458

Table 3.26: contig position and length o f the exons o f the mouse CD4S gene.

Donor site sequence Acceptor site sequence

Exon/lntron

1 / 1

2/2

3/3

Sequence
67526

tttcaagGTagctt

SI323
gtatttgGTgagtt

85007
satctasGTaasaa

Intron/Exon

1/2

2/3

3/4

Sequence
81018

cttggcagAGgtcat

84738
aaaaatcAGatcct

90153
cttctttAGccaaa

Table 27: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 67452. in the first 

exon. The first 51 bp of the B C M l GRP encodes a signal peptide. The 

glycosylphosphatidylinositol anchor is encoded by the region located at position 90161- 

90230 that corresponds roughly to the fourth exon followed by a 382 bp 3' UTR. The 

extracellular domain, consisting o f an Ig-like V domain without a disulfide bond and an 

Ig-like C2 domain, is encoded by the 3' end o f exon 1. exon 2. exon 3 and the 5’ end of 

exon 4 (Wong er a i,  1990) (Fig. 3.35).
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An ALIG N comparison between the amino acid sequences o f the mouse B C M l 

protein and its human counterpart indicates that they share 52.27c sequence identity 

(Fig. 3.36).

10 20 30 40 50
CD4 a hu  MC -  - SRCv-’DSCLALELLLL PLSLL'TTS IQGHLV- HI-ITV^/SGSMVTLMI SESLPEMYKQLT

CD4 ai-im MCFIKQa-J- -CLVLELLLLPLG TGFQGKSI PDIM^TrGSir/TLKIhCTPLGP’OOl IT
10 20 30 40 50

60 70 30 90 100 110
CD48hu '.•/FiTTFDQKIl^.v’DSRKSK-lcFESKFKGR'TRLDPQSGALYISrC/CKEDNS'rCXMR'/LKl'.TG

CD481!m Vni.KTFGIQKILE'iTriT'ISTKTXFESEFKGR'/'iT.EEMMaiLHISIT.'RF'.EDKGr.c’CMR'/LRET- 
60 70 30 90 100 110

120 130 140 150 160 170
CD48hu ItEQE'.v’KIrXQVXDP'vTKPVIKIEF'.IEDMDDMC'CLKLSC/IPGESv'N'Fr.Ti'GDERPFPKEL

C D 4Sm  -EMELr.ITLtvTDF/PKPSIEIin-.TEASTDSCKLRLSCFjT-XÇh"’DlCT'.-.'!'ESSGPFPK-'.S 
120 130 140 150 160 170

180 190 200 210 220 230
CD48hu ÇMF.XETTL:'IPF2'ri'S?lC/TCQVSÎIS'vSSKNGT/CLSPPCTLAP,SFG'v'E'.-;i.i.S'.'.Xv'’yT'/PT

ISO 190 200 210 220 230

240
CD48hu ILGLLLT

CD48Hm IKP.ILLT 
240

Fig.3.36: .ALIGN comparison between the amino aeid sequences o f the human (top) and mouse 
(bottom) CD4S proteins.

Analysis o f the first 1000 bp located upstream from the first exon o f BC M l. 

using MOTIF, reveals that the 5' flanking region o f B C M l contains potential binding 

sites for transcription factors that are important for the development o f hematopoietic 

cells, including c-Ets. M ZFI. G ATAI. GATA2. G AT A3. c-Myb transcription factor 

binding sites, as well as a potential c-Myc/Max heterodimer binding site 121-132 bp 

upstream from the first exon. The promoter prediction by NNPP predicted a single 

potential promoter region located 612-662 bp upstream from the first exon o f the 

BC M l gene.
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H I 2-1 3 Mouse BC011154 gene

A GENSCAN analysis, followed by a BLAST search, o f the mouse clone rp23- 

I45f9 revealed that the genomic segment at position 34288-19843, on the 

complementary strand, corresponds to an uncharacterized mouse gene with the Genbank 

accession number BC011154, that shares sequence similarity with the human 19A24 

cDNA (Fig. 3.33). A CLUSTALW  analysis between the mouse BCOl 1154 cDNA and 

the human 19A24 cDNA confirmed that both genes share 53.3% sequence identity 

(Fig. 3.37) and a BLAST analysis against the EST database dbEST confirmed that the 

mouse BCOl 1154 gene was indeed expressed, and therefore not a pseudogene.

m l9A 24 ----------------------------------------- CCTG9.V.^CGCT.XTGGCTCGTTTCTCA.i.C
h  19 A2 4 GCGœCGCGAATTCGGCACGAGCAGAGAGCAATATGGCTGGTTCCCCAAC

T .l 9.A2 4 GT.AC.ATC.i.TCTrr.iCCTCTGTCCTCTGTC.'.GCT.V-.CAGTC.-.CAGC.AGCTT
h 19 A2 4 .ATC-CCTC.ACCCTCATCTATATCCTTTGGC.=iGCTCAC.AGGGTCAGCAGCCT

m l 9.A2 4 CTGGAACTCTGAAGAA.GGTGGCCGGTGCCCTTaATGaATCTGTG.AC.ATTC
h i  9 AC 4 CTGGACCCGTGAAAG.AGCTGGTCGGTTCCGTTGGTGGGGCCGTGACTTTC

m l9AC4 ACTCTGAATATCACTG.AAAT.AAAGGTTGACT.ATGTTGTATGGACGTTC.AA
h 19.AC 4 CCCCTGAAGTCCAAAGT.AAA.GCAAGTTGA.CTCT.ATTGTCTGGACCTTC.AA

m l 9 AC 4 GACATTCTTTCTTGCC.ATGGTAAA .AAA.AGACGGCGTTA-CAT----------
hl9.AC4 GACAACCCCTCTTGTCACC.ATACAGCCAGAAGGGGGCACTATCATAGTGA

ml9AC 4 CACAAAGTAGTAACAAAGAAAGGATAGTCTTTCCAGATGGACTCTACTCC
h  19 AC 4 CCCAAAATCGTAATAGGGAGAGAGT.AG.ACTTCCaAGATGG.AGGCT.ACTCC

m l 9.AC 4 .ATGAAGCTCAGCCAATTGAAGAAGAATGACTCTGCAGCCTACCGTGCAGA
h  19 AC 4 CTGAAGCTCAGCAAACTGAAGAAGAATGACTCAGGGATCTACT.ATGTGGG

m l 9 -AC 4 GATTTACAGTACATCGAGTGAGGCTTCCTT.AATCCAGGAGTATGTGCTGC
hl9.AC4 aATAT.ACAGCTCATC.ACTCCAGCAGCCCTCCACCCACaAGTACGTGCTGC

m l 9 AC 4 .ATGTCTAC.AAGCATTTGTCAAGGCCCA.AGGTC.ACaATAGATCGGCAA.AGC
h i  9AC 4 .ATGTCTACGA.GCACCTGTCAA.AGCCTA.A.AGTCACATTGGGTCTGCAGAGC

m l 9 AC 4 .AACAAaAATGGCACCTGCGT.AATC.AATCTGA.CATGTTCCACGGATCAGGA
h i  9AC 4 .AATAAGAATGGCACCTGTGTGACC.AATCTGACATGCTGCATGGAJAC.ATGG
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ml9A24
h l9 A 2 4

ml9A24
h l9 A 2 4

ml9A24
h l9 A 2 4

ml9A24
h l9 A 2 4

m l 9 . ^  4 
h I9A 24

m l9A24
h I9A 24

m l9A24
h l9 A 2 4

m l9A24
h l9 A 2 4

m l9A24
h l9 A 2 4

m l9A24
h l9 A 2 4

m l9A24
h l9 A 2 4

m l9 A :4
h l9 A 2 4

m l9A 24
h l9 A 2 4

m l9A24
h l9 A 2 4

ml9A24
h l9 A 2 4

m l9A 24
h l9 A 2 4

CGGGGPJGAATGTAACCTACAGCTGGAAAllCTGTGGGGCAGGC-GGACViTC
GGAAGAGGATGTGATTTATACCTGGAAC3GCCCTGGGGCAAGCAGCCAATG

AjSTTTCATGATGGTGCCACCCTCTCCATCGCCTGGAGATCAGGAGAGAAA
AGTCCCAT.A.ATGGGTCCATCCTCCCCATCTCCTGGAGATGGGGAGA.\AGT

GACCAGGCCTTAACATGCATGGCCAGaAATCCAGTCAGCAACAGnrCTC 
GATATGACCTTCATCTGCGTTGGCAGGAACCCTGTCAGCAGAAACTTCTC 
* *  •  • « * «  *  » * • *  * * • ♦ * ♦ * * *  • «

AACCCCCGTCTTTCCCCAGAAGCTCTGTaAAGATGCTGCCACGGATCTA.A
A.AGCCCCATCCTTGCCAGGAAGCTCTGTGAAGGTGCTGCTGATGA.CCCAG

CTTCACTCAGGGGCATCCTATACATCCTGTGCTTCTCAGCAGTGCTCATC
ATTCCTCCATGGTCCTCCTGTGTCTCCTGTTGGTGCCCCTCCTGCTCAGT 

• « • • • • « « * •  * * * * * *  * * * * * * * *

CTATTTGCTGTCTTGCTGACTATTTTTCATACTACGTGGA.TAAiAGAAAA.G 
CTCTTTGTACTGGGGCT-ATTTCTTTGGTTTCTGAAGAGAGAGAGACAAG 
* * * * * *  *  * * * * *  *  *  *  *  *  *  * * * * * * * * *

.A.AAAGAAA.A--aAA.GACCAOi.AGAAGATGCACCWiCACATTTTATTCCA 
AAGA.GTACATTaAAGAGA.AGAAGAGAGTGGACATTTGTCGGGA.AACTCC- 
* * * * * *  * * * * *  * * * * * *  *  *  *  *  *  *  *  *  *

CTGTGCAGATCCCCAAA.GTGGTAAAGAGTCCCAGCTCCCTGCCTGC.AAA.G
TA.ACATATGCCCCCATTCTGGAGAGAACACAGAGTACG--A CAC.A.A

*  * * * * *  *  *  *  *  *  *  *  *  *  *  *  *

CCACTCGTGCCAAiGGTCATT.AA.GCTTTGAAAATGrrATCTAaATGACAGC
TCCCTCACACTAATAGAAC-AATCCTAAAGGAAG--ATCCAGC.A.AATACG

ACTCCGTCCTCTCCAGAAAAAAACAAAACAAAACA.AAACTGCAAAACAAA 
GTTTACTCCACTGTGGAAATACCGAAA.AAGATGGAAAATCCCCACTCACT 

*  * * * * *  * * * * *  *  *  *  *  *  *  *  * *  # *  *  *

CAAAACCTCACCATTCTGAGCAGA- -AATGAAAACTTCTGTCAAAGACTG
G-------- CTCACGATGCCAGACACACC.AAGGCTATTTGCCTATGAGAATGT

* * * * * * * *  *  *  *  *  *  *  *  *  *  *  *

AATGTAAATGTCTCCCCGCCAGACCCACATGTTTGCATCCAGACAGAGA.A 
TATCTAGACAGCA.GTGCACTGCCCCTAAGTCTCTGCTC.VAAAAAAAACA 

*  *  *  *  *  *  *  *  *  *  *  * * * * *  *  *  *  *  *

GTTCA-GGCTCAAGGGCTTTCAGGGTAC=iATGACTCTTGGGGACTGGGAT
ATTCTCGGCCCAAAGAA-------AACATACAGG--------------------------------------

*  *  *  *  *  *  *  *  *  *  *  *  *  *  *

ACAGCCCATTCAGACATTCTGACTAAGAATCTCTCTATGCCCATCCTGTC

TCCGGTAATGATGAATGAGC-CTGTGCTCATAGGCAGTGGACTAATTTGTC

TGATGAAGAAATTTTTGACAAAGCGCAGCA.TCTAGGCTGTGGCACAGCCA
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m l9A 24 TGTTCGCTGTrrTTATTCAC^TTTATAGCTGTATGTAAATAATCTCAATC
h l9 A 2 4  ---------------------------------------------------------------------------------------------------

m l9A 24 ATTCAGTTCCCAGATAAAiAGACGCATAaACGCATAAAAATTAAAAAAAAA
h l9 A 2 4  ---------------------------------------------------------------------------------------------------

m l9A 24 AAAAAAA.A
h l9 A 2 4 ------------ ---------------

Fig. 3.37: CLUSTALW  comparison between the cDNA sequences of human 19A24 

and mouse BCOl 1154. (m I9A24) mouse sequence. (hI9A24) human sequence.

In addition, an ALIG N comparison between the amino acid sequence deduced 

from the coding region o f the mouse BCOl 1154 gene and the human I9A24 protein 

indicate that they share 29.17c sequence identity (Fig.3.38).

10 20 30 40 50 60
I9.A24h MAGSPTCLTLIVILWQLTGS.AA.SGP'/KELVGS'OGGA'/rFPLKS'rr/KQ'ÆSÎV.'jTFÎiTTFL

19.A2 4m M ARFSrr 11 FTffj-LCQLT'yT.AASGTLfGO/AGALEGS’vTFTLMITEIIGÆ'F.'V.'rrFTrrFFL
10 20 30 40 50 60

70 aO 90 100 110 120
19A24h O'TIQPEGGTir/TÇMty'RERVDFPDGGYSLKLSKLKKMDSGITF/GIVSSSLCQPSTQE'r

19A24m  .AMlT2<EG---VTSQSSlKERIVTPi:GLYSMrXSQLKKMDSG.Ai'RAEIVSTSSQASLICE'i
70 SO 90 100 110

130 140 150 150 170 130
19A 24h YXF2"2'rKLSKPf"/T!-!GLQS'rr3'K3TC>/TlILTCC'!EKGEEDVIYT.'(y-ALGÇ.AAlfESKlIGSIL

19A24m, O'LH'vYTHLSRPK'vTIDRQSmG'IGTO/Iin.TCSTEQDGEir/TrSl'iFUWGCGDHQFHCGATL 
120 130 140 150 160 170

190 200 210  220 230 240
19A2 4h P I  S'.-.'RV.GESDKTF ICr/.ARirF/SRÎJFSS ?  I  L.AHrXCEGAADDPDSS-r.’LLCLLLVTLLLSL

19A24m SIAiv'RSGErTlCALTCl-IARNF/SNSFSTP’iTPQKLCEDAATDLTSL.RGILYILCFSAVXIL 
180 190 200 210 220 230

250 260 270 280  290
19A 24h F--'/LGLF--LVi'FLKRERQEEYIEEKKRnOI-<2?.ETPîIICPKSGEirrE 'itn 'î?KTMRTIL

19A24m FA17.LTIFHTT.VIKKRfZKf:TRRRCT1331LFHOlD---------PCSGKESQLPACr'JlTRAK";i
240  250 260 270 280 290

300 310 320 330
19A24 h  KEDPAllTYi'SrÆIPKfO-IEI'TPHSLLTI'IPDTPRLFA'rEir/I

19A24m E --------------------------------------------------------------------------- L
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Fig. 3.38: ALIG N comparison between the amino acid sequences o f the human (top) 
and mouse (bottom) 19A24 proteins.

The human 19A24 gene does not have any known function. However, a 

BLAST? analysis revealed some sequence similarity between the human 19A24 protein 

and the extracellular Ig-like domain of another lymphocytic antigen termed Ly9. The 

Ly9 glycoprotein is expressed on the cell surface o f B and T lymphocytes and, similarly 

to the CD48 and CD 150 proteins, consists o f four Ig-like domains with the structural 

features o f the CD2 subfamily. Sayos et al. (2001) demonstrated that Ly9. in a similar 

fashion to CD 150. was able to recruit SAP. the product o f the gene mutated in X-linked 

lymphoproliferative disease. The Ly9 gene contains ten exons, and each Ig-like domain 

is encoded by a separate exon (Tovar et al.. 2000). In addition, the Ly9 gene has been 

mapped in a genomic region located in proximity to the region encompassing the CD48 

and CD 150 antigens in mouse and in human (Doudney et al., 2001). The 19A24 gene 

may therefore be a member o f a large family o f genes, including CD48. CD 150 and 

Ly9. that are closely related to each other in terms of structure and location.

A  CROSSMATCH analysis between the genomic segment at position 34288- 

19843 and the mouse I9A24 cDNA reveals that 19A24 consists o f six exons and spans 

a genomic region o f approximately 15 kb (table 3.28 and Fig. 3.39). The results of the 

Neural Network splice site prediction program analysis confirmed the presence of 

potential splice sites at the e.xon-intron borders indicated by the ALIG N comparison of 

this genomic region and the 19A24 cDNA (table 3.29).

It is likely that each putative Ig-like domain o f I9A24 is encoded by a separate 

e.xon. in a similar manner to that observed for the CD 150 and Ly9 genes. .A TM H M M  

analysis to search for putative transmembrane domains (see 

www.cbs.dtu.dk/services/TMHMM-2.0/) inside the 19A24 protein indicates the 

presence o f a potential transmembrane domain at amino acid position 228-250 (Fig. 

3.40). This domain is encoded by exon 4. and similarly to the CD 150 and CD48
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proteins, probably corresponds to a single transmembrane domain anchoring the 19A24 

protein into the membrane. The predicted transmembrane domain in the amino terminal 

region of the I9A24 protein (Fig. 3.40) most likely reflects the presence o f a signal 

peptide and suggests that the 5' end o f e.xon 1 encodes for a signal domain.

BCOl U54/19A24 gene:

VTG
1

STOP 
2 3 4 5 6

()7

1
•'IS  : ' i  i; .s  f>s 505 

^  ; : s h  ^ n i : ^*  'M i :

19A24 protein:

N C

1
Kxon.s: I Î 2 1 3 5 6

Fig. 3 39: Slruclural organi/alion of the BCOl 11.S-1/19A24 gene and its encoded protein. (Top) 
Si/es. in ba.sc pairs, arc given below the introns and above the e.xons.The e.vons are indicated by 
black boxes and the connecting introns by hon/ontai lines, i Bottom) The black box corresponds 
to the transmembrane domain as predicted by TMH.VI.M.

Exon number Contig position Exon length (bp)

1

3
4
5
6

34288-34221 67 
26614-26304 310 
24616-24344 272 
24133-24011 122 
21722-21660 62 
20344-19843 501

Table 3.28: Contig position and length o f the exons o f the mouse I9.A24 gene.

Donor site sequence Acceptor site sequence

Exon/lntron

1/1

Sequence
34219

ctaacagGTgagtc

Intron/Exon Sequence
26615

i/2  tgtttgcAGtcaca

2/2
26302

gtctacaGTaagca
24613

2/3 tctttcacAGcattt

24342 24132
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3/3 ctgtgaagGTgacag 3/4

4/4
24009

aaaaaasGTaaaac 4/5

21658
5/5 ccaaaatsGTaaaaa 5/6

cctttaaAGatgct

21721
ttgttaatAGaaaag

20343
tacctacAGataaa

Table 3.29: Neural Network splice site prediction sequences: exons and introns arc 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

FMHMM posterior probatnliDes for Sequence

m 3 6

"e"t-rre - s e e

Fig. 3.40: TMHMM search for transmembrane domain of the 19A24 protein. The putative 
transmcmhrane domain is located at ammo acid position 228-250.

.A putative translation start site is located at position 34276. in the first e.xon. 

Initial analysis o f the first 1000 bp located immediately upstream from the first exon o f 

the mouse 19A24 gene, using MOTIF, indicates that the 5' flanking region o f I9A24 

contains potential binding sites for the transcription factors M ZFI. NF-AT. c-Ets. Spl. 

c-Myb. Pbx-I. L y f-I. Ik-2. GATAI. GATA2. G AT A3, which are involved in the early 

development and maturation o f lymphocytes, as well as a potential binding site for E2F 

transcription factor (489-496 bp upstream from the first exon). The promoter prediction
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by NNPP predicted two potential promoter regions, 703-753 bp and 330-380 bp 

upstream from the first exon of the mouse 19A24 gene, respectively.

111-2-1-4 Mouse AK002863 gene

A GENSCAN analysis, followed by a BLAST search, o f the mouse clone rp23- 

145f9 indicates the presence o f a potential single-exon gene at position 96427-96855, 

that shares over 99% sequence similarity with the cDNA sequence corresponding to the 

Genbank accession number AK002863 (Fig. 3.33). A CROSSMATCH analysis 

between the mouse clone rp23-145f9 sequence and the AK002863 cDNA indicates that 

this potential single-exon gene lacks the first 25 bp of the AK002863 cDNA sequence. 

This discrepancy may be explained by sequencing mistakes or the existence of a gene 

slightly different from the AK002863 gene. A putative translation start site (ATG) is 

located at position 96-143. A search o f the PROSITE protein profile database did not 

indicate the presence o f any particular motif in the putative protein encoded by the 

AK002863 gene. Psortll predicted that the putative AK002863 protein is nuclear. The 

analysis o f the 1000 bp located at position 95427-96427, using MOTIF, indicates the 

presence o f multiple potential binding sites for transcription factors. Among them are 

potential binding sites for c-Myb, Oct-1, CREE, AP-I. Ly f-I, NF-E2, c-Ets and E2F 

transcription factors. The promoter prediction by NNPP predicted a single potential 

promoter region. 796-846 bp upstream from the 5’ end o f the putative AK002863 

single-exon gene.

III-2-1-5 Repeat elements in the mouse clone rp23-145f9

The analysis o f repeat elements in the 198810 bp o f the mouse clone rp23- 

I45f9, using Repeatmasker, shows that they make up to 45.35% o f the sequence o f this
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clone (table 3.30). LINE and LTR elements represent -42.5% and -38% o f the total 

repeat elements present in this contig. The LINE elements here are almost exclusively of 

the L IN E l type. The SINE B I and B2 elements represent only -4%  o f the total repeat 

elements present in this mouse clone. This mouse clone rp23-I45f9 maps to a portion 

o f a cluster o f genes encoding glycoproteins exposed on the surface o f hematopoietic 

cells. As described above for the mouse 111200 gene cluster, this region, also on mouse 

chromosome 1. similarly has a high percentage o f L IN E l elements and a low percentage 

of SINE B 1 and B2 elements. Whether this trend can be related to this particular mouse 

genomic region (lq21-23). or the existence o f two distinct clusters, whose genomic 

organization appears to be based on the duplication o f an ancestor gene, remains to be 

established.

number of 
elements

length
occupied

percentage 
o f sequence

SINEs: 75 9750 bp 4.90%
B is 34 3989 bp 2.01%
B2-B4 25 4086 bp 2.06%
IDs 90 bp 0.05%
MIRs I 4 1585 bp 0.80%

l in e s : 37 38384 bp 19.31%
LIN E l 33 36933 bp 18.58%
LINE2 3 1299 bp 0.65%
L3/CR1 I 152 bp 0.08%

LTR elements: 88 34437 bp 17.32%
MaLRs 40 12327 bp 6.20%
ERVL 5 4100 bp 2.06%
ERV_classI 3 696 bp 0.35%
ERV_classII 18 9332 bp 4.69%

DNA elements: 6 1069 bp 0.54%
MERl_type 5 694 bp 0.35%
MER2_type 0 0 bp 0.00%

Unclassified: 2 722 bp 0.36%

Total interspersed repeats 84362 bp 42.43%

Small RNA: 4 333 bp 0.17%

Satellites: 0 0 bp 0.00%
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Simple repeats: 68 3935 bp 1.98%

Low complexity: 27 1906 bp 0.96%

Table 3.30: Identification o f the repeat elements on the mouse clone rp23-I45t9.

I l l  2 2 Mouse BAC clone rp23-77a8

The mouse BAC clone rp23-77a8 (Genbank accession number .AC091523) is 

located on mouse chromosome lq21-23 and contains 235508 bps. A single contig, 

totaling -378 kb was generated by merging BAC clones rp23-77a8 and rp23-14519 

(Fig. 3.41 ).

-198 kb

-235 kb BAC clone rp23-I45f9

BAC clone rp23-77a8

lyl08 CD84 SLAM B CM l I9A24

Fig. 3.41: Position o f the genes on the single contig. generated by merging BAC clones rp23-14519 
and rp23-77aS. The arrows indicate the direction of transcription.

The clone rp23-77a8 contains two known genes (Ly 108 and CD84) that both 

are involved in the interaction between lymphocytes and T cells in mouse. Ly 108 and 

CD84 belong to the CD2 subfamily o f the Ig superfamily, which consists o f multiple 

members, including, besides Ly 108 and CD84. CD2 (Davis and van der Merwe, 1996), 

CD58 (Seed, 1987), BCM1/CD48 (Wong et ciL 1990), 2B4 (Boles et a i.  1999), Ly9 

(Sandrin et al.. 1996), SLAM/CD 150 (Castro et al.. 1999) and N A IL (Kubin et al..
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1999). A ll o f these genes result in proteins which are characterized by a typical pattern 

o f Ig-like folds in their extracellular domain, a transmembrane domain and a 

cytoplasmic domain whose size may vary because o f the presence o f a splice variant 

(Castro et al.. 1999). Members o f the CD2 family are predominantly expressed on 

hematopoietic cells and play an active role in the immune response, as the interaction of 

these surface molecules with their receptors may contribute indirectly to signal 

transduction or promote cell-cell interaction. The genes encoding CD2 family members 

are clustered on mouse chromosomes 1 and 3 and on human chromosome 1. The 

genomic organization of the portion of the mouse chromosome 1 cluster, containing the 

Lyl08. CD84. SLAM  and B C M l genes, was revealed by the sequence of the contig 

generated by merging BAC clones rp23-14519 and rp23-77a8 (Fig. 3.41).

III-2-2-1 Mouse LyI08 gene

The Ly 108 gene was recently characterized by Peck and Ruley (2000). It 

contains at least 8 exons that produce an ORF of 993 bps encoding a protein of 331 

amino acids. In addition, there is a 5' UTR of 171 bps and a 3' UTR o f 1281 bps. The 

predicted protein contains a putative 30 amino acid hydrophobic signal domain and a 23 

amino acid hydrophobic transmembrane domain. The extracellular domain o f Ly l08 is 

made of two Ig-like domains. The amino-terminal Ig domain lacks any disulfide bonds 

and thus resembles a V-like fold, whereas the second Ig domain is characteristic o f a 

truncated C2-like domain with two disulfide bonds. A splice variant was characterized 

by EST analysis (Peck and Ruley. 2000). The putative protein encoded by this splice 

variant is identical to the Ly 108 protein through amino acid 327. at which point the two 

sequences diverge, with the deletion o f four amino acids and the addition o f 24 amino 

acids to the cytoplasmic domain. In addition. Ly 108 transcripts were detected in all but 

the most highly differentiated mouse B and T cells (Peck and Ruley. 2000). raising the
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possibility o f a role for the Ly 108 protein as a B and T cell co-stimulatory factor, similar 

to the role played by SLAM/CD 150.

A GENSCAN analysis, followed by a BLAST search, o f the mouse BAC clone 

rp23-77aS reveals that the genomic segment at position 159881-186212 corresponds to 

the mouse Ly l08  gene (Fig. 3.42).

G E X S C A N  p red ic ted  geaes ia  sequence rp 2 3 -7 7a8 .fas ta .sc ree n .C on tig l

CD 150
1 II I I I  1 I I 1 1 1 1 1 m 3 »  #

■iO 12 li.O :<o 0 4: 3

CDS4

] » 3 I I 1 II ■ !

i  [

a 7; a ? 6 j <14 a 

«  1 1 4 1 1 [

m i l 1 1 » 3 1 n I I  1 I I » ]  1 1

<1 u ;  0 ljs  i i44 o

i I I  c

LylOS

4 t

1 1 1 1 1 ► 3 1 1 1 1 »

i94.0 1»; g i>9 3 ;0H o liO 0

Key : a itk * :  g  :r>c*rn«i 
<cKcm

Sir̂ L«-4»«3n
^  ;-pC UMI «an

suhopc 1A*1 ««3n

Fig. 3.42: GENSC.-\N analysis ol' the mouse B.\C clone rp23-77aS. The genes are mdieated ahove 
their respective sequences.

CROSSMATCH analysis between the BAC clone rp23-77a8 and the Ly 108 

cDNA indicates that the Ly 108 gene contains eight e.xons (Fig.3.43). It further reveals 

that the putative 30 amino acid hydrophobic signal domain located at the amino terminus 

of the Ly 108 protein is encoded by the first exon o f the Ly 108 gene, and the 23 amino 

acid hydrophobic transmembrane domain is encoded by e.xon 4 o f the LylOS gene.
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LylOS gene:

ATG STOP STOP
1 2 3 4 5 6 7 8  8* 9*

:5 ( | .'•41 2M  lis 7'. 71 I2S1 77 -S'»

^  ^ :n:s^:!iPr>lii ®-iso^ss:^^ 41T1 ^oiiP

LylOSprotein:

N

Kxons: 1 ' 2  * 3 4 ‘ 5 ' 6  7 ' 8

Fig. 3.43: Stmciural organi/aiion of ihc Ly I OS gene and its encoded protein iTopi Si/es. in 
base pairs, arc given below the introns and above the exons.The exons are indicated by black 
boxes and the connecting introns by horizontal lines. The two alternatively spliced e.xons iS* 
and 9*1 are indicated by a white box. 1 Bottom) The dark gray box indicates the presence ol'an 
extracellular Ig-like V domain. The clear gray box corresponds to an extracellular Ig-like C2 
domain. The white boxes correspond to the signal sequence 1 e.xon 11 and the transmembrane 
region 1 e.xon 4i. The black box corresponds to the cytoplasmic regions encoded by exons 5. 6. 
7 and S. The isol'orm of the LylOS protein contains an additional cytoplasmic region encoded 
by e.xons S* and 9*. instead of the cytoplasmic region encoded by e.xon S.

Another CROSSMATCH analysis between the BAC clone rp23-77a8 and the 

cDNA o f the splice variant o f the LylOS gene (Genbank accession number AF248636) 

indicates that the splice variant is encoded by the genomic segment at position 159881- 

191296 and consists o f nine exons (Fig.3.43). Although the first seven exons o f the 

LylOS splice variant are similar to the first seven exons o f the LylOS gene, its last two 

exons are unique, confirming that the two isoforms o f LylOS differs in their 

cytoplasmic domains (table 3.31). The LylOS gene spans a genomic region of 

approximately 26 kb. and contains a large -16  kb first intron (table 3.31 and Fig.3.43). 

In addition, although the LylOS gene contains a large 3' UTR corresponding to the last 

exon, there is no such UTR at the 3' end o f the LylOS splice variant. Also, the results o f 

the Neural Network splice site prediction program analysis confirmed the presence o f
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potential splice sites at the exon-intron borders indicated by the ALIG N comparison o f 

this genomic region and the LylOS cDNA (table 3.32).

Exon number Contig position Exon length (bp)

I 159858-160136 278
2 176443-176784 341
3 178813-179076 263
4 180346-180459 113
5 180796-180825 29
6 181740-181813 73
7 183969-184040 71
8 184923-186204 1281

8 * 190343-190419 76
9* 191037-191297 260

T ab le  3.31: contig position and length o f the exons o f the mouse LylOS gene. 
S* and 9* indicates the 8'*̂  and 9'^ exons o f the splice variant o f the LylOS gene.

Donor site sequence Acceptor site sequence

Exon/lntron

1 / 1

2/2

3/3

4/4

5/5

6/6

7/7

Sequence 
160138 

caactcaaGTaaaaa

Intron/Exon

1/2

176786
ggtctttgGTgagtcc 2/3

179078
ctgcaaagGTaatgt 3/4

180461
gagaagagGTaagttt 4/5

180827
catccagGTgagcat 5/6

181815
ccaatgcagGTaagtcc 6/7

184042
tccaaaaaGTaaatcc 7/8

Sequence
176442

gtgtttacAGggagt

178812
tttatgtAGaacgac

180.345
ttcttttcAGgggttc

180795
catttcccAGgttctc

181739
aaccatacAGagtcct

183968
ttgtttacAGgaaatg

184922
tttctcctAGaccaaa

i n

8 * / 8 *

184042
tccagagaGTaaatcc

190421
cctaaaaGTaaata

7/8*

8 * / 9 *

190342
ttttcttgtAGgaaaca

191036
ttccccctAGaaaaaa
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Table 3.32: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 160052, in the first 

e.xon. The putative polyadenylation site described by Peck and Ruley (2000) is located 

at position 186192, in the last e.xon. The putative termination o f translation (T.AA) is 

located at position 184935, indicating that the last four amino acids o f the Ly 108 

protein, deleted in the splice variant, are encoded by the last e.xon. Initial analysis o f the 

1000 bp located immediately upstream from the first e.xon of Lyi08, using MOTIF, 

indicates the presence of potential binding sites for transcription factors that are 

important for the development and function o f hematopoietic cells, including M ZFI, 

GATA, c-Ets, c-Myb, Ik-2, Pb.xI. ST.AT and NF-AT binding sites. In addition, the 5’ 

flanking region o f LyI08 contains potential binding sites for AP-l, MyoD, p53. E2F 

and NF-kB transcription factors. The promoter prediction program NNPP predicted 

three potential promoter regions, located 839-889 bp, 507-557 bp and 498-548 bp, 

respectively, upstream from the initiation o f transcription. BLAST analysis 

demonstrated that a protein sharing sequence homology with a mouse Ly 108 protein 

iso form, coded by the first 8 e.xons o f the Ly 108 gene, is present in human, and 

therefore may correspond to the putative human ortholog o f the mouse Ly 108 protein. 

An ALIGN comparison between this mouse Ly 108 protein isoform and its putative 

human counterpart indicates that they share 41.5% sequence identity (Fig. 3.44).

10 20 30 40
ly lO S h  H------------------------------- LVâ.FQSLLPjTCFGPGM W SQSSLTPLI-r'/NGILGESVTLPLEFF

ly lO S m  HAVSR.=G>.\?DSACQRMVV;LFP LlTCLGSGSE'/SQSSSDPQLMliGVLGESAVLPLrXP
10 20 30 40 50

50 60 70 30 90 100
ly lO S h  .:\GEKVÎ'IFI'r,-.’LFN-ETS--LAFr.G=-KETKSPEIrr/TNPKÇGKRLI'IFTQSYSLQLSNLKM

ly lO Sm  .:\GKI.3iNIHVm'S-EASQVTALVINLSrrPESPQn-!NTDVtC--KRLNITQSYSLQISNLTM 
60 70 80 90 100 110

110 120 130 140 150 160
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ly lO Sh EDTGSYRAQISTKTS^jCLS-SYTLRILRQLRNIQVTNHSQLFQNMTCELHLTCSVEnADD

l y  10  8m ADTGSYTAQITTKDSEVITFK'iriLRVFERLGNLETTN'iTLLLENGTCQIKUi.C’TLKI^QSQ 
120 130 140 150 160 170

170 180 190 200  210  220
l y l O S h  NVSFRVEALGNTLSSQPM LT/3'roPRISSEQD'rrCIAENAVSNLSFS’'/SAQKLCEDVKIQ

ly lO S m  TVSv-EVQATGNISLGGPNVTIP.VDPRNSGEQTWCRAKNAVSMLSVSVSTQSLCKG'y-LT 
180 190 200  210 220 230

230 240 250  260 270
ly lO S h  'FTDTRl-II LFI-IVSGICIVFGFIILLL -  -  -  LVLR123RDSLSLSTQRT<2GPESARNLET'/S'uS

ly lO S m  MPP,'.TIAV’.-m -nT-ISIISA VILIF'/C /;SIH V.'rraiRGSLPLTSQ H PESSQSTDGPG-S
240  250 260 270  2S0

2 3 0  290 300 310 320 330
ly lO S h  PTMNT'/'ï’ASVTHSNRETEIVrrPREMDTITîYSTIîrriSKESKPTFSR.ATALDir/'/

ly lO Sm  P -GMT'/TAQ'/TRPHQEÎ-IKIPKPIKNDSI-!TlYSI^/trriSREAE'r'S- 
290  300 310 320 330

Fig.3.44: ALIG N comparison between the amino acid sequences o f the human (top) 
and mouse (bottom) LylOS proteins.

I l l  2 2 2 Mouse CD84 gene

CD84 was first discovered by de la Puente et al. ( 1997) as a leukocyte antigen 

predominantly expressed by human mature B cells and monocytes. Its murine 

counterpart, also named CD84. was characterized by de la Puente et al. ( 1999) as a new 

member o f the CD2 family o f cell surface molecules. The mouse CD84 gene has an 

ORP encoding a 329 amino acid protein displaying an amino acid sequence identity of 

57.3T  with the human CD84 protein (de la Puente et al., 1999). The sequence o f the 

mouse CD84 begins with a 21 amino acid signal domain, followed by an e.xtracellular 

domain made of two Ig-like sub-domains characteristic o f the CD2 family, a 

transmembrane domain and a 87 amino acid cytoplasmic domain. The CD84 transcripts 

are predominantly expressed on the surface o f B lymphocytes and macrophages. Two 

major mRNA species were detected in mouse hematopoietic tissues, suggesting the 

existence o f a splice variant. Interestingly, Palou et al. (2000) showed, by screening a
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peripheral blood leukocyte cDNA library, that five different human CD84 isoforms 

were obtained, differing in their 3' sequence. The corresponding proteins, differing in 

their cytoplasmic domains, were generated by several mechanisms including altemative 

splicing events, reading frameshift. use o f a cryptic splice site and absence o f splicing. 

Sayos et al. (2001) showed that the mouse CD84 protein, similarly to the cell surface 

receptor Ly9. can recruit the X-linked lymphoproliferative disease protein SAP via an 

interaction between the SAP protein and the cytoplasmic domain o f CD84. Whether the 

existence o f potential isoforms of the mouse CD84 protein differing in their 

cytoplasmic domains can alter their interaction with SAP remains to be established. 

Finally. Martin ei al. (2001) showed that CD84. although preferentially expressed on B 

lymphocytes and macrophages, also was expressed on thymocytes and T cells, and that 

CD84 can bind to itself in vitro. Furthermore. CD84 can act as a co-stimulatory factor 

by enhancing interferon gamma secretion in human lymphocytes (Martin et a!.. 2001 ).

CD84 gene:

STOP 
5 6 7 8

'u (,: (i5 ss

.\TG
I 2 3 4

11)0 V': 
1  1

:5i i:a 
1  1

mix) :i).v>: M iiu<)

CD84 protein:

I
E.xons: I ' 2 3 W  5 ' 6 ' 7

Fig. 3.45: Structural organi/ation ot'thc CDS4 gene and its encoded protein. (Topi Si/es. in hase 
pairs, arc given below the introns and above the exons.The exons are indicated by black boxes 
and the connecting introns by horizontal lines, t Bottom i Tlie dark gray box indicates the presence 
of an extracellular Ig-like V domain. The clear gray box corresponds to an extracellular Ig-like 
C2 domain. The white boxes correspond to the signal sequence I exon 11 and the transmembrane 
region (exon 4). The black box corresponds to the cvtoplasmic region, encoded bv exons 5. 6. and 
7.
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A GENSCAN analysis, followed by a BLAST search, o f the clone rp23-77a8, 

reveals that the segment at position 82948-131030 corresponds to the mouse CD84 

gene (table 3.33 and Fig.3.42). A CROSSMATCH analysis between the clone rp23- 

77a8 and the mouse CD84 cDNA indicates that the CD84 gene is made of 8 e.xons, 

spans a genomic region o f approximately 50 kb and contains large intronic regions 

(introns 1, 2 and 4 are ~11 kb, -20 kb and - I I  kb, respectively, in length) (Fig.3.45). 

The results of the Neural Network splice site prediction program analysis confirmed the 

presence o f potential splice sites at the exon-intron borders indicated by the ALIG N 

comparison of this genomic region and the CD84 cDNA (table 3.34).

E.xon number Contig position E.xon length (bp)

1 82948-83048 ÎÔÔ
2 94148-94480 332
3 115042-115293 251
4 I I 5650-115784 134
5 126930-127024 94
6 127916-127978 62
7 128706-128771 65
8 130943-131031 88

Tab le  3.33: contig position and length o f the exons o f the mouse CDS4 gene.

Donor site sequence Acceptor site sequence

on/Intron

I / I

Sequence
S3050

acaaacctGTgagttc

Intron/Exon

1/2

Sequence
94147

tatcctcAGggtctg

2/2
944S2

tatctaccGTaagtta 2/3
115041

ccccttatAGgtcgac

3/3
115295

atgtacagGTaaccag 3/4
115649

ctgtttccAGacactc

4/4
115786 

cctggaagGTaaaac 4/5
126929

tatttgAGcagatg

5/5
127026

agtccaagGTaagctg 5/6
127915

tcttttccAGatgctg

6/6
127980

ctgagaagGTaaatcc 6/7
128705

cttacacAGatgaag
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128773 130942
7/7 ttatctaaGTgaacat 7/8 actcaccAGgtgatt

Table 3.34: Neural Network splice site prediction sequences: exons and introns arc 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 83002. in the first 

e.xon. indicating that the CD84 gene contains a short 54 bp 5' UTR. A putative 

translation termination site (T.AG) is located at position 128768. in the 7^h e.xon. 

indicating that the last e.xon is a non-coding e.xon. and that the CD84 gene contains a 91 

bp 3' UTR. .An ALIG N comparison between the amino acid sequences o f the mouse 

and human CD84 proteins indicates that they share 56.2% sequence identity (Fig. 

3.46).
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Fig.3.46: ALIG N comparison between the amino acid sequences o f the human (top) 
and mouse (bottom) CD84 proteins.

The different sub-domains o f the mouse CD84 protein have been described by 

de la Fuente eî a i  ( 1999). The 21 amino acid signal domain is encoded by the first e.xon 

and the first 15 bp of the second e.xon. The first Ig-like sub-domain is encoded by the 

remainder o f the second e.xon. The second Ig-like sub-domain is encoded by the third 

e.xon and the first 24 bp o f the fourth e.xon. The transmembrane domain is encoded by 

e.xon 4. whereas the cytoplasmic tail is encoded by the last 41 bp of e.xon 4. and e.xons 5. 

6 and 7. Initial analysis o f the first 1000 bp located upstream from the transcription start 

site, using MOTIF, indicates several interesting features. First, the 5' flanking region of 

the mouse CD84 gene contains potential binding sites for transcription factors that are 

important for the maturation o f lymphocytes, including c-Ets, Oct-1. NF-E2. GATAI. 

GATA2. G AT A3. NF-AT. Ly f-I. M ZF I. p300. c-Myb and CCAAT/enhancer binding 

protein (C/EBP) potential binding sites. In addition, the 5' flanking region o f CD84 

contains potential MyoD. CRE-binding protein l/c-Jun (CRE-BPI/c-Jun) heterodimer. 

AP-I. CREB. PAR-type vitellogenin promoter-binding protein (VBP). RAR-related 

orphan receptor alpha2 (R0Ralpha2). zinc finger with interaction domain (ZID ) protein, 

sterol regulatory element-binding protein 1 (SREBP-I) and Thing 1/E47 (Thl/E47) 

heterodimer binding sites. The presence of a potential SREBP-I binding site is 

surprising, considering that this transcription factor normally controls the expression of 

genes encoding proteins essentials for cholesterol biosynthesis/uptake and fatty acid 

biosynthesis (Yokoyama et al., 1993). Thing I was first identified by Hollenberg et al. 

(1995) as a basic heli.x-loop-heli.x transcription factor containing a repression activity 

and appears to be essential for placentation and cardiac morphogenesis (Riley et al.. 

1998). Z ID  was first identified by Bardwell and Treisman (1994) as a POZ domain-

172



containing transcription factor. The POZ domain is a conserved motif present in a large 

family of proteins that acts to inhibit the interaction o f the associated finger regions o f 

these proteins with DNA (Bardwell and Treisman, 1994). Interestingly, the POZ domain 

is fused to RARalpha (retinoic acid receptor alpha) as a result o f a variant t( ll;1 7 )  

chromosomal translocation occuring in a small subset o f acute promyelocytic leukemia, 

where it acts as a potent oncogene (Dong e! al., 1996). Finally, the promoter prediction 

program NNPP predicted two potential promoter region in the 5' flanking region o f the 

mouse CD84 gene, 461-511 bp and 182-232 bp, respectively, upstream from the 

initiation o f transcription.

I l l  2-2 3 Repeat elements in the mouse clone rp23-77a8

The analysis of repeat elements in the mouse clone rp23-77a8, using 

Repeatmasker, shows that they make up to 46.92% of the sequence o f this clone (table 

3.35). As in the clone rp23-14519, the repeat elements mainly are LINE and LTR 

elements which represent -30% and -46%  of the total repeat elements present in the 

clone rp23-77a8. The LINE elements are almost exclusively L IN E l elements. SINEs 

81 and 82 elements are -12.4% of the total repeat elements present in this mouse 

clone. The total percentages o f repeat elements present in the clones rp23-77a8 and 

rp23-14519 are very similar (-45% of the total sequence in both clones), the percentage 

o f LINE elements present in the clone rp23-77a8 is lower than that present in the clone 

rp23-14519, and the percentage o f LTR elements present in the clone rp23-77aS is 

higher than that present in the clone rp23-14519.

number o f length percentage
elements occupied o f sequence

SINEs: 103 13753 bp 5.84%
8  Is 43 5052 bp 2.15%
82-84 43 6983 bp 2.97%
IDs 4 258 bp 0.11%
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MIRs 13 1460 bp 0.62%

LINEs: 51 33220 bp 14.11%
L IN E l 38 30269 bp 12.85%
LINE2 12 2893 bp 1.23%
L3/CRI I 58 bp 0 .02%

LTR elements: 80 51035 bp 21.67%
MaLRs 36 14769 bp 6.27%
ERVL 6 I0202bp 4.33%
ERV_classI 662 bp 0.28%
ERV_classII lô 18660 bp 7.92%

DNA elements: 14 2272 bp 0.96%
MERI_type 11 1726 bp 0.73%
MER2_type 2 430 bp 0.18%

Unclassified: 4 1344 bp 0.57%

Total interspersed repeats 101624 bp 43.15%

Small RNA: 0 0 bp 0 .00%

Satellites: 0 0 bp 0 .00%

Simple repeats: 101 6234 bp 2.65%

Low comple.xity: 31 2490 bp 1.06%

Table 3.35: Identification o f the repeat elements on the mouse clone rp23-77aS.

I l l  2 3 Mouse BAC clone rp23-2I118

The mouse BAC clone ip 23 -2 ilI8  on mouse chromosome lq22 (Genbank 

accession number .AC083893) is 244345 bp in length. A GENSCAN analysis, followed 

by a BLAST search, on the genomic sequence of the clone rp23-211l8 revealed that this 

clone does not harbor any known or putative genes (Fig.3.47). The library sample was 

initially contaminated with another BAC clone o f 233219 bp. that was subsequently 

named rp23-2I118b (Genbank accession number AC092498). A GENSCAN analysis 

and a BLAST search on o f the clone rp23-211I8b revealed that it contains a gene 

encoding a small GTPase of the Ras family. Rablla. that has been mapped to mouse

174



chromosome 9C (Bharturt'/a/.. 2000). Thus, it is very likely that the clone rp23-2 lll8b  

does not correspond to any genomic region o f the QTL located on mouse chromosome 

Iq. In addition, two STS markers (D4Mit322 and D4Mit275) match with the mouse 

BAC clone rp23-21118. However, these markers have been mapped to mouse 

chromosome 4. Based on this data, it appears that the mouse BAC clone rp23 -2 lll8  

does not belong to mouse chromosome Iq region but rather to mouse chromosome 4. 

The position of rp23-211I8 therefore is different from the one that was assumed at the 

beginning of this dissertation research.
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Fig.3.47: GE.NSC.-\.\ analysis ol' the mouse B.AC clone rp23-211 IS. The genes predicted by GE.N'SC.A.N 
are repeat elements or false positives.

The analysis o f the repeat elements in the 244345 bp o f the clone rp23-21118. 

using Repeatmasker. indicates a very high percentage of repeat elements, as more than 

half o f the total sequence of this clone is made of repeat DNA (table 3.36). Most o f the 

repeat elements correspond to LINE 1 elements and, to a lesser extent, LTR elements.
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SINE elements are only 1.2% of the total repeat D N A present in this clone, confirming 

that there is a high percentage o f LINE I elements and a low percentage o f SINEs in 

several clones mapped to the same genomic region (mouse chromosome Iq21-23). In 

this particular case, however, the high percentage o f LINE elements can be correlated to 

the total absence of genes, as LINE elements have been reported to being predominant 

in gene-poor regions (Lander et w/., 2001).

number of 
elements

length
occupied

percentage 
of sequence

SINEs: 23 2938 bp 1.20%
B is 12 1310 bp 0.54%
82-84 11 1628 bp 0.67%
IDs 0 0 bp 0.00%
MIRs 0 0 bp 0,00%

LINEs: 96 96164 bp 39.36%
LIN E I 93 95906 bp 39.25%
LINE2 T 185 bp 0.08%
L3/CR1 I 73 bp 0.03%

LTR elements: 59 26543 bp 10.86%
MaLRs 34 10253 bp 4.20%
ERVL 0 0 bp 0.00%
ERV_classI 1 67 bp 0,03%
ERV_classII 9 10334 bp 4,23%

DNA elements: 8 1630 bp 0.67%
MERI_type 5 547 bp 0 .22%
MER2_type 0 0 bp 0.00%

Unclassified: 3 552 bp 0,23%

Total interspersed repeats 127827 bp 52.31%

Small RNA: 4 333 bp 0.17%

Satellites: 0 0 bp 0 .00%

Simple repeats: 85 4904 bp 2.01%

Low complexity: 36 1439 bp 0.59%

Table 3,36: Identification o f the repeat elements on the mouse clone rp23-2lllS .
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I l l  2-4 Mouse BAC clone rp23-395h6 

III-2-4-1 Mouse BAC clone rp23-395h6: a preview

The mouse clone rp23-395h6 (Genbank accession number AC084821) maps to 

a gene-rich mouse chromosome lq2 l-24  region. A total of fourteen genes, including 

three hypothetical genes, and one processed pseudogene have been predicted on mouse 

BAC clone rp23-395h6, using GENSCAN (Fig. 3.48) and BLAST.
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Fie  3.48. G K N S C A N  analysis o f  the mouse B A C  c lone rp23-3 ‘)5hfi iC i  Com plem entary strand.

A ll 14 genes likely are e.xpressed as ESTs corresponding to them were found in 

the dbEST database. The genes present on mouse clone rp23-395h6, their positions and 

their biological activities, are summarized on table 3.37 and Fia.3.49.
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Fig. 3.49: The position of each gene and pseudogene on the mouse BAC clone rp23-395h6 is indicated by a lull 
square on the upper lane and by the corresponding position (in kh) on the lower lane The clone is represented 
by a plain line and is not represented in its totality on (a) and ihl. (a) The upper squares correspond to genes 
transcnhcd in the 5'-3' direction, and the lower squares correspond to genes transcnbed in the 3'-5' direction, ib) 
The numbers correspond to the position on the clone 395h6 (in kb) of each gene represented on lai. and are 
positioned according to the position of the corresponding gene in (a). The 5' and 3' directions are indicated.

Gene Position (kb) Biological activities

n itl 0-3 nitrilase

DEDD 4-7 (C) CD95-mediated apoptosis

L IT
(pseudogene)

39-40 ribosomal protein

RIKEN2 50-56 unknown

USP23 58-63 ubiquitin-specific protease

Ppox 64-68 protoporphyrinogen oxidase

beta4Gal-T3 68-74 (C) beta-galactosyltransferase

Adamts4 86-94 (C) aggrecanase- 1

NDUFS2 98-110 mitochondrial complex I 
subunit

Fcerlg 111-115 IgE receptor gamma 
subunit

apoA-II 119-120(0
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RIKEN 1 123-126 eukaryotic porin?

mCAR 126-131 (C) cellular détoxification

myelin PO 184-191 (C) myelin formation

R1KEN3 194-211 succinate dehydrogenase
of cytochrome b

Table 3.37: Clone position, and biological activities o f the genes present on 
mouse clone rp23-395h6.
(C) complementarv’ strand.

Several genes present on the clone rp23-395h6 are in close proximity to each 

other. The 3' ends o f the Ppox and beta4Gal-T3 genes are separated by 98 bp only, 

whereas the 3' ends o f the RIKEN 1 and mCAR genes are separated by only 190 bp. 

The poly(A) signals o f the Ppox and beta4Gal-T3 genes are located at position 68516 

and 68652, respectively, and are therefore separated by only 136 nucleotides. Although 

the existence o f bidirectional poly(A) signals has been demonstrated in prokaryotes 

(Swartzman et al., 1990) as well as in eukaryotes (Imiger cr «/.. 1991), it appears that, in 

the case o f the Ppox and beta4Gal-T3 genes, the gene transcription ends at an 

unidirectional poly(A) signal.

In the subsequent sections, each gene and its encoded protein, their structural 

and functional features, w ill be described according to the data currently available.

111-2 4-2 Mouse CAR gene

Various organic compounds, also known as .xenochemicals or xenobiotics. 

include dietetary compounds, environmental pollutants and pharmaceutical drugs require 

detoxification to ensure their proper elimination from the body. Hepatic microsomal 

cytochrome P450s (encoded by the GYP gene superfamily) are the most important 

enzymes catalyzing the metabolic detoxification. The efficiency o f this process is 

enhanced because many foreign chemicals selectively induce, via activation o f gene
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transcription, the CYP genes required for their metabolism (Gonzalez, 1989). The 

transcriptional activation o f CYP genes by xenobiotics occurs mostly in the liver and is 

mediated by the interaction of ligand-nuclear receptor complexes with enhancer 

sequences located upstream from the CYP gene promoters (Waxman, 1999). There are 

two classes o f xenobiotics that induce the different sets of CYP genes: polycyclic 

aromatic hydrocarbons, inducing CYPIA and CYP IB, and phénobarbital, inducing 

CYP2A, CYP2B, CYP2C, CYP2H and CYP3A (Zelko and Negishi, 2000). 

Phénobarbital most effectively induces the CYP2B gene, and a phenobarbital-response 

element (PBRE) was first identified upstream from the CYP2B gene (Honkakoski et al.. 

1998). The orphan nuclear receptor CAR, which was originally described as a 

constitutive activator of an empirical set o f retinoic acid response elements (Choi et al.. 

1997), has been shown to bind to the PBRE as a heterodimer with the retinoid X 

receptor alpha (Sueyoshi et a i.  1999), following the phenobarbital-induced translocation 

o f the CAR receptor from the cytoplasm to the nucleus (Kawamoto et al.. 1999). The 

nuclear translocation o f the CAR receptor depends on a leucine-rich peptide located at 

its carboxy-terminus (Zelko et al.. 2001). Unlike other nuclear receptors, CAR binds to 

its response element and activates transcription in the absence o f ligand (Choi et al.. 

1997). Its constitutive activity is inhibited by the steroids androstanol and androstenol, 

because these compounds promote the release o f the co-factor steroid co-activator SRC- 

1 from the putative ligand-binding domain o f C.AR (Forman et al.. 1998), raising the 

interesting possibility of a regulatory mechanism repressing the constitutive activity of 

CAR in order to acquire the phénobarbital responsiveness. Gene-knockout studies in 

mice by Wei et al. (2000) further established that the nuclear receptor CAR activated by 

phénobarbital was able to enhance the expression o f the CYP2B gene, and that CAR 

was a central component in mediating the specific xenobiotic induction of drug 

metabolism.
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The mouse CAR (mCAR) gene, characterized by Choi et al. (1997), is encoded 

by nine exons and the mCAR protein is very similar, in terms o f structural organization, 

to proteins belonging to a small subgroup of the nuclear hormone receptor superfamily, 

including the mammalian vitamin D receptor and an orphan receptor from Xenopiis 

laevis. In addition, an ALIGN comparison between the mouse and human CAR proteins 

indicates that they share 57.57c sequence identity (Fig. 3.50).

10 20 30 40 50
CARhum --------------- REDEL--?lNCrA/CGDQ.^TG'i'HFM^LTCEGCKGFFRRT'/SKSIG?TCPF.n

C.^_Rmus MT.“l-lLTLET>!ASEEE'/GPRMCrv’VCGDFATG'rriFR=iLTCEGC<GFFRR'r/SKTIGPICPFA 
10 20 30 40 50 60
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CARhum GSCEr/SP'.TQRRHCP.ACRLQKCLD.Aa-!FJ<DMILS.AEALAL.RR.Ar:CAQ.RRAiQQTPVQLSKEQ

CAPmus GRCEVSrA.QRRKC P.ACRLQKCLir.'GI-IRKDHI LSAEALACRRARCAQRRAEFl^^LOLKCCQ
70 80 90 100 110 120

120 130 140 150 160 170
CAlthum EELIRTLLG.AKTRH-tGTI-IFEQF'/QFP.PP.AHLFIHKQPLPTLAPVLPLVTHF.iXJIin'FM'iC

CARmus KELVQILDGAHTOrrVGPLFDQr7QFEPPA'iCF!-!KHRPFQPRGPVXPLLTKFADIhTF!-r/Q 
130 140 150 160 170 ISO

190 190 200 210 220 230
CARhum QVIEFTKDLP'.FF.SLPIEDQlSLLKGAAV’EICHIvTAnTFCLQTQMFLCGPLP.lTIEEGA

CARmus QIIKFTFG3L PLFRSLTI-EEQISLLEGAAVEILHISLMTTFCLQTENFFCG PLCTrC-IEDAV 
190 200 210 220 230 240

240 250 260  270 290 290
CARhum RVGFQ'/EFLELLFHFHGTLRFCQLQEPE'iO/LLAAI-IALFS PDRPG''7rQRDEIDÇLCEEMAL

CARmus HAGFQ'FEFLES ILHFHKI'IERGLHI.qSPE'F/U-IAATALFSP---------------------------------------
250 260 270 290

300 310 320 330 340
C.ARlium TLQSYIKC-vQREPRDRFLYAKLLGLLAELRS INE.AYGYQ ICKICOLSAT'iMPLLÇEICS

CARmus ---------------------------------------------------------------------- GFC-IQ--------------------------------3

Fig. 3.50: ALIGN comparison between the amino acid sequences o f the human (top) 
and mouse (bottom) CAR proteins.

Typically, the protein encoded by mCAR contains a very short amino-terminal 

region, followed by a DNA-binding domain, a hinge region and a ligand 

binding/dimerization domain. As a consequence of alternative splicing, the mCAR gene
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encodes two proteins. Both proteins are identical, except for the ligand 

binding/dimerization domains where a 107 bp out-of-frame deletion generates a 

truncated variant containing only 6 new amino acids instead o f the last 78 residues of 

the mCAR protein (Choi et a i.  1997). A CROSSMATCH analysis between the mCAR 

gene and the mCAR cDNA indicates that the truncated splice variant actually lacks the 

region coded by the S'” exon o f the mCAR gene. Interestingly, the mCAR gene shares 

significantly less than the typical 907r homology with its human counterpart hCAR 

(Baes et al., 1994) (Fig. 3.50), suggesting that mCAR and hCAR are derived from 

distinct genes encoding two CAR isoforms (Choi et al.. 1997).

A GENSCAN analysis, followed by a BLAST search, of the 211748 base pairs- 

BAC clone rp23-395h6 reveals that the position 131490-126682 on the complementary 

strand corresponds to the 9 exon-mouse CAR gene (table 3.38 and Fig. 3.48). It also 

indicates that the mCAR gene spans a genomic region o f approximately 5 kb (Fig. 

3.51). The results o f the Neural Network splice site prediction program analysis also 

confirmed the presence o f potential splice sites at the e.xon-intron borders indicated by 

the ALIG N  comparison o f the mCAR genomic region and the mCAR cDNA (table 

3.39).

Exon number Contig position Exon length (bp)

1 131490-131352 138
2 131182-131040 142
3 130581-130451 130
4 129146-128977 169
5 128779-128640 139
6 128449-128304 145
7 128211-128095 116

8 127899-127794 105

9 126936-126682 254

Table 3 ,38: contig position and length o f the exons o f the mouse C.A.R gene. .-X 
truncated variant o f mC.AR does not contain the region encoded by the S'" exons 
because of an out-of-frame deletion.
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mCARgene:

ATG STOP
1 2 3 4 5 6 7 8  9

1 3 8  W  1 3 :  171 1 4 4  1 4 7  1 17  10 8  :S S

^ 1 6 ^ 4 5 6 ®  1 3 0 1  ^ I ' j i S ' l ' i f i O - -  8 5 3  ^

inCAR protein:

Exoas: 2 1 3 1 4 5 6 7 8 9

Fig. 3.51: Structural organisation of the mC.-\R gene anil its encoded protein. iTopi Si/es. in 
base pairs, are given below the introns and above the e.xons.The exons are indicated by black 
boxes and the connecting introns by hori/.ontal lines. The alternatively spliced exon i8) is 
indicated by a w hite box. i Bottom I The dark gray box indicates the presence of a DNA-binding 
domain. The clear gray box corresponds to the hinge region. The white box corresponds to the 
ligand binding/dimeri/ation domain. The 8th exon i w hite boxi is deleted in the splice variant 
of mC.-VR because of an out-of-frame deletion, generating a truncated variant.

Donor site sequence Acceptor site sequence

E.xon/Intron

1/1

Sequence Intron/E.\on 
131350

ggaaacagGTaggtaa 1/2

Sequence 
131183 

ccacattcAGgagacc

2/2
131038

tcttcagGTgaatgc 2/3
130582

ctatctcacAGacgaac

3/3
130449

aaagacaGTgagttg 3/4
129147

ctgacacAGtgatac

4/4
128975

gttcaagGTgagaac 4/5
128780

actctacAGcctccg

5/5
128638

tcticcgGTgagtag 5/6
128450

gacacagAGgtccct

6/6
128302

gtccatgGTgagatg 6/7
128212

ctctcacAGcagggt

7/7
128093

tcccctgGTgaggat 7/8
127900

ctctctcAGacagac

8/8
127792

aaagtcgGTagggag 8/9
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Table 3.39: Neural Network splice site prediction sequences; exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 131177, eight base 

pairs downstream from the 5' end o f the second exon, indicating that the first exon is a 

non-coding exon. Initial analysis o f the first 1000 bp located immediately upstream 

from the 5' end o f the first e.xon, using MOTIF, reveals that the 5' fianking region of 

mCAR contains potential binding sites for the ROR alpha 1 receptor and the aryl 

hydrocarbon (Ah) receptor nuclear translocation homodimer (Amt), 937-949 bp and 

299-314 bp, respectively, upstream from the 5' end o f the first exon. The ROR alpha 1 

receptor is a retinoic acid receptor-related orphan receptor, isolated by Giguere et al. 

(1994), which binds DNA as a monomer and constitutively activates transcription from 

a large subset of hormone response elements. The Amt homodimer is a component of 

the DNA-binding form of the Ah receptor and was isolated by Hoffman et al. ( 1991). 

The Ah receptor binds various environmental pollutants, such as dioxin, and the ligand- 

bound receptor activates CYP la l gene transcription through interaction with specific 

DNA sequences, termed the .xenobiotic-responsive elements (XREs) (Reyes et al.. 

1992). The Amt protein contains a basic helix-loop-helix motif, and therefore may be 

responsible for interacting with the XRE (Reyes et al.. 1992). The presence o f a putative 

binding site for Amt in the 5' flanking region o f mCAR suggests that the transcription 

o f the mCAR gene, itself encoding a receptor involved in the .xenobiotic induction o f 

drug metabolism, is under direct control of nuclear receptors activated by the presence 

o f xenochemicals. The mCAR receptor therefore may be part o f a transcriptional 

cascade involving several nuclear receptors activating the transcription o f downstream 

genes, in response to the presence o f environmental pollutants. In addition, the presence 

o f a putative binding site for the ROR alpha I receptor may reflect a basal and 

constitutive transcriptional activity of the mCAR gene that does not depends on the
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presence o f xenobiotic elements. Finally, the promoter prediction by NNPP predicted 

one potential TATA box-containing promoter located 690-740 bp upstream from the 5' 

end o f the first e.xon o f the mCAR gene.

I l l  2-4-3 Mouse myelin protein zero (PO) gene

The myelin sheath is a specialized membranous organelle that serves as an 

electrical insulator and efficiently enhances the conduction velocity of axons in the 

vertebrate nervous system. Synthesized by oligodendrocytes in the central nervous 

system and by Schwann cells in the peripheral nervous system, this organelle consists 

o f plasma membrane extensions that are repeatedly and tightly wrapped around axons to 

form compact myelin. Compaction is mediated by specialized myelin proteins. In the 

peripheral nervous system, the most abundant o f these proteins is myelin protein zero 

(PO) (Roomi et a i. 1978). a transmembrane glycoprotein belonging to the Ig 

superfamily and accounting for more than 50% o f the proteins of the peripheral nervous 

system myelin (Lemke et al.. 1988). Several studies have demonstrated that myelin 

protein zero is essential for peripheral nerve development and function. The phenotypes 

of mice with mutations in the PO gene are reminiscent o f human neuropathies, such as 

Charcot-Marie-Tooth disease type IB. Dejerine-Sottas syndrome and congenital 

hypomyelination (Hayasaka ei al.. 1995; Kulkens et al.. 1993; Su et al.. 1993). and 

include hypomyelination. loss of motor control, tremors and abnormal myelin sheath 

(Giese et al.. 1992). Heterologously overexpressed PO protein accumulates at membrane 

contact sites between neighboring cells and induces homophilic adhesion (D'Urso et al.. 

1990). It has been suggested that both the carbohydrate structure of PO (Filbin and 

Tennekoon, 1991). and the protein backbone within the extracellular Ig-like domain of 

PO (Zhang et al.. 1996) were involved in these interactions, implying that PO holds 

together adjacent membrane layers o f myelin because o f its homophilic adhesion
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capacity. X-ray crystallographical data revealed that the extracellular domains o f PO are 

assembled as tetramers, adhering to PO tetramers on the opposing myelin layer (Shapiro 

et a i,  1996). In addition, the cytoplasmic domain o f PO has been suggested to be 

involved in the compaction o f intracellular surfaces o f membrane layers, thus adding 

another level o f compaction o f the myelin sheath (Ding and Brunden. 1994).

During Schwann cells development, the PO gene is coordinately induced with 

genes encoding other myelin-specific proteins, such as myelin basic protein and PMP- 

22 (Lemke. 1988). This regulation of the PO gene reflects a combination of 

transcriptional and translational controls. The 5' Hanking region o f the PO gene contains 

most o f the regulatory elements required for tissue-specific and developmentally 

accurate PO expression (Brown and Lemke. 1997). In addition, the overexpression of 

the PO protein in peripheral nerves causes a dose-dependent dismyelinating neuropathy, 

manifested by delayed ner\e development, that reveals the importance of precisely 

regulated gene dosage for normal myelination (Wrabetz ei a i.  2000).

A GENSCAN analysis, followed by a BLAST search, o f the mouse clone rp23- 

395h6 indicates that the genomic segment at position 191305-184608 on the 

complementary strand corresponds to the 6 exon-mouse myelin PO gene (Fig. 3.48). A 

CROSSMATCH analysis between the mouse clone rp23-395h6 and the PO gene cDNA 

indicates that this gene has six exons, covering approximately 7 kb o f genomic DNA 

(table 3.40 and Fia. 3.52).

Myelin PO gene:

.VTG STOP
1 2 3 4 5 6

U 2 6  IM) : i 3  135 bO ‘r**

Fig. 3 52: Structural organization o f the myelin PO gene. Sizes, in base pairs, arc given below the 
introns and above the e.xons.The exons arc indicated by black boxes and the connecting introns by 
honzontal lines.
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In addition, the results o f the Neural Network splice site prediction program 

analysis also confirmed the presence o f potential splice sites at the exon-intron borders 

indicated by the ALIGN comparison o f the PO genomic region and the PO cDNA (table 

3.41).

Exon number Contig position E.xon length (bp)

I 191305-189879 1426
T 187166-187000 166
3 186774-186561 213
4 186029-185894 135
5 185753-185693 60
6 185585-184608 977

Table 3.40: contig position and length o f the exons o f the mouse PO gene.

Donor site sequence Acceptor site sequence

Sequence Intron/Exon Sequence
189877 187167

Exon/Intron

1/1 tctttasGTaaataa 1/2 tatttacAGtactat

IS6998 186775
2/2 catttcgGTgagtgc 2/3 tcctcatAGatcttc

186559 186030
3/3 gaaaaagGTgtgaga 3/4 ccctcctAGtgccca

185892 185754
4/4 gactcaaGTaaaaaa 4/5 ttaccacAGtaccat

185691 185586
5/5 gcggcagGTtagtag 5/6 tccccgcAGacgcca

Table 3.41: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

The putative translation start site (ATG) is located at position 189946. in the first 

e.xon. and the putative termination site (TAG) is located at position 185485. in the last 

exon (Fig.3.52). An ALIG N comparison between the mouse and human myelin protein 

zero indicates that they share 35.7% sequence identity (Fig. 3.53).

187



10 20 30 40 50
mpzhurn ^lAASAGAGAVIAAPDSRRVJLWSVUJVlL-  -GLLTACv'SALE'v'"i'TPKEIr/ANGTQGKLTC

m psm us MAP GAPSSSPSP----------- ILAALLFSSLVLSP.ALAIWiTDREIYGAVGSQVTLKC
10 20 30 40 50

60 70 80 90 100 110
mpzhum KFKSTSTTGGLTSVSl'/SFQPEGADTT'/SFFHYSCGQV'iXGN'YPPETCDRIffl'/AGDLDKKDA

mpzmus SF/;SSE'."A/SDDISFT'."niYQPEGGRDAISIFH’/AKGQPYIDE:/GAFKERIQW/GDPRVKDG 
60 70 80 90 100 110

120 130 140 150 160 170
m pzhum SINIEMMQFIKNGr:'ICDVKÎIPPDIWQPGHIRLr-y’'/FKENLFyTF/.-AW GIVTA';'/LG

mpzmus SIVIHMLDYSDNGTF'rGDVr34PPDIVGKTSQ7TLTv'FEf:--VPTR-YCrv'^ÆGAVIGGILG 
120 130 140 150 160

180 190 200 210 220 230
mpzhum LTLLISMILAVL'/RRKNSKRD'iTGCSTSESLSP1T;CAP-RKSPSDTEGL-/:<SLPSGSHÇG

mpzmus V'/'LLL- LLLm IRYC.-j’LRRQ------AAXQRRLSAl-EKGRFKKSS Œ S S ------------- KR.GRQT
170 ISO 190 200 210

240  250 260
mpzhum F/IYAQLDHSGGHHSDKINKSES’--"/'!’AD IPFGI

mpzmus ?VLYAI-ILDHSRSTrlAASErG:SKGLGESRi''XKj; 
220 230 240

Fig. 3.53: ALIGN comparison between the amino acid sequences of the human (top) 
and mouse (bottom) myelin protein zero.

Initial analysis o f the 1000 bp immediately upstream from the initiation of 

transcription, using MOTIF, indicates the presence o f several potential transcription 

factor binding sites. Brown and Lemke (1997) determined that a potent transcriptional 

regulatory region was present from position -350 to +45. and that the basal PO promoter 

was identified as two transcription factor binding sites, a Spl site and a NF-Y site, 

located at positions -48 to -59 and -66 to -79. respectively. None of these two sites were 

detected, using MOTIF, in the 5' flanking region of the PO gene. However. MOTIF 

predicted other potential binding sites for transcription factors in the genomic region at 

position -350 to -+45. such as M Z F l. C/EBP. Oct-1. Lyf-1 and Pbx-l binding sites. In 

addition, two potential promoter region were predicted by NNPP. located 395-445 bp 

and 20-70 bp. respectively, upstream from the initiation of transcription. The presence of
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a putative NF-Y CCAAT box binding site 66-79 bp upstream from the initiation of 

transcription suggests that the promoter region located 20-70 bp upstream from the PO 

gene may correspond to the actual promoter.

I l l  2 4 4 Mouse apoA-II gene

Plasma levels of high density lipoproteins (HDL) are inversely correlated to the 

risk o f artery disease. HDLs protect against artery disease by removing cholesterol from 

peripheral tissues and transporting it to the liver (Tall. 1990). The two major 

apolipoproteins associated with HDL arc apolipoproteins A-I (apoA-I) and A -II (apoA- 

II). In human. apoA-I and apoA-II constitute approximately 60% and 20%. respectively, 

o f the protein mass o f HDL (Tall. 1990). Although the role o f apoA-I in maintaining 

HDL structure is well established (Tall. 1990), the role of apoA-II is still unclear. Unlike 

apoA-I. apoA-II is not required for assembly o f HDL (Deeb et al.. 1990). However. 

apoA-II has been shown to affect several aspects o f HDL metabolism, including 

cholesterol transport to the liver (Barbaras et al.. 1987). HDL composition (Zhong et al..

1994) and HDL levels (Zhong et al.. 1994). In addition. Warden et al. (1993) showed 

that the overexpression o f apoA-II in transgenic mice on both chow and atherogenic 

diets promoted the development o f atherosclerosis, suggesting a significant role for 

apoA-II in regulating HDL metabolism and plasma cholesterol levels.

A GENSCAN analysis, followed by a BLAST search, o f the BAC clone rp23- 

395h6 indicates that the genomic segment at position 120437-119156 on the 

complementary strand corresponds to the mouse apoA-II gene (Fig. 3.48). It also 

indicates that this gene spans a genomic region o f approximately 1.3 kb (table 3.42 and 

Fig. 3.54). In addition, the results of the Neural Network splice site prediction program 

analysis also confirmed the presence o f potential splice sites at the exon-intron borders
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indicated by the ALIGN comparison of the apoA-II genomic region and the apoA-II

cDNA (table 3.43).

A poA -lI gene:

,\TG STOP 
1 2  3 4
n  13̂  ::s

Fig. 3.54: Structural organization ol the .-\po.-\-H gene. Sizes, in base pairs, are given below the 
introns and above the e.xons.The exons are indicated by black boxes and the connecting introns by 
horizontal lines.

E.xon number Contig position Exon length (bp)

1
1

3
4

120437-120404 
120241-120159 
119859-119727 
119382-119156

33
82
132
226

Table 3.42: contig position and length o f the exons o f the mouse apoA-lI gene.

Donor site sequence .A.cceptor site sequence

Exon/Intron

1 / 1

2/2

3/3

Sequence
120402

agaatcgOTatgctg

120157
ctggaagGTgaggtt

119725 
aastcaaGTaaatct

Intron/Exon

1/2

2/3

3/4

Sequence
120242

tctcaccAGcagcac

1 19860 
tttgtgtAGgagctt

119383 
attccccAGascata

Table 3.43: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 120211. in the 

second e.xon. indicatina that the first exon is a non-codina exon. An ALIG N
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comparison between the mouse and human Apo A -II proteins indicates that they share 

58.8% sequence identity (Fig. 3.55).

10 20 30 40  50 60
apohum  MKLLAA'T/LLLTICSLEEAL'/RRQAi'lEPCVESLVSQ'iTQTVTDYGKDLMEKVKSPELQAE

apom us MKLLAMV’ALLVTICSLEEAL'/KRQADGPDHQSLFTQ'rFQSÎ-rTErrGKDL'/EKAKTSEIQSQ 
10 20 30 40 50 60

70 30 90 100
apohum  .aiKS'/FEKSKEQLTPLIF:K^GTELV’MFLS't'F/ELGTQPA--TQ

apom us V7<A'rTEKTKEQLTFLv’P.S.i.GTSL'j7a^FSSL>!iniEKKP.^P.4AK
70 80 90 100

Fig.3.55; ALIG N comparison between the amino acid sequences o f the human (top) 
and mouse (bottom) apo A -II proteins.

Analysis o f the 1000 bp located immediately upstream from the 5' end o f the 

apoA-II gene, using MOTIF, reveals several interesting features. First, besides the 

presence o f potential binding sites for ubiquitous transcription factors, such as Oct-1, 

GATA and p53 binding sites, a potential binding site for sterol regulatory element- 

binding protein I (SREBP-1) is located 54-64 bp upstream from the 5' end o f the first 

e.xon o f apoA-II. SREBP-1 is a basic-helix-loop-helix-leucine zipper protein that 

controls the expression of genes encoding proteins essentials for cholesterol 

biosynthesis/uptake and fatty acid biosynthesis (Yokoyama et a i,  1993). The presence 

o f a potential binding site for SREBP-1 may be related to the fact that apoA-II may play 

a significant role in regulating HDL metabolism and plasma cholesterol levels (Warden 

et a i.  1993). Surprisingly, a potential interferon-stimulated response element (ISRE) is 

located 340-354 bp upstream from the 5' end o f the apoA-II gene. The mouse apoA-II 

gene is not known to be transcriptionally regulated by interferons, and further 

experiments are needed to determine whether it is. Finally, the promoter prediction 

program NNPP predicted three potential promoter regions in the 5’ Hanking region of 

the apoA-II gene, 467-517 bp, 403-453 bp and 208-258 bp upstream from the 5' end of 

the apoA-II gene, respectively. Analysis o f the 5' flanking region o f the apoA-II gene.
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using MOTIF, revealed the presence o f a potential Spl GC box-binding site. 443-452 

bp upstream from the first exon, and a potential NF-Y CCAAT-box binding site, 466- 

476 bp upstream from the first exon, suggesting that the predicted promoter located 

467-517 bp upstream from the apoA-II gene may correspond to the actual promoter.

111-2-4-5 Mouse NDUFS2 gene

The oxidative phosphorylation system of the mitochondria uses the products of 

approximately 60 nuclear genes and 13 mitochondrial genes to generate ATP. These 

proteins are organized into five large complexes: electron-transport chain comple.xes I- 

IV and ATP synthase complex (complex V) (Hatefi, 1985). Complex I, also known as 

nicotinaminide adenine dinucleotide (NADH): ubiquinone oxidoreductase is the largest 

complex. Studies from bovine heart mitochondria have identified at least 35 nuclear- 

encoded and 7 mitochondrial-encoded complex I subunits (Skehel ei al.. 1998). 

Complex I is embedded in the inner mitochondrial membrane and serves to 

dehydrogenate NADH and to shuttle electrons to coenzyme Q. This electron transport 

generates a proton gradient across the inner mitochondrial membrane and provides a 

proton motive force used to synthesize ATP. The 35 nuclear-encoded proteins from 

bovine heart complex I identified so far consists of 3 fiavoproteins, 7 iron-sulfur (Fe-S) 

proteins, 24 hydrophobic proteins (Galante and Hatefi, 1979), and a 17.2 kO subunit 

that remains to be identified (Skehel et al.. 1998). The fiavoproteins and Fe-S proteins 

protrude from the inner mitochondrial membrane into the mitochondrial matrix 

(Grigorieff, 1998), forming an "arm" which binds and transfers electrons to NADH. 

The hydrophobic proteins are embedded in the phospholipid bilayer o f the inner 

mitochondrial membrane and apparently mediate proton translocation from the 

mitochondrial matrix into the intermembrane space (Belogrudov and Hatefi, 1994). The 

NDUFS2 gene encodes a 49 kD Fe-S protein that is part o f the eukaryotic
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mitochondrial complex I (Smeitink et al.. 1998). In humans, this protein is one o f the 

seven nuclear-encoded counterparts o f the E. coli Nuo proteins that appear to form a 

small form of complex I, consisting o f 14 subunits (Weidner et a i.  1993). Although the 

role o f the NDUFS2 protein still remains to be established, mutational detection studies 

in enzymatic complex I deficient patients by Loeffen et al. (2001) revealed three 

missense mutations in the NDUFS2 gene, indicating that the NDUFS2 protein is 

essential for maintaining the integrity of the human mitochondrial complex I.

The human NDUFS2 cDNA was cloned and characterized by Loeffen et al. 

(1998). The open reading frame of the human NDUFS2 gene consists o f 1392 bp. 

coding for 463 amino acids, and showing 96% sequence identity with the corresponding 

bovine translation product.

SDLJFS2 gene:

.VT(; STOl*
1 2 3 4 5 6 7 8 9 10 II 12 13

94 n o  I» : 1:3 i.so si s" i:3  i^ : s* 63 :3 :a— I iim ill II
■'u 4'iM I'M ) i n  i.>‘) ” i ( I'l  41ft ift: 111:1 iso

Fig. 3 .56: Structural organ i/a tion  o f the X D L F S 2  gene. S i/cs, in hase pairs, are given below  

the introns and above the exons.The exons are indicated by black boxes and the connecting 

inWons bv hori/.ontal lines

A GENSC.AN analysis, followed by a BLAST search, of the mouse clone rp23- 

395h6 indicates that the genomic segment at position 98439-110668 corresponds to the 

mouse NDUFS2 gene (Fig. 3.48). A CROSSMATCH analysis between the mouse 

NDLIFS2 cDNA (Genbank accession number BC003898) and the mouse clone rp23- 

395h6 reveals that the mouse NDUFS2 is encoded in 13 exons (table 3.44 and Fig. 

3.56). In addition, the results o f the Neural Network splice site prediction program 

analysis also confirmed the presence o f potential splice sites at the exon-intron borders
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indicated by the ALIGN comparison of the NDUFS2 genomic region and the

NDUFS2 cDNA (table 3.45).

E.xon number Contig position Exon length (bp)

1 98439-98533 94
2 99330-99436 106
3 104390-104580 190
4 106133-106253 120
5 106630-106817 187
6 106935-107012 77
7 107155-107240 85
8 107463-107582 119
9 108258-108387 129
10 108826-108921 95
11 109087-109170 83
12 110197-110254 57
13 110440-110668 228

T ab le  3.44: contig position and length o f the exons o f the mouse N D U FS2 gene.

Donor site sequence Acceptor site sequence

Exon/Intron

1 / 1

2/2

3/3

4/4

5/5

6/6

7/7

8/8

9/9

Sequence 
98535 

cccascasGT aaaaaa

Intron/Exon

1/2

99434
tggaatgGTgagtgc 2/3

104582
tctgcagGTgtggag 3/4

106255
atccgagGTatgttt 4/5

106819
gcaccagGTgagtga 5/6

107014
ggaggagGTgagaca 6/7

107242
gattcagGTaggaga 7/8

107584
acgatagGTaagatt 8/9

108389
gatgaagGTtggcct 9/10

108923

Sequence
99329

attccccAGaggtgc

104389
cacttctcAGatgtgg

106132
tttccccAGgccctt

106629
gtctcacAGtgctct

106934
gcttctagAGgaccta

107154
cgtccatAGatgctg

107462
tgccctatAGtggggt

108257
tcatttcAGgtacct

108825
ttccttcAGacgtcc

109086
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10/10 tcctaaaGTaaaaaa 10/11 cttaaacAGagaaaa

109172 110196
11/11 ccacctgGTaagaca 11/12 tttctgcAGgctggt

110256 110439
12/12 atcatagGTatgaga 12/13 accttttAGgtaccc

Table 3.45: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 99387, in the second 

e.xon. indicating that the first exon is non-coding. The mouse NDUFS2 protein consists 

o f 412 amino acids. 51 amino acids shorter than its human counterpart. .An ALIGN 

comparison between the amino acid sequences o f the mouse and human NDUFS2 

proteins reveals that the mouse NDUFS2 protein lacks a region corresponding to the 

first 51 amino acids o f the human NDUFS2 protein, but, besides this region, the two 

proteins are highly conserved (Fig. 3.57).

-V?SKHT.:CH

hum an MAALRALCGFRC/AAQVLRPGAG'/RLPICPSRCr/RCl'ASPir/E'.VAQOFGaA^/^rrPSKETAH
10 20 30 40 50 60

10 20 30 40 50 60
■mouse VrKPPP.-ïï'roVDILKEK.WTNMTLNFGPQHP.sOWG'/LRL'.TI.ELSGEÎ'r/Rr'.CDPKIGLLKEGT

h'uman •.■rfCPPP.vT'IDVDPPKDTIlTOIITLNFGPÇHP.^iAKG’/LR L’TI-ŒLSGa'r/RKCDPHIGLLKRGT 
70 30 90 100 110 120

70 80 90 100 110 120
m ouse EiZ.IE'iTrrLQALPYFDRLDT/SI-MCT'EQAVSIAV'EfXLniQPPPRAQWIR'/LFGEITRI

human EKLIE'ÆrtXQAI.P'rFDRLDWSÎ-mCNEQAYSLAV'Er'XLMIRPPPR.ACWIRVXFGEITRL 
130 140 150 160 170 ISO

130 140 150 150 170 130
mouse LNHIl-IAVTrHALDIGArn'PFF.C-IFEEREfG-IFEFYERVSG.ARl'IHAAYIRPGG^.'HQDLPLGL

hum an LrrrilMAVTTKALDLGAMTPFF'.-XFEEREî.l-IFErYERVSGAKrK.AAYIRPGG'ÆÇDLPLGL 
190 200 210 220 230 240

190 200 210  220  230 240
m ouse LDDIY'EFSKNFSLRIDEO/EEMLTNNRr.-j'Rlff.'FmiGV'vTAEDALN'ï'GFSG’j'T'ÎLRGSGICW

human MDDIYQFSKNFSLRLDELEELLTNIIRr.-j'RMRTIDIGV'^TTAEEALrriGFSG'vl-ILRGSGIQW 
250 260 270  230 290 300

250 260 270 280 290 300
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m o u se  DLRKTQP'iTIVYDQVEFDVPIGSRGDCYDRYLCRVEEMRQSLRIIEQCLNKMPPGEIKVDD

hum an DLRKTQPYDVÆQVEFDVPVGSRGDC'iDRYLCR'/EEMRQSLR I  lAQCLNKMPPGEIKVDD 
310 320 330 340 350 360

310 320 330 340 350 360
m .ouse AKVSPPKRAEMKTSMESLIHHFKL'/TEGYQVPPGAriTAIEAPKGEFGViXVSDGSSRPV

hum an AKVS P PKRAH-ttCTSI-IESL IHHFKL'n'EGYQVPPGAT'iTTAI EAPKGEFGV"YLVSDGSSRPY 
370 380 390 400 410 420

370 380 390 400 410
m o u se  RCKIKAPGFAHLAGLDKliSKGKr-ILADWAI IGTQDP/FGEIDR

hum an RCKIKAPGFAHLAGLQKI'ÎSKGHI-ÎLADWAI IGTÇDIY’FGE'TDR 
430 440 450 460

Fig. 3.57: ALIG N  comparison between the amino acid sequences o f the mouse and 
human NDUFS2 proteins.

A M OTIF analysis on the first 1000 bp located upstream from the 5' end o f the 

NDUFS2 gene reveals potential binding sites for ubiquitous transcription factors, such 

as GATA. p53. c-Ets. NF-kB. AP-1. CREB. c-Myb. E2F and Oct-1 binding sites. 

Because of the important place of this protein in the energetics metabolism of the cell, it 

is expected that the transcriptional activity o f the corresponding NDUFS2 gene is 

highly regulated by one or more o f the transcription factors mentioned above. A search 

for the promoter region, using NNPP. on the first 1000 bp located upstream from the 5' 

end o f the NDUFS2 gene did not predict any TATA-containing promoter region, 

suggesting that the NDUFS2 gene transcriptional activity is initiated from a TATA-less 

promoter.

I l l  2 4 6 Mouse beta4Gal-T3 gene

Enzymatic glycosylation o f proteins and lipids is an essential process that 

involves a very large number o f glycosyltransferases catalyzing the synthesis of 

complex oligosaccharides and glycoconjugates (Kleene and Berger. 1993). 

Glycosyltransferases have high donor and acceptor substrate specificities, and are
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usually limited to catalysis o f only one glycosydic linkage. The UDP-Gal:beta-Glc NAc 

beta-1.4-galactosyltransferase (beta4Gal-Tl) was the first glycosyltransferase to be 

isolated and cloned (Shaper et al., 1986), but a comparison with the EST database led to 

the identification o f five novel beta4Gal-T genes with similarities to the beta4Gal-Tl 

gene, designated beta4Gal-T2 to -T6 (Almeida er al.. 1997; Schwientek et al., 1998; Sato 

et al., 1998; Nomura et a i,  1998). A ll seven members o f the beta4Gal-T family o f 

proteins have specificity exclusively for the donor substrate UDP-Gal, and all transfer 

Gal in a beta-1,4-linkage to similar acceptor sugars; GlcNAc, Glc and Xyi. The fine 

specificity o f the beta4Gal-T family o f proteins for different types of glycoconjugates 

and branch points o f oligosaccharide structures has not been determined. However, 

Almeida t-r al. (1997) demonstrated that beta4Gal-T3 was not very efficient in using 

several different glycoprotein substrates but was rather very efficient in using glycolipid 

substrates, suggesting that beta4Gal-T3 may be involved in glycolipid biosynthesis.

The human beta4Gal-T3 cDNA.cloned and characterized by Almeida et al. 

( 1997), consists o f six exons. Also, the predicted coding region o f human beta4Gal-T3 

has a single translation start site (ATG) placed immediately upstream from a sequence 

encoding a potential hydrophobic transmembrane domain. The predicted coding 

sequence yields a type II transmembrane glycoprotein with an amino-terminal 

cytoplasmic domain o f 4 residues, a transmembrane domain o f 18 residues and a 

catalytic domain o f 371 residues (Almeida et al., 1997). The genomic organization o f 

this gene is identical to that o f the human beta4Gal-Tl and beta4Gal-T2 genes, 

suggesting that it is part o f a homologous gene family that arose through gene 

duplication.

A GENSCAN analysis, followed by a BLAST search, o f the mouse BAC clone 

rp23-395h6 revealed that the genomic segment at position 74328-68638 on the 

complementary strand corresponds to the mouse beta4Gal-T3 gene (Fig. 3.48). This 

gene is encoded by seven exons and spans a genomic segment o f approximately 5.7 kb
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(table 3.46 and Fig. 3.58). In addition, the results o f the Neural Network splice site 

prediction program analysis also confirmed the presence o f potential splice sites at the 

e.xon-intron borders indicated by the ALIG N comparison o f the beta4Gal-T3 genomic 

region and the beta4Gal-T3 cDNA (table 3.47).

beta4Gal-T3 gene:

.VTG STOP
1 2 3 4 5 6 7

174 2‘ )7 237 l ‘>: | : h  1()S 7%

^  14'»)

beta4Gal-T3 protein: 

N

Kxon-s: 1 2 ' 3 ' 4 ' 5 6 7

Fig. 3.5S; StruL'lural organi/ation of the bcia4Gal-T3 gene and its encoded protein. iTopi Si/es. 
in base pairs, are given below the introns and above the exons.Ttie exons are indicated by black 
boxes and the connecting introns by horizontal lines. (Bottom) The dark gray box indicates the 
presence of a putative cytoplasmic domain. The clear gray box corresponds to a putative 
transmembrane domain. The white box corresponds to the putative catalytic domain.

Exon/Intron

I/I

E.xon number Contig position1 E.xon length (bp)

1 74328-74154 174
2 73820-73526 294
3 73006-72771 235
4 71574-71384 190
5 7 I2 6 I-7 II3 9 122
6 69645-69541 104
7 69421-68638 783

T ab ic  3 .4 6 :  contig position and length o f the exons o f the mouse betadGal-' 
gene.

Donor site sequence Acceptor site sequence

Sequence Intron/Exon Sequence
74152 73821

aacacacGTacgtgt 1/2 tgcttccAGaaatcc
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73524 73007
2/2 ttcttaaGTaaataa 2/3 taccaacAGtaggtc

72769 71575
3/3 ccaccagGTatcccc 3/4 atcttctAGgctgga

713S2 71262
4/4 aatacaaGIaaaaaa 4/5 tatccttAGcctccc

71137 69646
5/5 ctaccagGTcagact 5/6 ttctcacAGggtccg

69539 69422
6/6 cccacagGTaggaaa 6/7 caccctcAGatttga

Table 3.47: Neural Network splice site prediction sequences: exons and introns arc 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 73785, in the second 

e.xon, indicating that the first e.xon is non-coding and that the coding region o f the 

mouse beta4Gal-T3 gene consists o f six exons. The mouse beta4Gal-T3 protein 

consists o f 395 amino acids and an ALIGN comparison between the amino acid 

sequences o f the mouse and human beta4Gal-T3 proteins indicate that they share 96.5% 

sequence identity (Fig. 3.59).

10 20 30 40 50 50
m o u se  :-!LRRLLERPCTL.ALLVGSQLAV7!t-ri'LSLGGFRSLSALFGRDPGPTFDYSKPKDV"i'Sh'LSH

hum an MLRRLLERPCTLALLVGSQL.nVMl-IYLSLGGFRSLSALFGRDQGPTFDYSKPRD'/'/SNLSK
10 20 30 40 50 60

70 SO SO 100 110 120
m o u se  LPrt.2.?G;iJ^GA?P.^QPX?VCPERS?FLVGF/Sv'SFSP''/?SLAEIl'ERi\TR'/ESGGR'.G3?.2vG

hum an LPG-^IPG- -GPP.^iPQGLPYCPERSPLLVGPV’SVSr SP'.^SLAEIVERNPRVEPGGR’rRP.^iG
70 30 90 100 110

130 140 150 160 170 ISO
m o u se  CEPRSRT.YIIVPKRA.REHHLRIXL'rKLiipPLQRCÇLAYGrT'/IHQ.YGMGTFMRAKLLiWG

h'uman CEPRSRTAIIv'PHR.Y.RHiHLRLLL’iYiLHPFLCRQQLAYGI'.^'/IKQAGriGTFMRAKLLir/G 
120 130 140 150 160 170

190 200 210  220  230 240
m o u se  VREALRDEE',vTX2LFLHD/DL2?EMDHNLrv’C3PRG?RR"/.AVAI-!lKFGY’SLP'r?Q'i'?GG^;S

hum an '/REALRDEE'.-jIXOLFLHDTOLLPEMDHNLTvCDPRGPHiF.’AVAI'lNKFG'i'SLP'YPQ’iTGGr./S 
180 190 200 210  220  230

250 260 270 230 290 300
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m o u se  ALTPDQYLKMNGFPNE'i^-.’a-.'GGEDDDIATRVRLP.a-'KISRPPTS^/GHYKM'.^KKRGDKGNE

hum an ALTPDQVLK>!NGFPNEY,%'OXX;EDDDIATRVRLAa-!KISRPPTSVGH’/K!-!VKKKGDKGNE 
2 40  250  260 270 280 290

310 320 330 340 350 360
m o u se  Er'iPKRFDLLWTQNS'/m2DGMliSLT'iTlLLARELGPL'iTNITADIGTDPRGPPAPSGPRyP

hum an ENPKRFDLL'/RTQNSl-/rQrX2-!NSLTi'QLLARELGPL'iTNITADIGTDPRG?PJ^?SGPRYP 
300 310 320 330 340 350

370 380 390
m o u se  PGSSQAFRQEMLQRRPPARPGPLPTANHTAPRGSK

hum an PGSSQAFRQEMLQPJIPPARPGPLSTANKTALRGSH 
360 370 380 390

Fig. 3.59: ALIGN comparison between the amino acid sequences o f the mouse and 
human beta4Gal-T3 proteins.

A TM H M M  analysis to search for a putative transmembrane domain inside the 

mouse beta4Gal-T3 protein indicates the presence of a potential transmembrane domain 

located immediately downstream from the translation start site (ATG). at amino acid 

position 12-31 (Fig. 3.60).

TM H M M  posterior probabilities for Sequenoe

t r a r s m e m r y a n e s ce

Fig 3 ÛÜ T M H M M  search for transmcmbranc domain of the mouse bela4Ual-T3 protein The putative 
transmembrane domain is located at ammo acid position 12-31
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Taken together, these data reveal that the mouse and human beta4Gal-T3 

proteins share a high level o f similarity, in terms of protein structure and protein 

sequence. A M OTIF analysis on the first 1000 bp located upstream from the 5' end o f 

the mouse beta4Gal-T3 gene indicates several potential binding sites for transcription 

factors, such as AP-1. GATA. p45. E2F. C/EBP and p300 binding sites, in addition to 

potential CREB binding sites and a potential glucocorticoid receptor binding site (275- 

293 bp upstream from the 5' end o f the beta4Gal-T3 gene). Interestingly. cAMP and 

glucocorticoids have been shown to control several aspects o f glucose metabolism 

(Hanson and Reshef. 1997; Yoon et a i, 2001). and may have an important role in 

regulating the transcription o f an enzyme involved in the glycosylation o f proteins and 

lipids, and in the biosynthesis o f oligosaccharides. Finally, the promoter prediction 

program NNPP did not predict any T.ATA-containing promoter region in the 1000 bp 

located immediately upstream from the beta4Gal-T3 gene, suggesting that the promoter 

for the mouse beta4Gal-T3 gene is a TATA-less promoter.

111-2 4-7 Mouse Ppox gene

Protoporphyrinogen o.xidase (Ppo.x) is the penultimate enzyme in the heme 

biosynthetic pathway, catalyzing the si.x-electron o.xidation o f protoporphyrinogen to 

protoporphyrin. In mammalian cells, this enzyme is associated with the inner 

mitochondrial membrane and utilizes O ] as the terminal electron acceptor (Dailey. 

1990). The mouse enzyme has been purified (Dailey and Karr. 1987). It has a molecular 

weight o f -55 kDa and contains a flavin moiety. Ppox. as well as the other enzymes of 

the heme biosynthetic pathway, is induced several fold during erythroid differentiation 

(Sassa. 1976).

Ppox is o f particular interest for two distinct reasons. In human, a deficiency in 

Ppox leads to a rare genetic disorder known as variegate porphyria (Deybach et a i.
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1981). This is an autosomally dominant disorder most common in South Africa and 

characterized by a chronic photodermatitis and several neurovisceral abnormalities, 

including abdominal pain, tachycardia and psychiatric disturbances. Also, in plants, 

Ppo.x is the cellular target o f several herbicides, including diphenyl ethers and pyrazole 

phenyl ethers (Matringe et tiL 1992). These herbicides inhibit Ppo.x, resulting in a 

cellular accumulation o f protoporphyrinogen which is subsequently converted to 

protoporphyrin by plasma membrane peroxidases. The accumulation o f the 

photosensitizer free porphyrin leads to severe photochemical damages to the plant 

exposed to visible radiation.

The mouse Ppox cDNA also was cloned and characterized by Dailey ei al. 

(1995). The cDNA sequence contains an open reading frame o f 1431 base pairs, 

encoding a 477 amino acid translation product. Two mRNA species were isolated from 

mouse hepatoma cells with a respective length o f 1.8 kb and 3.6 kb. .According to 

Dailey et al. (1995), the longer mRNA species corresponds to a second downstream 

polyadenylation site. Mouse and human protoporphyrinogen oxidases have 88.7ff 

sequence identity and regions near the amino- and carboxy-termini are the most 

homologous (Dailey et al.. 1995) (Fig. 3.61). Also, the deduced amino acid sequence of 

mouse Ppox gives rise to a protein without either a typical mitochondrial targeting 

sequence or a computer-predicted membrane domain, even though the enzyme is located 

on the cytoplasmic side of the inner mitochondrial membrane (Dailey et al.. 1995).

10 : 0  30 40 50 60
p p o x h u  HGRTV .̂'’VLGGGISGLA.^'rKLSRAPCPPîv/VL'ÆSSERLGaVIRSVRGPI'IGAIrELGPRG

ppoxOTJ MGRTVmiGGGISGLA.ASYKLIRGPSPPtr/ILV'EGSraiLGa-.’I.RSIRGSEG.AIFELGPRG 
10 20 30 40 50 60

70 30 90 100 110 120
p p o x h u  IRPAGALGARTLLLVSELGLDSE/ÆPy'RGDHPAAQMRFLWGG.ALHALPTGLRGLLRPSP

ppo.xmu IRPAGALGARTLLLVSELGLESrr/LP'.'RGDKP.AAQMRFLWGGTLHPLPSGLRGLLRPS?
70 80 90 100 110 120

130 140 150 160 170 ISO
p p o x h u  PFSKPLP.-.'.AGLRELTKPRGr'.EPDET/KSF.AQRRLGPE'i'ASLAI-IDSLCRGVF.AGNSREI.SI
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ppoxm u PFSKPLrXVAGLRELLKPRGKEPDETVHSFAQRRLGPEVASLAIOSLCRGVFAGNSRELS I  
130 140 150 160 170 130

190 200  210  220 230 240
ppo;<hu RSCFPSLFQAEQTHRSILLGLLLGAGRTPQPDSALIRQALAERWSQWSLRGGLEMLPQAL

ppoxm u RSCFPSLFQA32THRSILLGLLIÆAGQS PQPDSSLIRQARAERWSQWSLRGGLEVL PQAL 
190 200 210 220 230 240

250 260 270  280 290 300
ppo:chu ETKLTSRGVSIXRGQPVCGLSLQAEGRVj’K'/SLRDSSLEADKVISAIPASVLSELLPAEAA

ppoxm u HNHUiSKGVT^/LSGQPVCGLSLQPEGRVÆr2SLGDSSLEADHIISAIPASELSKLLPAEA-^i 
250 260 270  280 290 300

310 320 330 340 350 360
ppo:<hu PLARALSAITAVS^/AV’ÆILQYÇGAüL?'/QGFGKLVPSSEDPG\2^I'/':13S'/AFPECDGSP

ppo:<mu PLARILSTIK.WSl'A'.'vTILQYR.GACLP'/CGFGHLVPSSEDPT’/LGITïTDS’/.s^pEQEGNP 
310 320 330 340 350 360

370 380 390 400 410 420
p p o x h u  PGLRVT'j’MLGGS’.'nJSTLEASGC'/LSQELFQQR.^QEAAATQLGLrB-IPSKCL'THLKlGiCI?

ppo:<mu PSLR'/T'.O-ILGGr.'n.QKLr'AAGHQLSPELFCQQAQEAAATQLGLKEPPSKCL'THLHlG'ICIP 
370 380 390 400 410 420

430 440 450 460 470
cpo;<hu QYTLGK',-jQKLESARQFLT.=>KRL?LTLAGAS'm3''/AVNrx:iESGRQAA.VS^/LGTEPMS

ppo:<mu QlTIGK'/.’CrXDSAMQFLTAQRLPLTL.^GAS'i'EGVAVlECIESGRQAAVA'/I.GTESMS 
430 440 450 460 470

Fig.3.61: ALIGN comparison between the amino acid sequences o f the human (top) 
and mouse (bottom) protoporphyrinogen oxidases.

A GENSCAN analysis, followed by a BLAST search, o f the BAG clone rp23- 

395h6 revealed that the genomic segment at position 64368-68336 corresponds to the 

mouse Ppox gene (Fig. 3.48). A CROSSMATCH analysis between the BAG clone 

rp23-395h6 and the mouse Ppox cDNA indicates that this gene consists o f 13 e.xons, 

encompassing a genomic region of approximately 4.1 kb (table 3.48 and Fig. 3.62). In 

addition, the results o f the Neural Network splice site prediction program analysis also 

confirmed the presence o f potential splice sites at the exon-intron borders indicated by 

the ALIGN comparison o f the Ppox genomic region and the Ppox cDNA (table 3.49).
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Ppox gene:

ATG
1 2 3 4 5 6 7

% IA5 i n  155 U7 I'l:

STOP 
8 9 10 I I  12 13

65 115 117 155 -55 ;OT

^  10j i  5 j  13 f  15 j  2'K) ̂ 1 1 j  '1:5 ^11

Fig. 3.62: Structural organization of the Ppo.x gene. Sizes, in base pairs, arc given below the 
mirons and above the e.xons.The e.xons are indicated by black boxes and the connecting introns 
bv horizontal lines

Exon number Contig position Exon length (bp)

1 64368-64656 288
2 64761-64855 94
3 65007-65141 134
4 65274-65389 115
5 65528-65660 132
6 65955-66099 144
7 66216-66406 190
8 67334-67394 60
9 67529-67647 118
10 67725-67835 110
11 67933-68082 149
12 68201-68243 42
13 68330-68536 206

Table 3.48: contig position and length o f the exons o f the mouse Ppo.x gene.

Donor site sequence Acceptor site sequence

Exon/Intron

1/1

Sequence
6465S

taaatcaGTaaatat

Intron/Exon

1/2

Sequence
64760

ttttcccAGacctta

64857
2/2 tcctaagGTgagtcc 2/3

65143
3/3 gctcctgGTgagcgt 3/4

65391
4/4 gcctcagGTaacacc 4/5

65662
5/5 acctgagGTgacatt 5/6

66101
6/6 ggcgcaaGTaaaaaa 6/7

65006
tggcgccAGgtgatc

65273
gagaacaAGgtttct

65527
tccatgcAGggggct

65954
tactcttaAGgtggca

66215
tccttttAGaacaaa
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66408 67333
7/7 ctggaaggGTaggaga 7/8 ctcactctAGgtgtct

8/8
67396

gcttcagGTaatggg 8/9
67528

tgctctccAGagctca

9/9
67649

tgtccagGTataaga 9/10
67724

ttctccaAGggattt

10/10
67837

agtgactGTgagagg 10/11
67932

tcctcgtAGgtgatg

11/11
68084

acacaagGTgagtca 11/12
68200

tctccttAGaactgt

12/12
68245

aaactagGTaagctg 12/13
68329

acctttcAGactcag

Table 3.49: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 64768. in the second 

e.\on, indicating that the 5' UTR is appro.ximately 400 base pair in length. It is possible 

that there is an additional upstream sequence because the procedure used to generate the 

cDNA sequence does not usually produce full length 5' UTR sequences (Dailey ei al..

1995). A putative translation termination site is located at position 68469, in the last 

exon, and a putative polyadenylation site ( AGTAAA) is located 47 bp downstream from 

the termination site. Initial analysis o f the first 1000 bp located upstream from the 5' end 

of the first exon, using MOTIF, indicates the presence o f potential binding sites for 

transcription factors, such as AP-I. STAT. GATA. E2F and c-Ets binding sites. In 

addition, a potential barbiturate-inducible element (also called a "Barbie box" sequence) 

is located 335-349 bp upstream from the first exon. The Barbie box sequences are 

present in the 5’ flanking region of all eukaryotic and prokaryotic genes encoding 

barbiturate-inducible proteins, such as the detoxifying cytochrome P450 (GYP) enzyme 

gene (Liang et a i .  1995) whose expression is regulated by porphyrinogenic agents (e.g. 

phénobarbital) (Salonpaa et al.. 1997). Interestingly, all GYP enzymes contain heme as a
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prosthetic group. Porphyrinogenic agents regulate CYP enzymes activity by regulating 

their gene expression, and likely by modulating the expression o f enzymes involved in 

the heme biosynthetic pathway, such as protoporphyrinogen oxidase. Finally, the 

promoter prediction program NNPP predicted a single TATA-containing promoter 

region, located 923-973 bp upstream from the 5' end of the first exon o f the Ppox gene. 

However, because of the large distance in bp between this putative promoter region and 

the first exon o f the Ppox gene, it remains to be established whether the Ppox gene 

transcriptional activity is mediated by this putative promoter region, or whether the Ppox 

gene promoter is a TATA-less promoter and this putative promoter region a "false 

positive".

I l l  2-4-8 .Mouse USP23 gene

For many short-lived eukaryotic proteins, conjugation to the protein ubiquitin is 

an obligatory step in their degradation. Ubiquitin is synthesized as a fusion protein, 

fused to itself or to a ribosomal protein. Deubiquitinating enzymes cleave the precursor 

fusion protein in order to release free ubiquitin. Ubiquitin-conjugating enzymes ligate 

ubiquitin to proteins via a covalent linkage between the carboxy-terminus Gly residue o f 

ubiquitin and lysine epsilon-amino groups of the acceptor proteins. In many cases, 

ubiquitination o f a protein leads to its degradation by the multienzymatic 26S 

proteasome complex, releasing free amino acids and re-usable ubiquitin. A growing 

number o f cellular processes are linked to protein degradation by ubiquitin. including 

regulation o f the cell cycle, class 1 antigen processing, signal transduction pathways and 

receptor-mediated endocytosis (for review, see Hochstrasser, 1996).

There are two classes o f deubiquitinating enzymes, all o f which are characterized 

by highly conserved His and Cys domains; the ubiquitin C-terminal hydrolases (UCH) 

and the ubiquitin-specific proteases (USP). Both classes are involved in ubiquitin re­
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cycling, but the USP enzyme activity is directed towards disassembling various forms of 

polyubiquitin or ubiquitin-like protein complexes (Wilkinson, 1997). USP23 is a 

member o f the USP class of deubiquitinating enzymes. Northem-blot analysis by Smith 

and Southan (2000) revealed that USP23 was ubiquitously expressed in various tissues.

The mouse and human USP23 cDNAs were cloned by Smith and Southan 

(2000). Both cDNAs encode a 62 kD protein containing highly conserved His and Cys 

domains characteristic of the protease family o f ubiquitin-specific processing proteases 

(Smith and Southan, 2000). The mouse and human share 96.5% amino acid sequence 

identity, suggesting that they arose from duplication o f a common ancestor (Smith and 

Southan, 2000) (Fig. 3.63).

10 : 0  30 40 50 50
u s p 2 3 h  MPQii.SEKRLGRTREPPVMIQPRVGSKLPF.^RARSK.ERRMF.^GPNR-ILR?LPPR?GLPD

u sp 2  3m MPQASEKRLGRTREPF/’MVQPP.VGAKIPFPPR.=uRSrSRRMP/PGPMS-!LRPL?PRPGPPD 
iU V 3u 4u ou
70 SO 90 100 110 120

u s p 2  3h  ERLFGILELGRGRTSGPRPRGPLRADKC'/PLPCS PPPT/ALPLPSRTNLARSKSVSSGDLR

u sp 2 3 m  ERLKl-lLELGRGR'TSGSRPRGPLRADKGVPLPGSPPP.WALPLPSRTlJLARSKS’vSSGDLR 
70 80 90 100 110 120

130 140 150 160 170 180
u s p 2 3 h  PMGI.RLGGHRGTGELGAALSRLALRPEPPTLRRSTSLRRLGGFPGPPTLFSIRTEPPASK

u sp 2 3 m  PMGIALGGKRGAGELGAALSRLALRPEPPTLRRSTSLRRLGGFPGPPTLLSIRTEPPTSH 
130 140 150 160 170 130
190 200 210 2 2 0  230  240

u s p 2 3 h  GSFKMISARSSEPF/SDDKMAHHTLLLGSGH’vGLRMLGWTCFLMAVLÇCLSSTRPLRDFC

u sp 2 3 m  GSFriMISARPSEPri'SDDrl-ÎAKHTLLLGSGK'/GL.RlC.GirrCFUIAvXÇCLSSTRPLRDFC 
190 200 210 2 2 0  230  240
250  260 270 2 8 0  290  300

u s p 2 3 h  LPRDFP.QEVPGC-GR.RQELTEAF.RDVIGALV.'KPDSCEAVNPTRFRAvTQK'r/PSFSGYSCC

u s p 2  3m LRRDFRÇF/PGGGRAQELTEAF.RDVIGALVfflPDSCEAL7IPTRFR.AVTQprFv"PSFSGYSC0 
250 260 270 280  290 300
310 320 330 340 350

u s p 2 3 h  DAQEFLKLLl-ERLHLEIlIRRGRRAPPIL.RNGFy'PSPPRRGG-.ALLEEPELSDDDR.yiLI-r.-;

u sp 2 3 m  DAQEFLKLU-IERLKLEIimRGRRAPPILASGF/PSPPRJlGGaALKEEPELSDDDRAlEl-r.-;
310 320 330 340 350 360

360 370 380 390 400 410
u s p 2 3 h  KHi'LEREDSKI'/DLP/GQLKSCLKCQACG'i-RSTTFE'uTCDLSLPIPKKGF.RGGKv'SLRDC

u sp 2 3 m  KRYLEREDSKry-DLF/GQLKSCLKCQ.ACGtrlSTTFEVTCDLSLPIPKKGF.RGGfG/SLRIX: 
370 380 390 400  410  420

420 430  440 450 460  470
u s p 2 3 h  FNLFTKEEELESElIAFV'CDRCRQKTRSTKiCL'r/QRFPRILv'LKLNRFSA.SRGSIEKSSV-G

u sp 2  3m FSLFTKEEELESENAF.'CERCRQKTRSTKKLF/QRFPRIL'vTlKLNRFSTSRGSIKKSS'VG
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430 440 4 5 0  460 470 480
480  490  500 5 1 0  520 530

u sp 2  3h  VDFPLQRLSLGDFASDKAGSPVYQLYALCNHSGSVHYGHYTALCRCQTGS'v'HVYNDSRVS?

usp23m  VDFPLQRLSLGDFASDKAGSPVYQLYALCNHSGS^/KYGH'/TALCRCQTa'ffiVYNDSRVSP 
490 500 510  520 530 540

540 550 560
u sp 2 3 h  VSENQVASSEG'iVLrr'QLMQEPPRCL

usp23m  VSENQVASSEGWLF^QLMQEPLRCL 
550 560

Fig. 3.63: ALIG N comparison between the amino acid sequences o f the human (top) 
and mouse (bottom) Usp23 proteins.

A GENSCAN analysis, followed by a BLAST search, o f the mouse clone rp23- 

395h6 reveals that the segment at position 58559-63326 corresponds to the mouse 

USP23 gene (Fig. 3.48). A CROSSMATCH analysis between the BAC clone rp23- 

395h6 and the mouse USP23 cDNA indicates that the USP23 gene consists o f 12 

e.xons and spans a genomic region o f approximately 4.7 kb (table 3.50 and Fig. 3.64). 

In addition, the results o f the Neural Network splice site prediction program analysis 

also confiimed the presence o f potential splice sites at the exon-intron borders indicated 

by the .ALIGN comparison o f the USP23 genomic region and the USP23 cDNA (table 

3.51).

USP23 gene:

.\TG  STOP
1 2 3 4 5 6 7 8 9 10 II 12

WO W) i : 0  111 IW) 6(1 los lOS I IS  101

I nil I I I I I I  I
' ■ i l  [ h i  : i 5  ISO '5 0  : : ü i ‘1 4 'ï5 ; '’ î i i  s :  pm

Fig. 3.64: Structural organization of the L SP23 gene. Sizes, in base pairs, are given below the 
introns and above the exons.The exons are indicated by black boxes and the connecting introns 
by horizontal lines

Exon number Contig position Exon length (bp)

1 58559-59179 62Ô
2 59928-59987 59
3 60154-60274 120
4 60491-60602 111
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5 60793-60951 158
6 61503-61567 64
7 61788-61891 103
8 62088-62174 86
9 62436-62514 78
10 62727-62834 107
11 62918-63032 114
12 63227-63326 99

Table 3.50: contig position and length o f the exons o f the mouse USP23 gene.

Donor site sequence Acceptor site sequence

Exon/Intron

1/1

2/2

3/3

4/4

5/5

6/6

7/7

8/8

9/9

10/10

11/11

Sequence
59181

caagatgGTgaggac

59989
aaatacaGTaagagc

60276
acagaagGTgggcaa

60604
gatacagGTggggaa

60953
agttgagGTaagggt

61569
attgtggGTgggtat

61893
ccccaagGTgggatt

62176
tgccccaGTatgtgg

62516
gtgctccGTatatcc

62836
aaagcggGTgagtct

63034
actcccaGTaaaaat

Intron/Exon

1/2

2/3

3/4

4/5

5/6

6/7

7/8

8/9

9/10

10/11

11/12

Sequence
59927

actttctAGgctcac

60153
cttccccAGtgcttc

60490
aaaccaacAGcctttg

60792
tggctgt.AGccagca

61502
ctgtggcAGtgatga

61787
tctacctAGacctgt

62087
tccccctAGaaagga

62435
tttatttAGgtgtgt

62726
agggcttAGatctga

62917
aacccgcAGgaagcc

63226
tcttctcAGcatttc

Table 3.51: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.
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A putative translation start site (ATG) is located at position 58579, in the first 

exon, indicating that the 5' UTR is only 20 bp. The unusually short 5' UTR may be 

related to the close proximity of the Ppox gene whose 3' end is located approximately 

1000 bp upstream from the 5' end o f the USP23 gene. A putative termination site is 

located at position 63314, in the last e.xon, indicating that the 3' UTR is only 12 bp. 

Initial analysis o f the 1000 bp located immediately upstream from the 5' end of the 

USP23 gene, using MOTIF, reveals several potential binding sites for transcription 

factors, such as GATA, Spl, AP-1, p300, E2F binding site and a potential Ras- 

responsive element binding protein 1 binding site. The NNPP promoter prediction 

program predicted four potential promoter regions, located 820-870 bp, 598-648 bp, 

252-302 bp and 196-246 bp, respectively, upstream from the 5' end o f the USP23 gene. 

The analysis o f the 5' Hanking region o f USP23, using MOTIF, indicates the presence 

of a potential TATA box, 277-291 bp upstream from the 5' end o f USP23, suggesting 

that the promoter region located 252-302 bp upstream from USP23 may correspond to 

the actual promoter region.

HI-2-4-9 Mouse DEDD gene

Apoptosis plays a crucial role in development and homeostasis o f organisms, as 

it eliminates individual cells which are no longer needed or became greatly damaged 

(Steller, 1995). One of the signaling pathways that triggers cell apoptosis is that o f the 

"death receptor" CD95 (Nagata, 1997). CD95 belongs to the death receptor subfamily 

o f the tumor necrosis factor receptor superfamily. CD95 is characterized by the 

presence o f a "death domain" within its cytoplasmic domain, and has been shown to 

trigger apoptosis upon binding o f its specific ligand. The first event which can be 

detected during the apoptosis cascade mediated by CD95 is the recruitment o f an 

adaptor molecule, F ADD, through the homophilic interaction between the death domains
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of CD95 and FADD (Boldin et al.. 1996). F ADD, in turn, recruits the protease 

procaspase-8 through homophilic interaction between the "death effector domains" 

(DED) o f FADD and procaspase-8 (Boldin et a i. 1995). The aggregation o f caspase-8 

molecules leads to activation of this protease by self-processing (Medema et a i. 1997). 

Caspase-8 then triggers downstream apoptosis events by activating downstream 

effectors such as caspase-3 (Scaffidi et a i. 1997). The effector caspases cleave many 

cellular substrates, including structural proteins, signaling proteins and regulators of 

DNA replication or transcription, underlying many o f the biochemical events of 

apoptosis (Thomberry and Lazebnik, 1998). One caspase substrate is the inhibitor of 

caspase-activated DNAse (ICAD) (Enari et a i. 1998; Sakahira et a i.  1998). [CAD 

binds to the caspase-activated DNAse (CAD) and keeps it in the cytoplasm. The 

cleavage of ICAD by caspases allows CAD to translocate to the nucleus and digest 

DNA.

DEDD (DED-containing DNA-binding protein) was identified through EST 

database screening (Stegh et a i.  1998). It contains an amino-terminal DED with 

homology to the DED o f FADD and caspase-8. The mouse DEDD protein shares 

98.7% sequence identity with its human counterpart (Fig. 3.65).

10 : 0  30 40 50 60
d e d d h u  I-L:\GLKRPJkSQvV;pEEHGEQEHGLYSLH%'IfDIVGTHLTHRI7,-RVLSrLF'A]VIDDHERGL

deddlTW r-IAGLfGtRAGQVW'PEERGEQEHGLYSLHRt'IFDIVGTHLTHROV'RV'LSFLr^/DVIDDHZRGL
10 20 30 40 50 50

70 30 90 100 110 120
d e d d h u  IRNGRDFLL.^ERÇGRCDESNrRQ^/LCLLRIITRKDLLP'j^yTLKRRRAVCPDLVDKYLEE

deddm u IRNGRDFLLALERQGRCDESNFRQVLQLLRIITRhXlLLPrv'TLKr'ilRAVCPDLl'DFriLEE
70 80 90 100 110 120

130 140 150 160 170 ISO
d e d d h u  T SIR 'r’vTPRALSDPEPRPFQPSKT'/PPhTRiVCCPTSGPQHCSrSPARGRATLGSCRKRR

deddiraa TSIR'i^iTPRALSDPEPRPPQPSKT^/PPH'i'PyVCCPTSGSQMCSKRPARGRTTLGSQRKRR 
130 140 150 160 170 180

190 200 210 220 230 240
d e d d h u  KS'^TPDPKEKQTCDIRLRVRAE’YCQHET.y.QGNVFSNKCDPLERQFERFNQAimLKSRD

deddm u KS’TTPDPFSKQTCDIFXRVRAE'iCQKET.^iLQGI'IVFSNKQDPLERQFERFNQAMTILKSRD
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190 200  210  220  230 240

2 5 0  260  270  280  290 300
d e d d h u  LGSIICDIKFSELTYLDAP.-.'RDYINGSLLEALKCr/FITDSLKQAVGHEAIKLLVN'yDEED

deddm u LGSIICDIKFSELTYLDAFVffiDYIlJGSLLEALKGVFITDSLKQAVGHEAIKLLVNVDEED 
2 5 0  260  270  280  290 300

310
d e d d h u  'ÆLGRQKLLRNLI-ILQALP

deddm u 'YELGRQKLLRNLMLQALP 
310

Fig. 3.65: ALIG N  comparison between the amino acid sequences o f the human (top) 
and mouse (bottom) DEDD proteins.

On the DNA level. DEDD is 94.1% identical between human and mouse (Stegh 

el al.. 1998). The DEDD mRNA is widely e.xpressed in various tissues. The DEDD 

protein contains two putative nuclear localization signals and binds strongly to DNA. 

DEDD induces weak apoptosis through interaction with FADD and caspase-8. and 

translocates to the nucleus after CD95 stimulation and caspase activation. In addition, 

overe.xpressed DEDD co-localizes e.xclusively to the nucleolus with UBF. a basal factor 

required for RNA polymerase 1 transcription, and recombinant DEDD inhibits 

transcription o f rDNA in vitro. These observations suggest that DEDD may serve to 

shut down transcription during CD95-mediated apoptosis.

A GENSCAN analysis, followed by a BLAST search, of the BAC clone rp23- 

395h6 reveals that the segment at position 7239-4168 on the complementary strand 

corresponds to the mouse DEDD gene (Fig. 3.48). The DEDD gene consists of four 

e.xons and spans a genomic region o f approximately 3 kb (table 3.52 and Fig. 3.66). In 

addition, the results of the Neural Network splice site prediction program analysis also 

confirmed the presence of potential splice sites at the exon-intron borders indicated by 

the ALIG N comparison o f the DEDD genomic region and the DEDD cDNA (table 

3.53).
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D E D D  gene:

ATG STOP
1 2 3 4

.151 Ills U.S 50

■ 1  ̂ JS8

DEDD protein: 

N

Exons: 1 ' 2 2 ' 4

Fig 3 ftf); Structural organization o f the D E D D  gene iT op i Sizes, in hase pairs, are given below 
the introns and above the exons The exons are indicated by black boxes and the connecting 
introns by horizontal lines i Bottomi The black box corresponds to the D E D  domain, the clear 
gray boxes to two putative nuclear localization signals The dark gray box indicates a domain 
with sequence homology with some DNA-binding proteins isee Stegh er a l . I ' ) ‘)S|

E.xon number Contig position E.xon length (bp)

1
2
3
4

7239-6887
6704-6597
5334-5188
4699-4168

352
107
146
531

Tabic 3.52: contig position and length o f the exons o f the mouse DEDD gene.

Donor site sequence Acceptor site sequence

Exon/Intron

1/1

2/2

3/3

Sequence
6 8 8 5

cgagctgGTgaggcc

6395
aaaacagGTgagagg

5185
acatstsGTaassaa

Intron/Exon

1/2

2/3

3/4

Sequence
6705

ctcctacAGtstacc

ttctgctcAGtgcctc

4700
ttctcccAGatatca

Table 3.53: Neural Network splice site prediction sequences: e.xons and introns are 
numbered according to their posittons and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 7212. in the first 

e.xon. and a putative termination site is located at position 4324. in the last exon. Initial
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analysis o f the 1000 bp located immediately upstream from the first exon, using 

MOTIF, indicates the presence o f potential binding sites for transcription factors, such 

as GATA, STAT, AP-1, Oct-1, c-Myb, p300 transcription factors, and a putative binding 

site for p53, 820-829 bp upstream from the 5' end o f the DEDD gene. The tumor 

suppressor gene p53 is one o f the major elements involved in programmed cell death 

(Sjdstrom and Bergh, 2001), and one o f the mechanisms triggered during p53-mediated 

apoptosis may involve the transcriptional regulation o f DEDD by p53. The promoter 

prediction program NNPP predicted two potential promoter regions, located 702-752 bp 

and 57-107 bp upstream from the 5' end o f the DEDD gene. The analysis o f the first 

1000 bp located upstream from the DEDD gene, using MOTIF, predicted the presence 

o f a potential CAAT box, 726-737 bp upstream from the 5' end o f the DEDD gene, 

suggesting that the promoter region 702-752 bp upstream from the 5’ end o f DEDD 

may correspond to the actual promoter.

I l l  2-4 10 Mouse N itl gene

Nitriles are organic compounds containing a carbon-nitrogen triple bond. Some 

nitriles. such as cyanoglycosides are synthesized by a wide range o f plants, while others, 

such as acetonitrile. are commercially manufactured (Bork and Koonin. 1994). Some 

microorganisms can utilize nitrile as a carbon and nitrogen source (Kobayashi et a i. 

1998). and the microbial degradation o f nitrile involves two distinct enzymes, nitrilase 

and nitrile hydratase. Nitrilase cleaves nitriles and organic amides to the corresponding 

carboxylic acids plus ammonia (Kobayashi et al.. 1998). Nitrilase also is involved in the 

biosynthesis o f the plant hormone indole-3-acetic acid, from indole-3-acetonitrile 

(Battling ef a/.. 1994).
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The mouse N itl gene, along with its human counterpart N IT I, is a member of an 

uncharacterized mammalian gene family, with sequence homology to the bacterial and 

plant nitrilases (Pekarsky et al., 1998). Although the role o f this enzyme is still unclear, 

it has been postulated that nitrilases in mammalian cells are involved in the detoxification 

process induced by highly toxic nitrile-based compounds, such as acetonitrile (Pekarsky 

et al., 1998).

The mouse N itl cDNA was isolated by Pekarsky et al. ( 1998). It encodes a 323 

amino acid translation product which shares 84.1% amino acid sequence identity with 

its human counterpart, N IT l (Fig. 3.67).

10 20 30 40 50 60
n i  t  Ih u  MLGFITRPPKRFLSLLCPGLRI PQLSVLCAQPRPRAI-L^ISSSSCELPLV.WCQvTSTPDK

n itL rn u  I-ILGFITRPPHQ LLCTG’i'RLLRTF'.a.CTQPRPRTt-lS-SSTS’.'.'ELPLVAVCQ'/TSTPirf;
10 20 30 40 50

70 30 90 100 110 120
n i t l h u  QQMFKTCAEL'VREAA.RLGACLAFLPEAFDFI.ARDPAETLHLSEPLGGrXLEE'FTQLAREC

n ic lm u  QENFKTCAELVQEA.ARLGACLAFLPEAFDFIARNPAETLLLSEPLNGDLLGQYSQLAREC
60 70 80 90 100 110

130 140 150 160 170 ISO
n i t l h u  GLV.'LSLGGFHERGQD'.'/EÇTQKITOCK'v’LUISEGAWAr/RXTKLCDVEIPGQGPMCESMS

n ic ln r u  GIV,^SLGGFHEP.GQra'/ECNQKi™CK’vXLNSKGS’'.^/AS'/RKTKLCDv'EIPGvGPMRESI'ri 
120 130 140 150 160 170

190 200 210 220 230 240
n i t l h u  THPGPSLESt"/STPAGKIGLAVC'!'EMRFPELSIAiLAQAGAEIL'riPSAFGSITGP.iir,',E7/

n i t l m u  TKPGGTLEPP'/KTPAGrrVGLAIC'/EMRFPELSLKLA.QAGAEILriSSAFGS^yTGP.iif.'/E:/ 
180 190 200 210 220  230

250 260 270 280 290 300
n i t l h u  LLRAP-AIETQCY'vV.AAAQCGRHKElGlASYGHSI-rA'DF.-.G'r.'t/ARCSEGPGLCLARIDLiTi

n i t l m u  LLRARAIESCC'i^/I.nA.ACCGR.HHETRASYGHSM'^’'/DP',".GT'/^/AJlCSEG?GLCLA.RIDLHF 
240 250 260 270 2 8 0  290

310 320
n i t l h u  LRQLRKHLP'/FQHRHPDLYGMLGHPLS

n i t I m u  LQQMRQPXP'.'TQKRRPDLYGSLGHPLS 
300 310 320

Fig.3.67: ALIG N comparison between the amino acid sequences o f the human (top) 
and mouse (bottom) n itl proteins.

2 15



The mouse N itl gene is approximately 3.6 kb in length and contains eight 

exons. Northern analysis revealed that different mouse tissues showed different levels 

o f expression o f N itl mRNA. and the highest level o f expression was in mouse liver 

and kidney. In addition, alternatively spliced N itl mRNAs have been observed. Some of 

the transcripts lack exon 2 and encode a 323 amino acid protein, while some altemative 

transcripts containing exon 2 encodes a shorter. 290 amino acid protein, starting with 

methionine 34 (Pekarsky et a i. 1998). These observations suggests that different 

mRNA species are generated by altemative splicing and altemative initiating 

methionines, respectively.

A GENSCAN analysis, followed by a BLAST search, o f the BAC clone rp23- 

395h6 reveals that the genomic segment at position 521-3284 corresponds to the 3' end 

o f the mouse N itl gene (Fig. 3.48). A CROSSMATCH analysis between the BAC 

clone rp23-395h6 and the mouse N itl cDNA further reveals that the genomic segment 

at position 521-3284 encompasses the last six exons of the N itl gene and that the first 

exon o f the N itl gene is not located on the BAC clone rp23-395h6 (table 3.54). The 

analysis o f the N itl gene therefore is limited to the determination o f its e.xon-intron 

borders (Fig. 3.68). However, the sequences o f the first exon and o f the first 778 bp 

located upstream from the first exon were extracted as trace data from the whole genome 

shotgun sequencing analysis o f the mouse genome (see 

http//:www.ensembl.org/Mus_musculus. The complete analysis o f the N itl gene was 

not possible because o f the presence of gaps in the whole genome shotgun assembly of 

N itl. but analysis o f the 778 bp located immediately upstream from the first exon of 

N itl. using MOTIF, indicates the presence o f numerous potential transcription factor 

binding sites, among them M Z F l. GATA. c-Myb. USF. Lyf-1. E2F. STAT, p53. NF-E2. 

c-Myc and CREB. Also, the search for promoter, using NNPP. did not predict any 

promoter region in the 778 bp located upstream from the first e.xon. Finally, the results 

o f the Neural Network splice site prediction program analysis also confirmed the
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presence of potential splice sites at the exon-intron borders indicated by the ALIG N 

comparison o f the N itl genomic region and the N itl cDNA (table 3.55).

\ i t l  gene (last 6 exons):

Î  4 5 6 7

‘U  Ifi 106 l.'5 1:6

STOP
6

Fig. 3.6S: Structural organi/ation ol'thc last six exons ot the .Nitl gene. Si/es. in base pairs, arc 

given below the introns and above the exons.The exons are indicated by black boxes and the 
conneetini; introns bv bori/onial lines.

Exon number Contig position E.xon length (bp)

9 521-615 94
3 990-1241 251
4 1362-1466 104
5 1702-1835 133
6 1966-2091 125
7 2732-3284 552

T a b le  3 .5 4 ;  eiintig position and length o f the last six e.xons o f the mouse N it l 
gene.

Donor site sequence Acceptor site sequence

Exon/Intron Sequence Intron/Exon

1/1 tcttcatGTaggacc 1/2

6 1 7
2/2 agcccagGTaacata 2/3

1243
3/3 ttgccagGTacaagg 3/4

1468
4/4 agcaaggGTgagacg 4/5

1837
5/5 tggcaagGTgggagt 5/6

2093
6/6 tsssasGTaasasa 6/7

Sequence

cttcttcAGgctggg

989

tgtcattcAGgcccag

1361
cccccccAGggaatg

1701
tctctctAGgatcag

1965
tcatttcAGgttggt

2731
catcctcAGstscts
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Table 3 .5 5 : Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

I l l  2 4 11 Mouse Adamts4 gene

Aggrecan is the major proteoglycan o f cartilages. It carries a large number o f 

negatively charged groups resulting in high osmotic pressure in the tissue, allowing 

aggrecan to hydrate the framework of cartilage collagen fibrils and providing the tissue 

with its properties o f compressibility and elasticity. Aggrecan is a large chondroitin 

sulfate proteoglycan that accounts for about 10% o f the dry weight o f cartilage. 

Aggrecan monomers interact with hyaluronan and usually are found as part o f a large 

aggregate containing 10-100 monomers per hyaluronan molecules (Hardingham et a i. 

1992).

Aggrecan degradation is an important factor in the erosion o f articular cartilage 

in arthritic diseases. It is one o f the first matri.x components to undergo measurable loss 

in cartilage degradation associated with arthritis. This degradation involves the 

proteolysis of the aggrecan molecule near its amino-terminus. Two major sites of 

proteolytic cleavage have been identified within the molecule. One site, between Asn-’"̂ ' 

and Phe^-^- is cleaved by matri.x metalloproteinase (Flannery ei at.. 1992), the other site 

between Glu^^^ and Ala-’ '̂̂  is attributed to aggrecanase-1 (ADAMTS4) (Tortorella et 

a!.. 1999). Several other sites of cleavage by aggrecanase-1 have been identified 

(Tortorella et at.. 2000a). The aggrecan products generated by aggrecanase-1 occur in 

the synovial fluid from patients with arthritis, suggesting that this enzyme may be 

important in arthritic diseases involving cartilage degradation.

Aggrecanase-1 (ADAMTS4) is a member o f the a c/isintegrin t/nd 

///etalloprotease with rhromboipondin motifs (ADAMTS) protein family. A ll members 

o f the ADAM TS family contain a common amino-terminal sequence domain, a
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metalloproteinase domain and a disintegrin-like domain (Tang and Hong, 1999). The 

carboxy-terminus o f ADAMTS proteins contains a various number o f thrombospondin 

motifs, which are important for aggrecan binding and cleavage (Tortorella et al.. 2000b). 

The amino-terminus o f the tissue inhibitors o f metalloproteinase protein-3 (TIMP-3) is 

a strong inhibitor of human aggrecanase- 1 (Kashiwagi et a i.  2001), providing a starting 

point for developing a treatment against arthritic diseases.

The human ADAMTS4 cDNA was cloned by Tortorella et al. (1999). This 

cDNA contains a 2511 base pair open reading frame, encoding a 837 amino acid 

translation product, and a signal sequence followed by a propeptide domain that 

precedes the catalytic domain. The catalytic domain o f ADAM TS4 is followed by a 

disintegrin-like domain and a carboxy-terminal domain containing a thrombospondin 

type I motif, similar to those present in other members o f the ADAM TS protein family, 

such as .ADAMTS 1 (Tortorella et al.. 1999). The presence o f a signal sequence and a 

propeptide suggests that ADAMTS4 is synthesized as a zymogen and is cleaved to 

remove the propeptide domain and generate the mature protein (Tortorella et al.. 1999). 

Northern and RT-PCR analysis indicates that ADAMTS4 is present in brain, lung and 

heart tissues, with very low levels in placenta and skeletal muscle tissues (Tortorella et 

al.. 1999).

A GENSCAN analysis, followed by a BLAST search, o f the BAC clone rp23- 

395h6 reveals that the genomic region at position 94678-86350 on the complementary 

strand corresponds to a gene whose coding regions have sequence similarity with the 

human ADAMTS4 cDNA (Fig. 3.48). A  CROSSMATCH analysis between the coding 

sequence of this putative gene, as defined by GENSCAN, and the BAC clone rp23- 

395h6 reveals that the coding region o f this putative gene consists o f 9 exons (table 3.56 

and Fig. 3.69). Also, the results o f the Neural Network splice site prediction program 

analysis also confirmed the presence of potential splice sites at the exon-intron borders
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indicated by the ALIGN comparison of this putative Adamts4 gene and its coding

sequence generated by GENSCAN (table 3.57).

Adamts4 gene (O RF):

,\TG
1 2 3 4

6:0 n: iw n:

STOP 
5 6 7 8 9

:so 1S6 ISO is: j.V'

Adamls4 protein;

Kxoas: 7 8

Fig. .V69: Structural organization o f the O R F ol the putative .•\damts4 gene and its encoded 
protein. iTopi Sizes, in hase pairs, arc given below the introns and above the exons.The exons are 

indicated by black boxes and the connecting introns by horizontal lines, iBottom ) The dark gray 
box indicates the presence ol a cataly tic metalloprotease domain. The clear gray box corresponds 
to a disintegrin-like domain. The white box in the I'irst exon corresponds to the signal sequence. 
The black box in exon 1 corresponds to the propeptide domain, and the black box in e.xon 6 
corresponds to the thrombospondin type I motil.

E.xon number Contig position E.xon length (bp)

1 94678-94058 620
92990-92667 323

3 92440-92308 132
4 91634-91464 170
5 89380-89094 286
6 89000-88814 186
7 88573-88398 175
8 87809-87634 175
9 86776-86350 426

Table 3.56: contig position and length o f the exons o f the coding region o f the 
putative .Adamts4 gene.

Donor site sequence .Acceptor site sequence

Exon/Intron

1/ 1

Sequence
94056

aaccaaaGTaaacaa

Intron/Exon

1/2

Sequence
92991

ctcctcaAGcscttc

92665
2/2 ccsacaaGTaaaacc 2/3

92441
tctccacAGaaccta
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92 3 0 6  91 6 3 5
3/3 gaactggGTaaggaa 3/4 ctcttatAGgccatg

91 462  89381
4/4 aattataGTaaacta 4/5 ccctttcAGaacact

89 0 9 2  89001
5/5 cttcaatGTgagacc 5/6 cccttgcAGgttcct

88812  88574
6/6 aactcaaGTaagaga 6/7 tacctaiAGcattaa

8 8 3 9 6  8 7 8 1 0
7/7 gccccaaGTaaaaac 7/8 actcctcAGataaca

8 7 6 3 2  8 6 7 7 7
8/8 aattcagGTcctttc 8/9 tcctcacAGgtaigg

Table 3 .5 7 : Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

An ALIG N comparison between the amino acid sequence deduced from the 

coding sequence o f this putative gene and the amino acid sequence of the human 

ADAMTS4 protein indicates that they share 90.2% amino acid sequence identity (Fig. 

3.70). confirming that this region likely encodes the mouse counterpart o f the human 

ADAMTS4 protein, Adamts4.

10 20 30 40 50 00
h u iran  MSQTGSHPGRGLAGR'.'/LMGAQPCLLLPIVPLSt'/L'/ÆLLLLLASLLPSARLASPLPREEE

m o u se  MSQHGLHPRRGLTGK'.-n.QRFQPCL PLKT/Q'.'fflPiLLLAFLLSLAOTASPLPREEE
10 20 30 40 50

70 SO 90 100 110
huirar. IvTPEÎ'XNGS-’/L?GSGAP.y3LLCRLgAFGETLLLELEQESG''/<5VEGLT'/Q'rLGQAPELL

m o u se  l'/FPEKLNGSSILPGSGT'/PARLL'tTlLP.^^^GEI-ILLLELEQDPG'/QVEGL'ü/Q't'LGQAPEML 
60 70 30 90 100 110

120 130 140 150 160 170
hum an GGAEPG'Tn.TGTIltGDPES^/ASI.if.-.TXOGALLG'/'LQl’RGAELHLQPLEGGTPNS.AGGpaAH

m o u se  GGAEPGriuTGTIt'CDPES^/ASLK’.'.'EGGALLGry'LQ'iRiaAELKLQPLEGaAIJ'ISAGGPGAH 
120 130 140 150 160 170

180 190 200 210 220  230
hum an IL.RRKSP.ASGÇGPHCNVKAPLGSPSPRPR.RAKRF.ASLSRF'.^TLW.ADDKH.A.AEHaAGLK

m o u se  ILRRKSPASSQGPMCTVy-APSGSPSPISRRTKRFASLSRF'TETLWADDKMAAFKGTGLK 
180 190 200 210 220 230
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240 250 260  27Q 280  290
hum an RYLLTVMAAAPiCAFKHPS IRNPVSLV^/TRLVILGSGESGPQVGPSPJySTLRSFCM-JQRGL

m o u se  R'/LLTVMAAAAKAFKHPSIR}!FVNLWrRLVILGSGQEGPQVGPSAP.OTLRSFCr.VQRGL 
240 250  2 6 0  270 280 290

300 310 320 330 340 350
hum an MTPEDSDPDHFDTAILFTRQDLCGVSTCDTLGMADVG'n/CDPARSGM'ÆDDGLQSAFTA

m o u se  NTPNDSDPDHFDTAILFTRQDLCGVSTCDTLGMADVG'T/CDPARSCAI^/EDîXîLQSAFTA 
300 310 320 330 340 350

360 370 380 390 400 410
hum an .AHELGHVFN>£LHDMSKPCISLNGPLSTSRH'/!-!A?VI-'Ai*ATIPEEP'.‘/SPCSARFITDFLDNG

m o u se  .yiELGHVFNMLHENSKPCTMIJ'ÎGQGGSSRH'v7-LA?''/I-!PÜ'/DPEEP/;S?CSARFITDFLDHG 
360 370 380 390 400 410

420 430  440 450  460 470
hum an YGHCLLDKPEAPLKLF/TFPGKDl'aAJORQCQLTFGPDSRKCPQLPPPCAALV/CSGKLNGK

m o u se  YGHCLLDKPEAPLKL PATFPGKD'/DADRQCQLTFGPDSSHCPQL P P PCA^V.'CSGKLNGH 
420 430  440  450 460 470

4 3 0 490 500 510 520 530
h'uman .-l-!CQTr.2iS?',-;.2iDGTPCGPAQAa-lGGRCLKI-!DQLQDFMIPQAGa',GP/.G?.7GCCSRTCGGG

m o u se  A.MCQTKKSP'.-;ADGTPCGSSQAa!GGRCLK’/DQL12jFir/?QAGG'v-,GP.',G?.'.GIX:SRTCGGG 
480 490 500 510 520 530

540 550 550 570  530 590
hum an VQFSSRDCTRP'/PRNGGKY’CEGRRTRFRSO'n'EDCPrGSALTFREEÇCAAiTKRTDLFF.S

m o u se  VQFSSRDCTRF>/PRNGGKYCEGPJlTRFRSCNTEMC?KGSALTFP^ECCAAlirriRTELFr;S 
540 550 560 570 580 590

600 610 620 630 640 650
h ’uman FPGPMnVVPR'YTGVAPQDÇCi'XTCQAC.y^'rrYy’LEPR'YiTXGTPCSPDSSS'.'C/CGRCIH

m o u se  FPGPr-ra-AG'R'YrCr'/APRDQCKLTCQARALGrrY/LEPRVAEGTPCSPDTSS'YC/QGRCIK 
600 610 620 630 640 650

660 670 680 690 700 710
hum an AGCDRIIGSrCKKFDKC>r/CGGDRSGCSKQSGSFRKFRYG'/IIlA'ATIPAGATHILVRQÇGM

m o u se  AGCDRIIGS'rGGCFDKa-r/CGGDGSRCSKQSGSFiCKFRYGYSDVA'TIPAGATKILVRÇÇGG 
660 670 680 690 700 710

720 730 740  750  760 770
hum an PGKRSI’/LALKLPDGS’/ALMGFYTLMPSPTDV'.TI.PGAVSLRYSGAT.iASETLSGHGPLAC

m o u se  SCLKS I'lXALKLSDGSYALNGFYTLI-IPSPTDVVLPaA/SLRYSa^TAnSETLSGHGPLAQ 
720 730  740  750 760 770

780 790  800 810 320 830
hum an PLTLQVLVAGNPQDTFiRYSFF/PRPTPSTPRPTPÇÜÆKRRAQILEILRRRFWAGRK

m o u se  PLTLQVLVAGNPQlIARLRYSFF/PRF/PSTPRPPPCa-.’LQRRAEILKILRFGlP'/.'AGRF: 
780 790  800 810 320 830

Fig. 3.70: ALIGN comparison between the amino acid sequences o f the human 
ADA.MTS4 protein (top) and o f its putative mouse counterpart protein (bottom)
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A BLAST analysis o f the BAC clone rp23-395h6. using the mouse dbEST 

database, indicates that the genomic region at position 91808-91381 on the 

complementary strand has sequence homology with a mouse Adamtsl 5' EST. In 

addition, Hurskainen el al. (1999) determined that the ADAMTS4 gene was located on 

human chromosome lq21-23. in a region structurally conserved between human and 

mouse, and corresponding to the approximate location o f the mouse clone rp23-395h6.

The 5' flanking region o f human ADAM TS4 was characterized by Mizui et al. 

(2000). They showed that the region between -383 and +10 relative to the transcription 

start site was necessary for full promoter activity, and that this region contained one Spl 

and three AP-2 sites. In addition, they showed that the region between -726 and -384 

appears to contain silencer elements, and that the nuclear factor I (NF-I) site at -441 to - 

429 was involved in negative regulation o f the human ADAMTS4 promoter activity in 

chondrocytes. Analysis o f the 4000 bp located immediately upstream from the putative 

translation start site (ATG) o f Adamts4 (at position 94678). using MOTIF, indicates the 

presence o f numerous potential transcription factor binding sites, among them are 

GATA. NF-kB. p53. STAT. N-Myc. MyoD. c-Myb. Oct-1. NF-E2 and CREB potential 

binding sites. Interestingly, the MOTIF search also revealed NF-I binding sites at 

positions 99-116 bp and 1364-1347 bp upstream from the translation start site, and a 

TATA box located at position 1 139-1153 bp upstream from the ATG translation start 

site. Thus, it is likely that the mouse .Adamts4 gene and the human .ADAMTS4 gene 

have similar modes o f transcriptional regulation. The NF-I site located 1364-1347 bp 

upstream from the ATG triplet corresponds to the functional NF-I binding site, and the 

transcriptional start site o f Adamts4 is probably located in a region approximately 920 

bp upstream from the translation start site.
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III-2-4-12 Mouse Fc epsilon RI gamma subunit gene

Acute allergic reactions are triggered by three major classes o f proinflammatory 

mediators; granule-associated amines (e.g., histamine and serotonin), newly-synthesized 

arachidonic acid metabolites (e.g., leukotriene C4 and prostaglandin D ]) and 

proinflammatory vasoactive cytokines (e.g., tumor-necrosis factor alpha and interleukin- 

6 ) (Galli, 1993). These mediators are released from sensitized mast cells upon activation 

through the antigen-mediated cross-linking of their cell surface IgE receptors/Fc epsilon 

RI (Blank 6*/a/., 1989; Galli, 1993). IgE receptor/Fc epsilon RI is a tetrameric comple.x 

consisting o f an IgE-binding alpha subunit, a beta subunit and two disulfide-linked 

gamma subunits (Blank et a i.  1989). It is a member o f a family o f immune receptors 

that includes the T cell receptor, the B cell receptor and two IgG receptors, Fc gamma RI 

and Fc gamma R III (Cambier, 1995). Both beta and gamma subunits contains 

immunoreceptor tyrosine-based activation motifs (ITAMs) within their cytoplasmic 

domains that allow interaction with protein-tyrosine kinases and their substrates via their 

Src homology 2 domains (Tamir and Cambier, 1998). The interaction of IgE receptors 

with their ligand triggers a cascade of events, leading to the subsequent tyrosine 

phosphorylation o f downstream substrates, and their direct implication in the 

physiology o f acute allergic reactions (Tamir and Cambier, 1998).

The cDNA for the gamma subunit of the mast cell receptor for IgE (Fc epsilon 

RI) was cloned in mouse by Ra et al. (1989) and the gene subsequently located on 

human chromosome Iq23, in a region conserved between mouse and human (Le Coniat 

et a i, 1990). An ALIG N comparison between the mouse and human IgE gamma 

subunits indicates that they share 88.47c sequence identity (Fig. 3.71). Residues 1-17 

encodes a putative signal peptide, and hydrophobic segments in the mouse protein 

corresponds to a transmembrane domain that encompasses residues 24-44 (Ra et al.. 

1989). The open reading frame is 258 bp in length, encompassing a 86 amino acid
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translation product, becoming a 69 amino acid protein after removal o f the signal peptide 

(Ra et al., 1989).

£ c e g h u  MIPAV/LLLLLL’ÆQAAALGEPQLC/ILDAILFLYGI^ÆTLLYCRLKIQVRK.ViITS'rEK

fceg m u  MISAVILFLLLL'/EQAA.ALGEPQLCYILDA'/LFLYGI'/LTLLYCRLKIQVRyA>AIASREK 
10 20 30 40 50 50

70 80
f c e g h u  SDGVYTGLSTRMQEr/ETLKHEXPPQ

fceg m u  .ADAVYTGLNTRSQErrETLl'jiEKPPQ 
70  SO

Fig. 3.71: ALIGN comparison between the amino acid sequences o f the human (top) 
and mouse (bottom) Fcerlg proteins.

A GENSCAN analysis, followed by a BLAST search, o f the BAG clone rp23- 

395h6 reveals that the genomic segment at position 111240- 115950 corresponds to the 

mouse Fc epsilon R1 gamma subunit gene (Fcerlg) (Fig. 3.48). .A CROSSMATCH 

analysis between the mouse BAG clone rp23-395h6 and the Fcerlg cDNA reveals that 

this gene consists of five exons, spanning a genomic region of approximately 4.7 kb 

(table 3.58 and Fig. 3.72).

Fcerlg gene:

. \T G  S l o p

1 2 3 4 5
91 9| *0 :o 349

l u l  ‘H)>i K n U "

Fcerlg protein:

N

K.\on.s: 1 2 3 | 4~1 5~

Fig. 3.72: Structural organization o f the Fcerlg  gene and its corresponding protein. (Topi Sizes, 
in hase pairs, are given below the introns and above the e.xons.The exons are indicated by black 
boxes and the connecting introns by horizontal lines, i Bottom) The black box corresponds to the 
putative transmembrane domain, and the dark gray box corresponds to a signal peptide.
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In addition, the results o f the Neural Network splice site prediction program 

analysis also confirmed the presence of potential splice sites at the exon-intron borders 

indicated by the ALIGN comparison of the Fcerlg gene and its cDNA (table 3.59).

Exon number Contig position Exon length (bp)

1 111240-111330 90
2 114259-114350 91
3 114496-114531 35
4 115440-115460 20
5 115600-115950 350

Tab le  3.58: contig position and length o f  the exons o f the mouse F c e rlg  gene. 

Donor site sequence Acceptor site sequence

Exon/Intron

1/1

Sequence Intron/Exon 
1 U 3 3 :

caagcagGTaagggg 1/2

Sequence 
1 I425S  

tcccctcAGccgccc

2/2
1143.32 

actcaagGTaaggca 2/3
1 14495

ccactccAGatccag

3/3
114533 

ccgtgagGTatggag 3/4
115439

tctctgtAGaaagca

4/4
115462

ctacacgGTgagtga 4/5
115599

ctcctgcAGggcctg

Table 3 .5 9 : Neural Network splice site prediction sequences: exons
numbered according to their positions and the numbers on top o f  the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 111281. in the first 

exon, and a putative termination site is located at position 115659. in the last exon. The 

signal peptide is encoded by the first exon, and the transmembrane domain o f the 

receptor is encoded by nucleotides located at position 114278-114340. corresponding 

approximately to the second exon. Initial analysis o f the 1000 bp located immediately 

upstream from the 5' end o f the Fcerlg gene, using MOTIF, reveals potential binding 

sites for transcription factors that are important for the development o f hematopoietic 

cells, such as c-Ets. GATA. c-Myb. M Z F l. Ik-2. NF-AT binding sites, and potential
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binding sites for p53. E2F and N-Myc transcription factors. A search in the possible 

promoter region, using NNPP, reveals the presence o f four potential promoters at 

positions 559-609 bp, 350-400 bp. 317-367 bp and 214-264 bp upstream from the 5' 

end o f the gene. Analysis o f the same region, using MOTIF, indicates the presence o f a 

potential TA TA  bo.\. 377-391 bp upstream from the 5' end o f the gene, suggesting that a 

T.ATA promoter likely is used in initiating gene expression of the Fcerlg gene.

I l l -2 4 13 Mouse L27' processed pseudogene

jL I 6708̂ 1731 g ( h o r i z o n t a l )  vs .  C on t i  ( v e r t i c a l )  
lAbout  I

200100 500
0

50

100

150

200

250

300

350

400

450

1 . 46c

Fig. 3 .73: D o t-p lo t analysis, using D O T T E R . between the genom ic sequence 

at position 3 9 9 9 0 -4 0 4 5 7  (h orizo n ta l) and the mouse L 2 7 ’ c D N A  (ve rtica l).
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A GENSCAN analysis, followed by a BLAST search, o f the BAG clone rp23- 

395h6 revealed that the genomic segment at position 39990-40457 has 86.1% sequence 

homology with the mouse L27’ ribosomal protein cDNA (Fig. 3.48). The L27' gene was 

cloned by Belhumeur cr a/. (1987), is present at approximately 15 copies o f the intron- 

containing gene (Kusuda et a i, 1999) per genome, and is highly homologous to the 

yeast L29 ribosomal protein gene. It has been suggested that L27' is involved in peptidyl 

transferase activity and 50S subunit assembly (Lotti et ciL. 1987; Wower et al.. 1998).

A DOTTER comparison between the genomic sequence at position 39990- 

40457 and the mouse L27' cDNA sequence reveals that the two sequences are col inear, 

and that the genomic sequence lacks any intronic sequence (Fig. 3.73). This lack of 

introns, characteristic o f a large population o f ribosomal processed pseudogenes 

(Harrison et a!.. 2002) suggests that this genomic sequence corresponds to a non­

functional L27’ processed pseudogene.

111-2-4 14 Mouse R lK ENl gene

A GENSCAN analysis, followed by a BLAST search, o f the mouse BAG clone 

rp23-395h6 revealed the presence o f an hypothetical gene at position 123083-126492 

(Fig. 3.48). This hypothetical gene shares over 99% sequence similarity with a cDNA 

sequence (Genbank accession number AKO12264) from the RIKEN full length 

enriched mouse cDNA library (Caminci and Hayashizaki, 1999). This hypothetical 

gene therefore was named the R lK E N l gene. A CROSSMATCH analysis between the 

cDNA sequence o f R lK E N l and the genomic segment at position 123083-126492 

reveals that the R lK E N l gene consists o f 10 exons (table 3.60 and Fig. 3.74). In 

addition, the results of the Neural Network splice site prediction program analysis also 

confirmed the presence o f potential splice sites at the exon-intron borders indicated by 

the ALIG N comparison o f the R lK E N l genomic region and its cDNA (table 3.61).
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R lK E N l gene;

ATG STOP
1 2 3 4 5 6 7 8 9  10

' I  :4 7  -0  ' I :  13 Kjs i : ; 101

Fig. 3.74; Structural organization ot'the hypothetical R lK E N l gene. Sizes, in base pairs, arc- 
given below the introns and above the exons.The exons are indicated by black boxes and the 

connectinu introns bv horizontal lines

Exon number Contig position Exon length (bp)

1 123083-123152 69
2 123374-123623 249
3 123888-123955 67
4 124267-124359 92
5 124621-124722 101
6 124875-124980 105
7 125104-125226 122
8 125342-125418 76
9 125631-125733 102
10 125867-126492 625

Table 3.60: contig position anti length o f the exons o f the putative R lK E N l gene.

Donor site sequence Acceptor site sequence

Exon/Intron

I / I

2/2

3/3

4/4

5/5

6/6

Sequence
123154

taaaataGTaasaac

Intron/Exon

1/2

123625
tgcaaagGTgagacc 2/3

123957
tttccagGTgctccc 3/4

12436!
cacagagGTgagggc 4/5

124724
cttccagGTgaccca 5/6

I249S2
gaatcagGTggggaa 6/7

125228

Sequence
123373

ttattgcAGgtctag

I23SS7
tcccttcAGatgtat

124266
tttcctcAGgtggct

124620
ccctaacAGgtgttc

124874
cccacccAGacacag

125103
ccctgactAGtgatca

125341
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i n  tactcagGTacgaga 7/8 accctgcAGctgtcc

125420 125630
8/8 taaacaaGTaaaact 8/9 acttctcAGattcaa

125735 125866
9/9 tttaaaaGTaaagat 9/10 ccccaacAGacttaa

Tabic 3.61: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 123508, indicating 

that the first e.xon and the 5' end o f the second e.xon are transcribed into a 5’ UTR. The 

analysis o f the first 1000 bp located upstream from the 5' end o f the gene, using 

MOTIF, reveals several interesting features. First, potential binding sites for M ZF l, 

GATA, c-Rel, NF-kB, p53, c-Ets, Lyf-1, NF-AT, Oct-1, c-Myb, ST.AT and E2F are 

present in the 5' flanking region o f the R lK E N l gene, suggesting that the transcription 

o f this gene is highly regulated. In addition, a potential interferon-stimulated response 

element is present 362-376 bp upstream from the 5' end o f the gene, suggesting that this 

hypothetical gene may be responsive to interferons. The NNPP promoter prediction 

program predicted two putative promoter regions at positions 218-268 bp and 191-241 

bp upstream from the transcription start site. A search o f the Pfam protein profile 

database indicated the presence o f a putative eukaryotic porin domain in the carbo.xy 

terminus o f the putative protein encoded by the R lK E N l gene, similar to the domain 

found in outer mitochondrial membrane protein porins. Interestingly, a BLASTP search 

o f the putative R lK E N l protein reveals significant sequence similarity between the 

R lK E N l protein and the mouse mitochondrial import receptor subunit Tom40 protein 

porin. An ALIG N comparison between the two protein sequences indicates that they 

have 53.8% sequence identity (Fig. 3.75). Tom40 is a member o f the mitochondrial 

outer membrane translocation machinery', one o f the membrane-embedded components, 

along with Tom5, Tom6 and Tom7, that form the general import pore which facilitates
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the translocation o f preproteins across the outer membrane (Rapaport et a i,  2001; 

Suzuki et a i. 2000). Whether the R lK E N l protein is a component o f a membranous 

translocation machinery remains to be established.

10 20 30 40 50 60
Tcm 40p HGNVLAASSPPi\RPPPPTPSLVGLPPPPPSPPRSLOlRS;iJUlGTGSSTGRGSERTPGAAA

RlKENl MGNTL---------------------------------GLPJIETLPRRSK-RR------------------------------EEP-------
10 20

70 90 90 100 110 120
Tcm4 Op SGA.A.A.^SEDGSCGCLPNPGTFEECHRKCKELFP^/ONEGr/KLr/NKGLSNRFQVTHT/ALG

R IKENl  LPNPGS FDELHRLCŒ1? P.2iQMEG''/KLW'N17/LSSHFQV.yiT'y’HI-IS
30 40 50 60

130 140 150 160 170 180
Tcm 40p TIGESirrriFG'vTF./GTKQLSPTEAFPV’LVGDHDMSGSLNAQVIHQLSPGLRSK!-!AICTÇ<2

R lK E N l .iiGLPG'rHLKT.Vi'AGraVQLSPTE'/~PT'A'GDMDSSGSLNAQ'/LLLLAERI..R.y'l?iv” QTC<2
70 80 90 100 110 120

190 200 210 220 230 240
Tcm 40p SKF'/’N’.'jQ'/EGE'i'RGSDFT.AAVTLGNPEy.G.VGSGILV.A.H'rLCSITPCLALGGEL’A ’HR.RPG

R lK E N l .i2KFLT;\’CFEGE'/P.GDD'lT.ATLTLGriPDLiaES’.'i:'r.'.A :-iFLQSITH?i'.2X-GELTG“2=°,PG
130 140 150 160 170 ISO

250 260 270  280 290 300
Tom40p EEGT'.T-ÎSLAGrrrrLMM'EJ^T'vTT.GÇAGr-ÎKArriTillASCÇLQVG'v'EFEASTRMQDTSASFG

RlKENl EEGAILT!-AGri'SAV"rf.'iVATL.WGSGGAÜAST!’Hria'j'EQVQVG''/EFEAJ'iTRLQDTTFSFG 
190 200  210 220 230 240

310 320 330 340 350
Tcm 40p YQLDLPPlANFLFKGS^/NSMVIVGATLEKKLPPLPLTLSLC.AFLliKRîGrKjLCGFGLTIG

RlKENl '(TiLTLPQAD^r/TR.GL'mSrmC/GAll.ErGG'IRPLPA'TL.ALGAFLNK'.'RirRFHCGFSIT/G 
250  260 270 230 290 300

Fig. 3.75: ALIG N comparison between the amino acid sequences o f the mouse Tom40 
protein (top) and of the protein encoded by the hypothetical R lK E N l gene (bottom).

III-2-4-I5 Mouse RIKEN2 gene

A GENSCAN analysis, followed by a BLAST search, o f the mouse clone rp23- 

395h6 reveals the presence o f a second hypothetical gene at position 50546-56964 (Fig.

3.48). This hypothetical gene has over 99% sequence similarity with a cDNA sequence
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(Genbank accession number NM_025388) from the RIKEN mouse cDNA library 

(Caminci and Hayashizaki, 1999), and was named the RIKEN2 gene. A 

CROSSMATCH analysis between the RIKEN2 cDNA sequence and the sequence of 

the genomic segment at position 50546-56964 indicates that the RIKEN2 gene consists 

of 7 exons (table 3.62 and Fig. 3.76). In addition, the results o f the Neural Network 

splice site prediction program analysis also confirmed the presence o f potential splice 

sites at the exon-intron borders indicated by the ALIGN comparison o f the RIKEN2 

genomic region and its cDNA (table 3.63).

R IK ES2 gene:

.\T(î 
I 2

STOP 
3 4 5 6 7

O ')  f )  I SO 4t)-

I I  "  n u

Fig. 3.76: Structural organi/alion otThe hypothetical R IK E N 2 gene. Si/es. in ba.se pairs, are 

given below the introns and above the exons.The exons are indicated by black boxes and the 
connecting introns bv horizontal lines

Exon number Contig position Exon length (bp)

1 50546-50608 62
2 50702-50895 193
3 55313-55380 67
4 55582-55645 63
5 55935-560I I 76
6 56268-56358 90
7 56558-56965 407

Table 3.62: contig position and length ot the exons ot the putative RIKEN2 gene.

Donor site sequence Acceptor site sequence

Exon/Intron Sequence Intron/Exon
50610

I / I  cacacccGTaaatca 1/2

Sequence
50701

ttcccacAGtaaaaa

50S97
2/2 aatccaaGTcaattt 2/3

55312
atttacAGtatata
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55382 55581
3/3 gacccgGTaagcag 3/4 ctgttgcAGgtggtt

55647 55934
4/4 gtttgaaGTgagtgt 4/5 tlcctccAGattcct

56013 56267
5/5 tgtacagGTaggact 5/6 tttctcacAGgggtgg

56360 56557
6/6 cctaaaaGTaaatu 6/7 acattacAGctgggt

Table 3.63: Neural Network splice site prediction sequences: exons and introns are 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 50772. in the second 

e.xon. The analysis o f the first 1000 bp located upstream from the transcription start site, 

using MOTIF, revealed the presence o f potential binding sites for several transcription 

factors, such as Lyf-1. p53. GATA. NF-AT, Ik-1. Ik-2. AP-I. NRF-2 and c-Ets binding 

sites. The NNPP promoter prediction program did not predict any promoter in the first 

1000 bp upstream from the RIKEN2 gene, suggesting that this gene has a TATA-less 

promoter. Finally, a BLASTP search on the amino acid sequence of the putative 

RIKEN2 protein, deduced from the RIKEN2 cDNA sequence, indicates that the 

RIKEN2 protein corresponds to a hypothetical protein. CGI-126, that is evolutionarily 

conserved between human and Caenorhahciilis elef>aiis (Lai ei ciL. 2000). The CGI-126 

protein exhibits sequence conservation with a C. elegans hypothetical protein encoded 

by the C40HI.6 gene in chromosome III (Wilson et a l,  1994). An ALIG N comparison 

between the CGI-126 and C40HI.6 proteins indicates that they share 68.3% homology 

(Fig. 3.77).

10 20 30 40 50 60
RIK.Eri2 MADEA.TRRWSEIP'y’LKTNAGPRDRSL'.'rv/'QRLKEHTi'CSLIRi'^/ErillKNSDMIX'fiTlLESI'rr:

H ypoC. M-DDATKSSLKAIPLCKTKA5PRDGDLMIERLKZrrEAII.AAVQlINKDCI3RIX\T0LESrtZ 
10 20 30 40 50

70 80 90 100 110 120
RIKEN2 EGTRV;FGKC.'jTIKDFLK'itFDIEFEIPIT'r?TTAPE;.Al'?ELDGKT.nK>r/HGGKICLTDK
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H y p o c . RGTKWFGKCT/'/FHNMVK'i’rïDVEFDIPiriTi/TAPEIALPELDGKTAKM'/RGGKICLSEH 
60 70 80 90 100 110

130 140 150 160
RIKEN2 FKPLWARNVPKFGLAHLMALGLGP.-rtJiVE'/PDL ICKGT'/IQKKEKCSQ

H y p o c . FKPLWARNTPKFGIAHAFALGLGPAmVEIPDLIEKGLIQPKA-------
120 130 140 150 160

Fig. 3.77: ALIGN comparison between the amino acid sequences o f the hypothetical 
proteins C G I-126 (bottom) and encoded by the hypothetical RIKEN2 gene (top).

H I-2 4-16 Mouse RIKEN3 gene

A GENSCAN analysis, followed by a BLAST search, o f the mouse clone rp23- 

395h6 reveals the presence o f a third hypothetical gene at position 194924-209533 (Fig.

3.48), which has over 99f^ sequence identity with a cDNA (Genbank accession number 

NM_025321) from the RIKEN mouse cDNA library (Caminci and Hayashizaki, 

1999). This hypothetical gene was named RIKEN3. A CROSSMATCH analysis 

between the RIKEN3 cDNA and the mouse clone rp23-395h6 reveals that the 3' end of 

the RIKEN3 gene is not present on the mouse clone rp23-395h6, and that the genomic 

segment at position 194924-209533 encompasses only the first 5 e.xons of the RIKEN3 

gene (table 3.64 and Fig. 3.78). Also, the results o f the Neural Network splice site 

prediction program analysis also confirmed the presence o f potential splice sites at the 

exon-intron borders indicated by the ALIG N comparison o f the RIKEN3 genomic 

region and its cDNA (table 3.65).

RIKEM3 gene (first five exons):

.V T G

1 2 3 4 5

4S0.;

Fig. 3.78: Structural organization o f the tlrst five  exons o f the hypothetical RIKE.N'3 gene. 

Sizes, in base pairs, are given below  the introns and above the e.xons.The e.xons arc indicated 
bv black boxes and the connectmu introns bv horizontal lines
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Exon number Contig position Exon length (bp)

1 194924-194968 44
2 199715-199771 56
3 201868-201969 101
4 206772-206833 61
5 209371-209533 162

Table 3.64; contig position and length o f the first 5 exons o f the putative RIKEN3 
uene.

Donor site sequence Acceptor site sequence

Exon/Intron

1/1

Sequence
194970

tgctgagGTgacttt

Intron/Exon

1/2

Sequence
199714

ctcttgcAGacatgt

2/2
199773

tcagaaaGTaagttc 2/3
201867

ttattttAGtgctgc

3/3
201971

tctacaaGTaagggc 3/4
206771

ictttgtAGatggic

4/4
20683S 

agtggagGTatgtat 4/5
209370

ctctctcAGgggtct

Table 3.65: Neural Network splice site prediction sequences: exons and introns ate 
numbered according to their positions and the numbers on top o f the donor and acceptor sites 
correspond to their contig positions. The numbered bases are underlined.

A putative translation start site (ATG) is located at position 194948. in the first 

e.xon. suggesting that the 5' UTR is a short region. Initial analysis o f the 1000 bp 

located immediately upstream from the transcription start site, using MOTIF, indicates 

the presence o f several potential transcription factor binding sites, among them are 

potential GATA. NF-AT. Spl. c-Myb. AP-1. Gfi-1. NF-kB. c-Rel and c-Ets binding 

sites. The search for a promoter, using NNPP. predicted 5 potential promoter regions at 

positions 758-808 bp. 750-800 bp. 318-368 bp. 55-105 bp and 38-98 bp upstream from 

the transcription start site. A CCAAT box was located, using MOTIF. 685-696 bp 

upstream from the transcription start site, suggesting that the promoter region is located 

318-368 bp upstream from the 5' end o f RIKEN3 . A search o f the PROSITE protein 

profile database with the hypothetical RIKEN3 predicted amino acid sequence revealed
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two succinate dehydrogenase cytochrome b subunit signature sites, located at amino 

acid positions 50-74 and 127-140. A BLASTP analysis o f the putative RIKEN3 protein 

revealed sequence homology with the human large subunit o f cytochrome b (cybL) in 

the succinate-ubiquinone oxidoreductase (complex II) o f mitochondria (Hirawake et al., 

1999). An ALIG N comparison between the mouse RIKEN3 protein and the human 

cybL protein indicates that these two proteins have 79.37c sequence identity (Fig. 3.79) 

and suggests that the RIKEN3 gene may correspond to the mouse ortholog of the 

human cybL gene. Since Hirawake ei ai. (1997) reported that the human cybL gene was 

mapped to chromosome lq 21, in a region conserved between mouse and human that 

corresponds to that o f mouse BAG clone rp23-395h6, it is likely that this region 

encodes the mouse ortholog o f the human cybL gene.

10 20 30 40 50 50
RIKEN3 :4A.^LLRH'/SRKCLRAKLlIAQRCIRriAAPLGTT.^;EEI’IERF',',r2-Sn'SSl®PLSPHLTI-i-:-:

hum an M^ALLLR.H'/GRKCL.RAKFSPQLCIP.lUVPLGTT.-iCEQ-ERF.-ffrra-IIGSNRPLSPHITIYS
10 20 30 40 50 60

70 80 90 100 110 120
RIKEN3 WSLPMALS^/CKRGSGIALSGG''/SLFGLSALLLFGNFES'iTJ-!rvT<SLCLGPTLIVSA:-=''/L

hum an V;SLPM^2-!SICHRGTGIALSAC7;/SLFG:-ISALLL?GNFES’rLELVKSLCLGP.=iLIHTAKFAL
70 80 90 100 110 120

130 140 150 160
RÎKEM3 VFPI^'rrriSUIGIRHLLW'DLGKGLAIPQv’v-LSG'/AV'/'y’LAVXSSGGLAAL

hum an '/FPLJ-rt’HT.-.'NGIRKIJ-r.-.'DLGKGLKI PQLYQSG'A"v/LVLT/LSSI-IGLAAH 
130 140 150 160

Fig. 3.79: ALIG N comparison between the amino acid sequences o f the human cybL 
protein (bottom) and o f the protein encoded by the hypothetical RIKEN3 gene (top).

I l l  2 4 17 Repeat elements in the mouse BAG clone rp23-

395h6

A Repeatmasker analysis o f the repeat elements in the 211771 bp o f the mouse 

clone rp23-395h6 indicates a relatively low percentage of repeat elements, as 38.13% of
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the total sequence o f this clone consists o f repeat elements (table 3.66). Most o f the 

repeat elements correspond to SINEs and. to a lesser extent, LTR elements. LINE 

elements make only 2.96% of the total repeats present in this clone, in contrast to what 

has been observed in the mouse clone rp23-21118. in which LINE elements represent 

about 40% of the total sequence o f the clone. The high percentage o f LINE elements in 

the mouse clone rp23-2I118 was correlated to the total absence of genes, but in the case 

o f the clone rp23-395h6, the high percentage o f SINE elements can be correlated to the 

presence o f a high number of genes. This is consistent with the overall observation that 

SINE elements in the human genome mostly are present in gene-rich regions (Lander et

f//.,2001).

number of 
elements

length
occupied

percentage 
of sequence

SINEs: 319 42666 bp 20.15%
B is 170 20082 bp 9.48%
82-84 129 20491 bp 9.68%
IDs 10 723 bp 0.34%
MIRs 10 1370 bp 0.65%

LINEs: 16 3033 bp 1.43%
LIN E ! 7 658 bp 0.31%
LINE2 8 2309 bp 1.09%
L3/CR1 1 66 bp 0.03%

LTR elements: 62 25940 bp 12.25%
MaLRs 23 6718 bp 3.17%
ERVL 1 486 bp 0.23%
ERV_classI 4 2260 bp 1.07%
ERV_classII 19 9737 bp 4.60%

DNA elements: 7 949 bp 0.45%
MERl_type 6 805 bp 0.38%
MER2_type 1 144 bp 0.07%

Unclassified: 4 769 bp 0.36%

Total interspersed repeats 73357 bp 34.64%

Small RNA: 1 96 bp 0.05%

Satellites: 0 0 bp 0 .00%

Simple repeats: 99 5569 bp 2.63%
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Low complexity: 31 1758 bp 0.83%

Table 3.66: Identification o f the repeat elements on the mouse clone rp23-395h6.

III-2-5 Mouse BAC clone rp23-9p22

G E N S C A N  p r e d i c t e d  ; ^ e n e s  i n  H e q u e n c e  V p 2 2 . f a H t a j 4 c r e e Q . C o D t i ; j  I

]| I I I »
u a » Ü I) I t  <1 ; 4  I tn Q j» <> u 4rt <i *> 4 o u

4 I I I I I  I I I I

a u ?» 0 «4 } «0 0 «4 0 10^ 0 ;□« a 1 1 4 . 0  1^ 0  j

C «  4  I 1 4  I III I II 1 4 B I H H K 4  I

l ; 0  1 u *  0 U i  9 LJ9 0 144 0 13 0 0 13» 0 14 : 0 1»» 0 1?4 0 190 0

I H H H K  «  I II I C 4 I I

]  I »

imo j 194 0 I '* ;  0 i«9 0 :C4 i :io o ii* a
I I  C 4 II I
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Fiÿ, ,').S0: G E .N S C A N  anal>si.s ot'lhc  mouse B A C  clone The "ene.s predieled by GE.NSC.A.V
are repeal elemenls or false positives.

The mouse BAC clone ip23-9p22 (Genbank accession number .AC079446), 

originally mapped to mouse chromosome lq22 consists o f 223103 bp. Both 

GENSCAN analysis and BLAST searches versus the nr and dbEST databases, reveal 

that this clone does not encode any known or putative genes (Fig. 3.80). In addition, 

STS markers contained into the mouse BAC clone rp23-9p22 have been mapped to 

mouse chromosome X  (see http://www.ensembl.org/Mus_musculus). Based on this 

data, it appears that the mouse BAC clone rp23-9p22 does not belong to mouse
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chromosome Iq region but rather to mouse chromosome X. The position o f rp23-9p22 

therefore would be different from the one that was assumed at the beginning o f this 

dissertation research.

The Repeatmasker analysis of the repeat elements in the 223103 bp o f the clone 

rp23-9p22 indicates that 53.37% o f the total sequence of this clone is made of repeat 

elements (table 3.67). Most o f the repeat elements correspond to L IN E l elements and. 

to a lesser e,\tent, LTR elements. SINE elements are only 6.72% o f the total repeat 

elements present in this clone, confirming the above observation that regions with a high 

percentage o f LINE 1 elements and a low percentage o f SINEs in this region o f mouse 

chromosome lq21-23 encode few or no genes. Interestingly, the repeat density 

observed for the BAC clone rp23-9p22 is similar to that observed for the BAC clone 

rp23-21118. as their high percentage o f LINE elements can be correlated to the total 

absence of senes ( Lander et al.. 2001 ).

number o f 
elements

length
occupied

percentage 
of sequence

SINEs: 59 8005 bp 3.59%
B is 26 3268 bp 1.46%
B2-B4 27 4334 bp 1.94%
IDs 5 356 bp 0.16%
MIRs 1 47 bp 0 .02%

LINEs: 77 86310 bp 38.69%
LIN E l 77 86310 bp 38.69%
LINE2 0 0 bp 0 .00%
L3/CR1 0 0 bp 0 .00%

LTR elements: 42 20045 bp 8.98%
MaLRs 15 7292 bp 3.27%
ERVL 1 476 bp 0 .21%
ERV_classI 2 618 bp 0.28%
ERV_classII I 5 8531 bp 3.82%

DNA elements: 0 0 bp 0 .00%
MERl_type 0 0 bp 0 .00%
MER2_type 0 0 bp 0 .00%

Unclassified: 1 116 bp 0.05%

Total interspersed repeats 114476 bp 51.31%
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Small RNA: 0 0 bp 0 .00%

Satellites: 0 0 bp 0 .00%

Simple repeats: 73 3668 bp 1.64%

Low complexity: 17 941 bp 0.42%

Table 3.67: Identification o f the repeat elements on the mouse clone rp23-9p22.

I l l  2-6 Fine mapping of the QTL of bone mineral density

C hro m o s o m e

O v e rv ie w

rp23-370c6

- r
rp23-S5aS

rp23-157j4 rp23-137i20 rp23-77aS rp23-116ml2 rp23-395h6
\ /

Gapofunknownsi/c rp :3-145l9 rp 2 3 .|9 la l9

Hic 3 SI CurrcclL'U map of the Q TL region of hone Jen-siiy

A new map of the QTL of bone density was generated based on the sequencing 

data o f the mouse BAC clones contained in this region (Fig. 3.81). The chromosome
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location o f the Q TL o f bone density was first extracted from the mouse ensembl 

network (http://www.ensembl.org/Mus_musculus), and then confirmed based on the 

data generated in our laboratory (Fig. 3.81). The QTL region consists o f two 1.4-Mb- 

and 0.37-Mb contigs. The Ifi200 cluster o f genes is located -380 kb upstream from the 

0.37 Mb contig, and the 1.4-Mb- and 0.37-Mb contigs are separated by a gap o f -850 

kb, based on assembly data generated from whole genome shotgun trace data at 

http://www.ensembl.org/Mus_musculus.
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Chapter IV

Conclusion

In this dissertation research, nine BAC clones which tentatively were mapped to 

mouse chromosome Iq were sequenced using the double stranded random shotgun 

approach and analyzed.

The sequences o f four BAC clones (mgsl-68e20, mgsl-166nl4, rp22-225p5 

and mgsl-423c02) generated two 240-kb- and 154-kb-contigs containing a cluster o f at 

least ten genes encoding a series o f interferon-activatable protein, termed the "200 

family" o f proteins. Five previously identified genes (111201. 111202a. 111202b. 111203 - 

renamed 111203b. and Ifi204) were localized on the 240-kb contig. in addition to two 

new 111200 family members. 111203a and 111203c. A pseudogene. 111202c. was localized 

on the 154-kb contig. along with a putative pseudogene. "203-like", and a putative new 

gene. "204-like". A putative splice variant o f "204-like", exhibiting strong sequence 

similarity with the mRNA of an additional member o f the "200 family" o f proteins. D3. 

was discovered, using in silica analysis o f the "204-like" sequence. The 111202a and 

111202b genes, and the 111203a and 111203b genes, showed 99.657r and 99.62% 

sequence similarity between their e.xonic. and intronic. sequences, respectively. At the 

protein level, the translation product of 111203b (p203b) differed from the translation 

product o f Ifi203a (p203a) by only one amino acid out o f 408. while the translation 

product o f 111202a (p202a) differed from that o f 111202b (p202b) by 7 amino acids out 

o f 445. An additional 14-I-nucleotide long putative coding segment was found in the 

sequence of intron 4 o f IH203a and 111203b. raising the possibility o f an alternatively 

spliced form of the 111203a and 111203b genes.

At the transcriptional level, the genes o f the mouse 111200 cluster exhibit 

different modes o f transcriptional regulation. Comparison of the mouse Ifi200 gene
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cluster with its human counterpart indicates an absence of conservation in the non­

coding regions.

Sequencing the numerous repetitive regions on mouse BAC clone mgsl-423c02 

was extremely complex because it contained large strongly conserved sequences. Thus, 

a series o f consensus DNA sequences were generated from the "walking" sequence 

reads o ff the repeat spanning subclones and added into the Phrap assembly. The 

resulting assembled data were confirmed by experimentally generating a series o f nested 

deleted clones by minitransposon random insertion (Chatterjee and Coren. 1997). These 

deletion clones then were end-sequenced with specifically designed custom primers to 

confirm that this complex region had been assembled correctly.

In contrast to the ten genes contained in the mouse 111200 cluster, the human 

111200 gene cluster has only three genes (IFI-16. M N D A and .•\IM2) and several 

putative pseudogenes (sec above). The organization o f these 111 genes into clusters may 

have regulatory significance, as it does, for example, for the clustering of globin genes 

(Hardison and Miller. 1993). These clusters also may offer an evolutionary advantage 

because they could facilitate rapid crossing over and gene conversion events that may 

serve to expand a gene family, as it has been proposed for the hi stone gene cluster 

(Matsuo. 2000). It is interesting to note that the contiguous region containing the seven 

genes from the mouse 111200 gene cluster has a gene encoding a protein containing the 

two a and b domains (111202a. 111202b and 111204). followed by a gene encoding a 

protein containing one of the two domains (Ifi203c. 111203b. 111203a and 111201). In 

contrast, the human 111200 gene cluster exhibits a slightly different genomic 

organization, as it consists of only one gene encoding for a protein containing the two a 

and b domains (IFI-16). surrounded by two genes encoding for a protein containing one 

o f the two domains (M NDA and AIM2). Although the functional significance, if  any. o f 

this genomic arrangement is not known, it may reflect a selective advantage or adaptation 

to ecological aspects that are more important to mice than to humans.
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How can the smaller size o f the human 10200 gene cluster, compared to the 

mouse, be explained? Comparative analysis o f human chromosome 19 with syntenic 

regions in mouse (Dehal et al., 2001) reveals striking differences between single-copy 

human chromosome 19 genes, which overwhelmingly are conserved in mouse, and 

genes organized into tandem familial clusters. Thus, the clustered genes in this region of 

chromosome 19 in humans and mice differ greatly in number, coding capacity, and 

organization. As an example, the Kntppel-iype zinc finger proteins which code for 

putative transcription factors are clustered in eleven different locations in human 

chromosome 19, and most o f these clusters contain highly similar genes that appear to 

have arisen by duplications o f ancestral genes. Interestingly, many o f these human and 

related mouse gene clusters contain very different sets of orthologous genes, suggesting 

that if  their ancestral genes were duplicated, they may have been lost or selected 

independently in each cluster during the -70-100 million years since the human-mouse 

spéciation (O’h Uigin and Li, 1992)).

Several comparative studies o f the mouse and human olfactory receptor (OR) 

genes (Dehal ei al.. 2001; Lane et a i. 2001) reveal that a substantial fraction o f human 

OR genes have lost their capacity to encode functional proteins and therefore have 

become pseudogenes. It has been suggested that the diminished number of OR genes in 

humans compared to mouse, resulted in the decline in both the breadth and 

discriminatory power o f the human olfactory system (Dehal et a i. 2001). A similar 

phenomenon also may have occurred in the 111200 gene cluster. Here it is known that 

the human MNDA, IFI-16 and AIM 2 genes have a very narrow pattern o f expression 

and are restricted to cells o f the myelomonocytic lineage in a stage-dependent manner. 

In contrast, the genes o f the mouse l f i200 gene cluster appear to have a wider range of 

expression in different cell lineages (see Introduction) as, for example. 111202a is widely 

expressed in mouse and can be induced in various organs, including spleen, heart and 

brain. It therefore is possible that the proteins encoded by Ifi202a, and most likely

2 4 4



Ifi202b, exert functions in non-myeloid tissues that are similar to those exerted, in 

human, by proteins that are not encoded by the human Ifi200 gene cluster. In this 

regard, it is interesting to note that the human IFI-16, M N D A and A IM 2 genes also 

show significant sequence similarities to the mouse Ifi204 gene, whose expression 

similarly is restricted to myelomonocytic cells, and thus can be considered as a direct 

neighboring ortholog o f the human genes.

In addition, as has been shown, in the case of a Kriippel-iype zinc finger protein 

cluster (Dehal et al., 2001), highly similar duplicate regions often display distinct 

patterns o f tissue-specific expression, suggesting that the newly duplicated genes might 

acquire new functions. The strong sequence similarity between 111202a and 111202b, and 

between 111203a and 111203b, respectively, could be explained by recent gene 

conversions, and the presence o f extremely similar but non identical proteins might 

provide one path for rapid functional diversity in a tissue-dependent manner.

During this dissertation research, five BAC clones in the mouse chromosome 

lq21-23 QTL bone density region also were sequenced and merged with the sequence 

o f other BAC clones to create two contigs o f approximately 1.4 Mb and 0.37 Mb 

containing at least 40 genes. The analysis o f the genes present in each contig revealed 

several new candidate genes that could be involved in bone metabolism. For example, 

Forus et al. (1998) identified the apo A-II gene (on mouse BAC clone rp23-395h6) as 

an important element in the recurrent amplification o f the genomic region Iq21-22 in 

bone tumors, suggesting that apo A II may have an important role in bone metabolism. 

However, this dissertation research indicated the presence o f numerous other genes in 

this QTL region, encoding, among others, the chaperone prefoldin (Vainberg et al.. 

1998), the Junctional Adhesion Molecule JAM  present in tight junctions (Martin- 

Padura et al.. 1998), the cytoplasmic coatomer protein (De la Vega and Stockert, 1999), 

the lymphocytic marker Ly-9 (Mathieson et al.. 1980), nicastrin, a protein implicated in
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Alzheimer's disease (Fagan et a l, 2001), PEA-15, a protein involved in apoptosis 

(Estelles et a i,  1999), the soluble lectin intelectin (Komiya et a i, 1998), the serum 

amyloid P-component (de Haas, 1999), the IgE receptor alpha subunit (Blank et a i, 

1989), the Duffy blood group antigen (Cartron and Colin. 2001) and calsequestrin, the 

major calcium-binding protein o f the sarcoplasmic reticulum o f skeletal and cardiac 

muscles (Yano and Zarain-Herzberg, 1994).

In addition, at least five genes in this QTL region encode putative calcium- 

ATPases that can be grouped into families, based on their subcellular location in the 

plasma membrane calcium-ATPases (PMCAs) and the sarco(endo)plasmic reticulum 

calcium-ATPases (SERCAs). Both are multigene families that play an important role in 

maintaining intracellular calcium concentration. The SERCAs pump calcium ions into 

internal stores, such as the endoplasmic reticulum or sarcoplasmic reticulum, while the 

PMCAs pump calcium ions outside the cells into the e.xtracellular spaces (for review, 

see Shull, 2000). SERCAs mostly are involved in muscle contractions and predominate 

in skeletal and cardiac muscles (for review, see East. 2000; Shull, 2000), but the role of 

PMCAs is much less obvious. Mineralization of bones involves the laying down of 

extracellular matrix, calcium transport into the matrix and formation o f hydroxy apatite. 

These processes are regulated by cells that line the surface o f bone, including bone- 

resorbing osteoclasts and bone-forming osteoblasts. One possible role for PMCAs. 

suggested by Abramowitz and Suki ( 1996), is that the efflux o f calcium from bone cells 

to the mineralizing matrix involves osteoblastic PMCAs. There are at least four genes 

that encode the human PMCAs which map to 12q21-23, 3p25-36, Xq2S and lq25-37. 

The QTL o f BMD at mouse lq21-23 is in a region o f conserved linkage between 

mouse and human, but no known PMCAs map to this region. However, the putative 

calcium-ATPases, encoded by genes located in this region of mouse chromosome 1. do 

contain domains that are similar to calcium-ATPase domains, and therefore may have 

functions similar to those o f the bone mineralization PMCAs. Thus, the putative
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calcium-ATPase genes are primary candidates for BMD regulation in the QTL located 

on mouse lq2 l-23.

Interestingly, a gene involved in a metabolic disorder known as absorptive 

hypercalciuria (AH) has been mapped to this lq23.3-24 region by Reed et al. (1999). 

AH is a biological syndrome marked by an e.xcretion in the urine o f more than 0.1 

mmol/kg/24 hours o f calcium and caused by an intestinal hyperabsorption o f calcium, a 

defective reabsorption o f calcium by the renal tubule or an increased bone resorption 

(Audran and Legrand. 2000). Pietschmann ei al. (1992) previously demonstrated that 

patients with AH displayed a significantly lower lumbar bone density compared with 

healthy subjects, and therefore were more at risk for vertebral factures. Thus, the putative 

calcium-ATPases whose genes are located in this region may be involved in maintaining 

calcium homeostasis inside the bone cell, and a defect in this calcium-ATPase-encoding 

gene could be involved in bone readsorption .

The mouse BAC clones mgsl-68e20 and mgsl-166nl4. and the mouse BAC 

clones rp22-225p5 and mgsl-423c02 encompassing the lfi200 gene cluster, are located 

in the neighborhood of the 0.37-Mb contig containing the Q TL of bone mineral density 

(see Fig. 3.81). These 111200 genes encode inteferon-activatable proteins with cell 

growth regulation and inflammation-associated functions (see Introduction). When the 

best characterized "200 family" proteins. p202a and p204. are overe.xpressed. they retard 

cell proliferation in vitro (see Introduction). Interestingly, the nearby QTL region 

associated with BM D encodes several genes that are involved in immune- and 

inflammation-associated functions. These genes include the IgE receptors alpha and 

gamma subunit (Peerla and Fcerlg. respectively), the Duffy blood group antigen, the 

serum amyloid P-component (Sap), which is a constituent o f amyloid deposits in 

secondary amyloidosis, a chronic inllammatory condition (de Haas. 1999). and a series 

o f membrane proteins from immune cells involved in antigen recognition (CD 150.
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CD48, 19A24, Lyl08, CD84, Ly9 and 2B4). Interestingly, one effect o f T cells-derived 

interferon gamma is to induce the enhanced expression o f MHC class II antigens on 

accessory cells, such as monocytes and macrophages, which either do not express class 

II antigens constitutively or express them at a very low level (Liu and Janeway, 1990). 

An additional effect of interferons is to increase expression o f the IgE receptor gamma 

subunit on mast cells (Woolhiser ei al.. 2001). Thus, this region o f chromosome 1, 

which is highly conserved in humans and mice, contains a complex gene set which have 

immunomodulatory and cell growth regulatory functions, and whose expression is 

influenced by cytokines. Further studies should establish whether there is a complex of 

genes in this region whose transcription is regulated by common elements -i.e. 

cytokines, and whose translation products are involved in immunomodulatory functions.

Finally, molecular phylogeny can be considered as the ultimate tool for 

determining evolutionary relationships. As the full genomes of several major eukaryotes 

become available, the phylogénie trees o f these different species, as well as an accurate 

understanding of how the cells and genomes o f these species evolved, can be answered 

through comparison and integration of the analysis o f a large number o f independent 

molecular loci. These comparative genomic studies have confirmed the earlier 

observations that were obtained from ribosomal RNA phylogénie studies (Field ei al.. 

1988), such as the partition o f the cellular living world into three domains (archaea. 

bacteria and eucarva), as well as the monophyly o f each domains (Sicheritz-Ponten and 

Andersson. 2001; Woese, 1987). In addition, these comparative genomic studies also 

reveal an unexpected degree o f genome plasticity, and the wider than expected 

occurrence o f horizontal gene transfer. These events likely are a major evolutionary 

force in both prokaryotes and eukaiyotes (Ball and Cherry, 2001). These events also 

could be the main reason behind intermixing o f species from different domains in 

various phylogénie trees (Doolittle, 1999). In recent studies. Brown et al. (2001)
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reduced the risk o f error linked to the analysis o f individual protein trees by analyzing 

widely distributed genes as concatenated protein sequence data sets, rather than 

individual protein sequences. In this approach, the accumulation o f sampled gene loci 

lowers the statistical error rate in the data. During this dissertation research, a similar 

quantitative genetic analysis was applied to the genes present on the two mouse 

chromosome 1 contigs sequenced. The amino acid sequences o f the coded proteins of 

the orthologous human genes therefore were systematically compared, using BLAST, 

with the amino acid sequences of their orthologs in other species. The results o f this 

analysis from mouse, rat. cow. tlsh. tly. worm, plant, yeast and E. coli. and their resulting 

percentage o f sequence identity are plotted in table 3.68. The resulting data for each 

species then were combined to draw a comparison o f the average percentage o f coding 

sequence identity in this region between humans and each o f the species depicted in 

table 3.68. As shown on table 3.68. while prokaryotes and yeast are further separated 

from humans, in terms of coding sequence identity, vertebrates, such as rat. mouse, and 

cow. are the closest and share an average of approximately 107c o f their coding 

sequences with humans. These data of course confirms that vertebrates, such as rat. 

mouse and cow. are closer to humans, in term of gene coding sequences, than are lower 

eukaryotes, such as worms, and prokaryotes (Dacks and Doolittle. 2001).

The proteins coded by genes present in this region may be classified in two 

categories. First, this region encodes proteins involved in housekeeping activities, such 

as protoporphyrinogen oxidase, nitrilase. or beta-1.4-galactosyItransferase. that appeared 

early in the evolution. In addition, this region also encodes proteins present only in 

eukaryote that are involved in regulatory activities, such as the ubiquitin-spccific 

protease Usp23. or the nuclear receptor CAR. or that are involved in eukaryote cell- 

specific functions, such as the lymphocyte antigen Ly-9. or the IgE gamma subunit 

Fcerlg. According to Rubin et al. (2000). many eukaryote-only gene encoded proteins 

have extracellular domains involved in cell-cell and cell-substrates contacts. Intelectin.
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Table 3.68: phylogénie analysis o f the proteins coded by the genes present on the two 0.37- and 1.4-Mb 
mouse contigs.Each proteins were compared with the proteins coded by the human orthologs o f the 
mouse genes, using BLASTP and ALIG N, and the percentage o f sequence identity plotted on the table. 

The data in italics under the rat column were obtained by comparing rat ESTs with the corresponding 
segment o f the human coding sequence. The data in hold indicates the average percent o f sequence 
identity in this region for each species. ( 19A24) Sayos <-/ al., 200 J ; (CD48) Wong <7 al., 1990; (CD84) de 
la Fuente <7 al., 1997; (C D I30) Wang <7 aL, 2001; (Ly-9) Mathieson ci al., 1980; (2B4) Boles ct al.,

1999; (Fcerlg) Ra <7 al., 1989; (Fcerla) Blank cl al., 1989; (Intin: intelectin) Komiya cl al., 1998; 
(Nectin-like: nectin-like protein 1 ) Tachibana cl al., 2000; (Usf 1 : upstream stimulatory factor 1 ) Halle cl 

to al., 1995; (SAP: serum amyloid-P component) de Haas, 1999; (PEA-15: astrocytic phosphoprotein 15)
to Estelles cl al., 1999; (nh lh l) Murdoch et al., 1999; (DEDD: death effector domain-containing protein)

Stegh cl al., 1998; (myelin PO: myelin protein zero) Roomi cl al., 1978; (Apo A ll :  apolipoprotein A l l)  
Tall, 1990; (JAM: Junction Adhesion Molecule) Martin-Padura ci al., 1998; (Duffy: blood group antigen



CAR and JAM, as well as the immunoglobulin-related 19A24, CD48, CD84. CD 150. 

Ly-9 and 2B4 proteins are involved in such contacts. Also, these immunoglobulin- 

related proteins are part o f a large protein family generated by gene duplication o f a 

common ancestor (Wong et al.. 1990). The observation that these genes only are 

present in higher eukary otes (table 3.68). confirms the idea that gene duplication, as well 

as gene loss, were major forces in spéciation (Ball and Cherry. 2001. Rubin et al.. 

2000).

D. meUiniiyit\ti‘r

lluiluma

Fig. 3.S2: Phyliigcmc tree lur the concatcnalcd set t;l pxt. I sp23. prelnldln subunit 2. NDt'FS2 and beta-1.4- 
galactosyltransferase trom human, mouse, llsh. Ily. worm, plant and yeast.

To further investigate the above evolutionary hypothesis, a phylogénie tree was 

built for the proteins described in table 3.68 that are widely distributed throughout 

evolution using the strategy described by Brown et al. (2001). Brietly. the protein 

sequences o f the human p.xf. Usp23. prefoldin subunit 2. NDUFS2 and beta-1.4- 

galactosyltransferase. and o f their orthologs in mouse, fish. fly. worm, plant and yeast.
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were manually concatenated for each species and aligned using CLUSTALW . Then, a 

phylogénie tree was created using TreeView (Fig. 3.82). These studies confirms that, in 

the case of worm. fly. fish, mouse and human, the successive grades o f comple.xity that 

appeared in metazoans relied mostly on the progressive evolution o f an already existing 

system, rather than the generation of a new one (Fig. 3.82) (Rubin et al., 2000). In 

addition, the early demarcation o f plants, as shown in Fig. 3.82. confirms the data 

presented by Adoutte et al. (2000) which indicated that plants and fungi bifurcated early 

from the metazoan tree o f life. Finally, the demarcations o f fish, mouse and human are 

in accord with the vertebrate phylogénie tree presented by Pollock et al. (2000). It must 

be noted that several proteins present in this region in lower organisms are part of large 

protein families (such as kcnj. Adamts. Usp. and galactosyltransferase). and that the 

determination o f true orthologs determined by the "highest-hit" method (i.e. BLAST) 

therefore may not be truly accurate. This is because the existence o f paralogs within the 

same species (Xie and Ding. 2000) might have led to new functions, in contrast to 

orthologs which retain the same function during evolution (Fitch. 1970). Although this 

may be true in cases when the compared species are not phylogenically distant, and 

when the orthologous relationships are simple, domain shuffling and domain sharing 

may lead to complex orthologous relationships, and the possibility o f different functions 

among orthologs. For example, orthologs o f Adamts4. a protein involved in the erosion 

o f human articular cartilage (Tortorella et al.. 1999) are present in lower organisms 

(table 3.68). Thus, although Adamts4 (one o f the gene studied on mouse chromosome 

1) contains a mosaic o f domains that may have been evolutionary conserxed. these 

domains clearly perform different functions than those carried out by their early 

ancestors. Thus, it has been suggested that domain shuffling and domain sharing among 

proteins may be an important factor in determining the function o f a protein during 

evolution (Li et al., 2001).
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The rapid increase in the availability o f large amounts o f DNA sequence data 

from a variety o f organisms will dictate a continuing réévaluation of the evolutionary 

relationships between species (Adoutte ei al., 2000). This w ill be an ongoing process as 

the sequences o f the genomes of additional animals, such as rat, mouse, cow or fish, 

become available. Therefore, over the next few years, as this new data emerges, 

additional evolutionary relationships will emerge to provide a deeper analysis o f the 

complex relationships that developed between species throughout evolution.
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