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Abstract

Single cell analysis is an emerging area to reveal the heterogeneity of individual
cells among all populations. Understanding the cell-to-cell variation can greatly promote
the development of drug discovery, disease diagnostics and prognostics. Metabolites,
the end products of cellular metabolism, directly reflect the phenotype, status, and
microenvironment of cells. Single-cell metabolomics is the study of complete metabolites’
profiles in individual cells under certain conditions, illustrating the biological heterogeneity
among different cells. Numerous studies of single cell metabolomics have been achieved,
and the pioneering work is benefited from technology development in this field. The
analytical techniques utilized for single cell metabolomics primarily include fluorescence,
electrochemical analysis, and mass spectrometry, whereas the integration of different
analytical tools can provide additional molecular information of single cells. My PhD
studies mainly focus on single cell mass spectrometry (SCMS) metabolomics studies of
drug-resistant cancer cells. This thesis consists of four chapters. Chapter 1 introduces
the background information covering the current MS-based techniques for SCMS studies
to date. In Chapter 2, | summarized the major projects that | accomplished. Studies in
Chapter 3 are focused on elucidating the influence of combinational drug treatment. The
Single-probe SCMS technique was utilized to study the metabolomic changes of
Irinotecan-resistant cells upon metformin treatment and metformin-Irinotecan co-
treatment. Combinational index values calculated by Chow-Talalay method verified the
synergistic effect between metformin and irinotecan in our cell models, enzymatic activity
assay of fatty-acid synthase was further performed to the possible mechanism of

synergistic interaction. In Chapter 4, a workflow was designed to combine the Single-
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probe SCMS technique with fluorescence microscopy to study cell-cell interactions in co-

culture systems involving cells with different levels of anticancer drug resistance.
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Chapter 1. Introduction

1.1  Single cell analysis

Cell is the most fundamental unit of all living organisms. Heterogeneous cells with
distinct morphology features and phenotypic profiles coexist in biological systems,
implying the collective study of a population of cells cannot represent the behavior of
individual cells. The importance of cell heterogeneity has been appreciated in many
studies of diseases, such as cancers, infectious diseases, and brain disorders, as human
body is composed of various cell types with unique functions and in different
microenvironments.? Studies of cellular heterogeneity have been performed in different
areas, including genomics, transcriptomics, proteomics, and metabolomics. Metabolites,
the downstream products cell metabolism, are small biomolecules (molecular weight < 2
kDa) directly involved in numerous cellular functions such as metabolism, growth, and
reproduction of cells. Biological heterogeneity of cells can be revealed by studying their
metabolites at the single-cell level. The major challenges in single cell metabolomics
studies include rapid turnover rate, low concentrations, limited volume of sample, and
high structural diversity.*> Fortunately, recent development of highly sensitive analytical
techniques enables us to perform single cell metabolomics analyses. A variety of
analytical techniques, including florescence, NMR (nuclear magnetic resonance),
electrochemical detection, microfluidic device, and mass spectrometry (MS), have been
used for the research of single cell metabolomics. This chapter focuses on reviewing
recent development of techniques, with an emphasis on MS-based methods, for single

cell metabolites studies.

1.2 Mass spectrometry



Mass spectrometry (MS), owing to its high sensitivity, multiplexing capabilities,
high analyte coverages, and excellent versatility, has become the major analytical
platform for both targeted and untargeted metabolomics studies, including at the single-
cell level. The development of instrumentation, such as sampling device, ionization

method, and mass analyzer, plays a key role in single cell metabolomics study.

Recent advancement in sampling and ionization methods enables MS to study a
wide range of cell types, ranging from small bacterial cells (e.g., E. coli, cell length <2.0
um) to large embryonic cells (e.g., Xenopus Laevis embryo, cell diameter ~1 mm) under
different conditions.5 Based on the sampling and ionization environment, single cell MS
(SCMS) metabolomics experiments can be performed under vacuum condition, in which
cells needs to be dehydrated prior to the measurement, or in ambient environment, in
which live cells can be directly analyzed in their native or near-native environment.
Although many types of mass analyzers can be utilized in single cell MS platforms, their
selection is generally determined by the purposes of studies. The commonly used mass
analyzers in the reported studies include the TOF (time of flight), ion mobility spectrometer,
Fourier-transform ion cyclotron resonance (FT-ICR), and Orbitrap. These mass analyzers
provide different advantages: the TOF offers fast scan rate and broad mass range, ion
mobility spectrometer enables the separation of metabolites (e.g., isomers) in the gas-
phase, and the FT-ICR as well as Orbitrap have high mass accuracy and high mass

resolution.

1.21 Vacuum-based SCMS methods
Secondary ion MS (SIMS) and matrix-assisted laser desorption ionization (MALDI)

are common approaches to conduct single cell metabolomics study under vacuum
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sampling and ionization conditions. These methods have been commercialized, and they

provide high spatial resolution and excellent sensitivities for single cell measurement.

1.2.1.1 SIMS

The operation of SIMS relies on the detection of secondary ions sputtered by
bombarding the sample surface with a focused, highly energetic primary ion beam. The
major advantages of SIMS include low detection limit, high spatial resolution, and
capability of depth analysis. This technique has been utilized for metabolomics analysis
at cellular and subcellular levels, allowing for single cell imaging.®'" However, the major
disadvantage of SIMS is that highly fragmented ions are produced, and data analysis of
large numbers of biomolecules is challenging. To reduce ion fragmentation while
increasing the sensitivity, devices producing ion clusters and polyatomic primary ion
beams, including argon gas cluster ion gun, bismuth cluster ion gun, and Ceo* primary ion
source, have been widely used in single cell metabolomics studies. In addition, sample
preparation methods (e.g., surface modification) have been developed to minimize ion
fragmentation. Previous studies indicate that ionic liquid matrix-enhanced SIMS can
enhance the signals of certain intact lipids (Fig. 1A),'> and metal-assisted SIMS can
enhance the signal intensities of intact cholesterol and lipid molecules in single cell

studies.'®

There are a variety of different applications of using TOF-SIMS to qualitatively and
quantitatively study metabolites, lipids, and drugs in single cells. This method has been
utilized to classify bacterial phenotypes'™ and to distinguish different breast cancer cell
lines based on their differences of chemical profiles.’> Due to its high spatial resolution

(e.g., below 100 nm'), SIMS is well-suited for MS imaging studies of single cells. In
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particular, the state of art systems of nanoscale secondary ion mass spectrometry (Nano-
SIMS) has achieved a spatial resolution down to 50 nm. Combined with its capability of
depth analysis, SIMS enables mapping the 3D distribution of metabolites, small
molecules, lipids, and drug compounds in single cells. For example, Ostrowski et al. used
SIMS imaging to determine cholesterol concentration in plasma membranes of single
macrophage cells, and the obtained SIMS images were correlated with fluorescence
images to confirm chemical differences between drug treated and control J774 cells (Fig.
1B)."® In another study, 3D SIMS imaging experiment was combined with multivariate
data analysis to discriminate different cell compartments, including cell nucleus,
intracellular space, and cell membrane, inside single HelLa cells.!” Quantitative studies of
different cell compartments can be achieved using cells labeled by stable isotopes. Jiang
et al. combined Nano SIMS imaging with backscattered electron imaging to quantify ">N-
labelled glutamine in subcellular structures such as nucleus, endoplasmic reticulum, and

Golgi apparatus.'®

1.2.1.2 MALDI

MALDI uses intense laser pulses to ablate the sample incorporated with matrix
molecules for desorption and ionization of analytes. This technique has been widely used
in MS imaging studies of proteins, owing to its wide mass range coverage, and
metabolites. Recent developments in the application of MALDI MS in single cell
metabolomics study include applying novel sampling devices to increase the analytical
throughput of profiling metabolites in cells and optimizing sample preparation condition to
decrease the influence of matrix. Combined with other techniques, MALDI allows for high-

throughput analyses of single cell. Ong et al. used an optical microscopy to record cell



coordinates of single cells, followed by automated MALDI-TOF analysis. This method
significantly reduced data acquisition time when analyzing a large number of cells (e.g.,
3000 cells were analyzed within one hour) compared with typical MALDI MS (e.g., several
hundred hours).'® In addition, microarray substrates, which are composed of hydrophilic
reservoirs on an omniphobic surface, have been designed to automatedly aliquot cell
suspension by trapping uniform droplets (contains single cells) into the hydrophilic
reservoirs (Fig. 1C), facilitating high-throughput MALDI-MS analysis (i.e., more than 2

samples per second).?° 2

Although matrixes are needed for MALDI experiments, they generally produce
significant background noises at low-mass range, complicating the spectrum
interpretation of metabolites. To circumvent this limitation, several techniques have been
developed to conduct matrix-free desorption ionization MS studies. Desorption ionization
on silicon (DIOS) uses porous silicon as the substrate to absorb UV laser for the
desorption and ionization of analytes. Kruse et al. reported protocols to directly culture
invertebrate neurons on the surface of porous silicon, and they detected peptides from
individual neurons using DIOS-MS analysis.??> Although the development of
nanostructure-initiator MS (NIMS) was based on DIOS-MS, initiator compounds were
used to promote desorption and ionization of analytes.?® Specifically, NIMS substrate
contains nano porous silicon, in which initiators are trapped. Upon being irradiated by a

UV laser, rapid heating of porous silicon surface causes vaporization of the initiator, which
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Fig. 1. Examples of vacuum-based MS techniques for single cell metabolomics studies.
(A) Using ionic liquid for matrix-enhanced SIMS analysis of lipids. Reproduced from Ref.
10, with permission from American Chemical Society. (B) SIMS studies. (B1) Control
(green) and cholesterol-treated (red) J774 cells, which are illustrated by two-color
fluorescence images, were analyzed by SIMS showing the images of CsHy" from single
cells. Reproduced from Ref. 14, with permission from American Chemical Society. (C)
Experimental workflow of using microarrays for high-throughput single cell MALDI-MS
analysis. Reproduced from Ref. 19, with permission from Royal Society of Chemistry. (D)
Atomic force microscope (AFM) image of a single yeast cell on the NAPA prepared for
matrix-free desorption ionization MS analysis. Reproduced from Ref. 23, permission from

American Chemical Society.



further improves the desorption/ionization of analytes. Because of the absence of
traditional matrix, NIMS facilitates the analysis of metabolites in low-mass range. For
example, O’'Brien et al. successfully applied NIMS to detect chemotherapy drugs and
endogenous metabolites in single cells.?* Nanopost array structure (NAPA) is another
example of matrix-free substrate in MS studies. NAPA has a structure of columnar silicon
nanopost array with precisely produced height, diameter, and periodicity. In particular, the
optimized aspect ratio (height/diameter) and subwavelength post diameters of NAPA
increased ion yields of small molecules via the resonance-like enhancement (Fig. 1D).2°
For example, 24 biologically significant metabolites, accounting for 4% of the yeast
metabolome, were detected in a single yeast cell using NAPA laser desorption ionization

MS method.?®

1.2.2 Ambient SCMS methods

Metabolomics studies at the single-cell level can be carried out in ambient
conditions (i.e., room temperature and atmospheric pressure) with no or minimum sample
preparation, allowing for cells to be studied in their native or near-native environment.
Recent development of ambient sampling and ionization techniques greatly fostered
direct, real-time analysis of living single cells, and improved our understanding of the
functions and regulations of cellular metabolism.?62” Numerous ambient sampling and
ionization techniques have been developed for single cell metabolomics studies. Here,
we will summarize these methods into three major categories: probe-based, laser-based,
and microfluidics-based techniques. In addition, separation methods (either before or

after ionization) and spectroscopy techniques can be coupled to ambient SCMS



techniques to acquire additional advantages (e.g., increased sensitivity and additional

structure information).

1.2.21 Probe-based techniques

The structures of the sampling and ionization probes are the cores of probe-based
techniques. Depending the channel numbers inside these probes, we tentatively classify
them into three major categories: solid probes (without channel), mono-channel probes
(with one channel), and multi-channel probes (with two or more channels). The general
working mechanisms of probes in these three categories are similar: cellular contents are

extracted by a probe followed by nanoESI-based ionization and MS detection.

1.2.211 Solid probes

These probes are designed as solid metal needles without inner channel, and
experiments are generally performed in two consecutive steps: cellular contents sampling
and MS analysis. Direct micro-sampling is generally achieved by extracting cellular
contents onto the surface of a solid metal needle with the tip size smaller than a cell.
Hiraoka and coworkers developed probe electrospray ionization (PESI), which employs
a solid needle as both the microsampling probe and the electrospray emitter.?® Surface
modification of PESI probes have been carried out to improve their performance. Solid
phase microextraction (SPME) has been used a separation method to extract analytes
by a modified solid support, and the absorbed analytes can be desorbed (e.g., using
thermal heating and solvent) for analysis.?® PESI probes prepared using metal needles
with modified surface have been utilized to enrich metabolites in single cells. Gong et al.
produced tungsten probes to conduct qualitative and quantitative metabolites in

subcellular compartment of Allium cepa cells(Fig. 2A).2° To decease the solvent volume



Assistant solvent spray c

MS inlet

Solvent reservoir

olWelsd 0zalg

Single cell sample

Tungsten

MS

XYZ Stage

V' // Vibration-free platform "/}

Fig. 2. Examples of solid probes used in the probe-based SCMS metabolomics
techniques. (A) Using PESI-MS to analyze a single A. cepa cells. The tungsten-made
probe was used as sampling probe and ESI emitter. Reproduced from Ref. 28, with
permission from American Chemical Society. (B) The instrumental setup for direct
sampling probe MS. A stainless steel with hydrophilic surface was used for sampling, and
ionization of metabolites extracted on needle surface was assisted by solvent ejected
from a piezoelectric inkjet system. Reproduced from Ref. 29, with permission from Royal
Society of Chemistry. (C) Integrated inkjet cell printing and PESI-MS setup. Droplets
containing single cells were generated from the inkjet nozzle cell manipulator and dripped
on the tungsten probe for ionization and MS analysis. Reproduced from Ref. 30, with

permission from American Chemical Society.

on the probe tip and subsequently increase the sensitivity, Yu et al. prepared hydrophilic
surface (via oxidative treatment) on stainless-steel sampling probes, and they used a

piezoelectric inkjet system to provide auxiliary solvent and assist ESI process (Fig.



2B).3" Chen et al. developed a single-cell MS screening platform by combing drop-on-
demand inkjet cell printing with PESI MS (Fig. 2C).3? By aligning the inkjet nozzle with
the tungsten tip, droplets containing single cells are sprayed onto the needle and
subsequently ionized. Recently, Zheng et al. functionalized copper probes using
reduced graphene oxide to increase their surface area for improved enrichment of
analytes. In addition, a nitrogen aggregation/gas heating system was introduced to
promote desorption of absorbed metabolites and facilitate ion transport for improved
detection sensitivity.3?
1.2.2.1.2 Mono-channel probes

A mono-channel probe contains an inner channel, and this type of device is used
as both sampling needle and nanoESI| emitter to directly analyze extracted cellular
contents from selected single cells. Accordingly, experiments are generally performed in
two consecutive steps: cellular contents sampling and MS analysis. Direct micro-sampling
is generally achieved by drawing cellular contents through micropipettes with sharp tips
smaller than cell size. Collected cellular contents will then be ionized though nanoESI for
MS analysis. These probes are generally produced using quartz/fused silica and
borosilicate glass. Typical examples of these techniques include PESI MS30 34 Live
single-cell MS35, capillary micropipette with induced ESI MS®-%7, and micropipette
needle®. Although the PESI probes were originally produced as solid metal needles,
probes containing an inner channel have been fabricated using nonmetal materials such
as quartz and glass.3* 39 In fact, these types of PESI probes are essentially nanoESI

emitters.
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Live single-cell MS utilizes a metal-coated glass nanospray emitter, which is used
as both the micro-sampling device and nanoESI source (Fig. 3A).4%-4' Cellular contents
are sucked into the nanospray emitter using a micromanipulator, and then a small amount
of organic solvent is added and mixed with cellular content. The nanoESI emitter is then
connected to an ionization source for MS analysis. Applications of Live single-cell MS
include detecting endogenous metabolites, extracellular compounds, and drug and drug
metabolites from single cells and subcellular compartments.*?> To analyze nonadherent
cells, sonication can be used to improve lysis efficiency and assist mixing of lysate and
organic solvent, resulting in increased detection of metabolites.*® Live single-cell MS
technique has been combined with other imaging tools, such as fluorescence imaging,
holographic, and tomographic laser microscopy, to target organelles for metabolomics
analysis and to perform quantitative studies of single cells.***> Nakashima et al. used
quartz capillaries to produce PESI probes, which have similar designs as the nanoESI
emitters. They added an ionic liquid and placed a titanium wire electrode inside the probe
to improve electric conductivity and increase MS detection sensitivity.3° Zhao et al.
coupled a glass pressure-assisted microsampling probe with hydrogen flame desorption

ionization (HFDI) to achieve direct quantitation of metabolites in single cells.4®

Induced nano-electrospray ionization (induced nESI), developed by Cooks and
coworkers, is an efficient ionization technique with a high tolerance to matrix effect. In this
design, electrospray of analytes is induced by placing an electrode, which carries pulsed
potential, close to the emitter (e.g., <2 mm).#” The induced nESI ionization method has
been modified to improve its performance in single cell analysis. To enhance the detection

sensitivity of cysteine, Zhuang et al. conjugated a charge tag (quaternary ammonium

11



group) to cysteine through the click reaction, and then they used induced nESI MS to
measure cysteine concentration in single living Hela and HepG2 cells.®® Under the
inspiration of bipolar spray process in induced nESI, Hu et al. developed a synchronized
polarization induced electrospray ionization (SPI-ESI) method to acquire both positive-

ion and negative-ion mass spectra in one measurement. 7

Verbeck and coworkers developed an approach to coupling a nanomanipulator
workstation with nanoESI MS.#8 A solid quartz probe (tip size: ~8 um) was used for cell
puncture. Next, a Pd/Au-coated nanospray emitter (tip size: ~1 um) was inserted into the
cell through the puncture site to inject (using a precisely controlled four-channel pressure
injector) a solvent mixture to extract metabolites and then draw the mixture for MS
analysis. They observed a distinct difference of triacylglcerol abundance between the
healthy and tumorous adipocytes, and then determined the heterogeneity of lipid droplets

in living adipocyte cells.

A great effort has been put for quantitative single cell MS analysis using techniques
based on mono-channel probes. Gholipour et al. used quartz capillary to fabricate the cell
pressure probe, which was prefilled with oil mixture, to draw single-cell sap from tulip bulb
(Fig. 3B).3* Using a motorized micrometer, the sampling volume inside transparent probe
can be precisely determined under a digital microscope. In addition, relative quantitation
of metabolites in single cells can be measured by mixing internal reference solution (100
pl mannitol) with cell sap solution inside the capillary. In addition to syringe pump,
electroosmotic extraction, which is induced by applying a voltage across the liquid/liquid
interface, has been used to draw and inject small volumes (e.g., attoliter to picoliter) of
solutions (Fig. 3C).*° In the studies performed by Laskin and coworkers, one Pt electrode

12



was inserted into a nanopipette (filled with a hydrophobic electrolyte solution), and the
other was placed on the top of the cell.>° A voltage was then applied on both electrodes
to extract the cytoplasmic content into the nanopipette, which was later transferred to a
mass spectrometer for analysis. Interestingly, the partition of metabolites between the
aqueous and hydrophobic electrolyte solution can provide a separation of hydrophobic
and hydrophilic analytes. In addition, glucose extracted from individual A. cepa epidermal
cells was quantified by adding the internal standard compounds (glucose-d) into

nanopipette using a second electroosmotic extraction.

To acquire richer structural information from metabolites in single cells, reactive
SCMS studies have been carried out. The Yang group developed the micropipette needle,
which was prepared by combing a pulled glass capillary needle with a fused silica capillary,
to characterize carbon-carbon double (C=C) bonds in unsaturated lipids via Paterno-
Blichi (PB) reactions (Fig. 3D).® Briefly, an organic solution (e.g., acetone or
benzophenone dissolved in acetonitrile) was added into the micropipette needle and used
as cell lysis solution and PB reagent. A whole suspension cell was drawn into the
micropipette to produce lysate for MS analysis, and then PB reactions were initiated by
UV irradiation for the same single cell lysate. Finally, assisted by Python scripts, C=C
bond locations were determined from mass spectra obtained before and after PB

reactions.
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Fig. 3. Examples of mono-channel probes used in the probe-based SCMS metabolomics

techniques. (A) The experiment design of Live single-cell MS. A metal-coated nanoESI
emitter was used to suck cellular contents controlled by micromanipulator, and the emitter
was then transferred to a mass spectrometer for analysis. Reproduced from Ref. 38, with
permission from John Wiley and Sons. (B) The instrumental design of the cell pressure
probe. Single cell sampling was achieved by inserting a quartz probe into single cell prior
to MS detection. Reproduced from Ref. 32, with permission from Elsevier. (C) Combining
electroosmotic extraction with MS for single cell metabolomics study. Electrode 1 was
inserted info a nanopipette containing electrolyte solution, and electrode 2 was placed
onto the sample. By applying voltage between these two electrodes, cell contents were
extracted into the nanopipette for subsequent MS analysis. Reproduced from Ref. 48,
with permission from American Chemical Society. (D) Using micropipette needles to

determine C=C bond positions in unsaturated lipids in single cells. The glass micropipette
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needle was utilized as the single cell sampling probe, PB reaction container, and nanoESI

emitter. Reproduced from Ref. 54, with permission from American Chemical Society.

1.2.21.3 Multi-channel probes

Although a variety of different mono-channel probes have been successfully used
for SCMS metabolomics studies, experiments generally need to be conducted via two
consecutive steps: single cell sampling and MS analysis. To improve the experimental
throughput, probes with multiple inner channels have been developed. The major
techniques in this category include the nanospray DESI (Nano-DESI)®', Single-probe®?
54 and T-probe®>%. The nano-DESI probe was assembled with a primary capillary and
a secondary capillary, positioned at an optimum angle to each other. The analytes on the
sample surface are desorbed into a flowing liquid bridge formed by the two capillaries.
Although this method was originally designed for MS imaging studies®’-%8, it has been
used for SCMS experiments, in which the targets are individual human cheek cells placed
on microscope glass.?! 57-%8 |n addition, by adding internal standard into the nano-DESI
solvent, Bergman et al. demonstrated nano-DESI MS the ability to carry out online

quantification analysis of endogenous metabolites in single cell.>!

The Single-probe, developed by the Yang group, is a miniaturized, multifunctional
sampling and ionization device for real-time, in situ SCMS metabolomics studies (Fig.
4A).52 A Single-probe is produced by embedding a solvent-providing silica capillary and
a nano-ESI emitter into a dual-bore quartz needle (tip size <10 um). The solvent-providing
capillary, which is connected to a syringe pump, provides solvent to the dual-bore quartz
needle tip, where solvent forms a liquid junction. By inserting the tip of dual-bore quartz

needle into a target cell, metabolites can be extracted by solvent and then automatically
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delivered to the nano-ESI emitter for ionization. To maximize the amount of information
in positive ionization mode of single cells analysis by increasing the detection of the
negatively charged species, Pan et al. utilized dicationic ion-pairing reagents in the
sampling solvent to convert the negatively charged metabolites into positively charged
adducts.® In addition, quantitative SCMS studies have been performed using this
technique. To quantify drug uptake in single cells, Pan et al. added the internal standard
into the sampling solvent, and used the Single-probe to analyze single cells cultured in
microwells on glass chips.?® To expand its capability of analyzing suspended cells,
Standke et al. integrated the Single-probe with a cell manipulating platform.5* €% A single
suspension cell can be captured a cell selection probe and transferred to the tip of the
Single-probe for solvent induced lysis, followed by immediate MS analysis. By adding
internal standard ('*N-gemcitabine) into the sampling solvent, this approach was used to
measure intracellular drug (gemcitabine) concentration using cultured single cancer cells.
Particularly, this technique allowed for quantifying amounts of gemcitabine in single cells
isolated from patients undergoing gemcitabine treatment.®' In addition to SCMS studies,
the Single-probe device has been used to analyze extracellular metabolites inside live

multicellular spheroids (Fig. 4B)%2 and high spatial resolution ambient MS imaging.63-65

The T-probe, another multi-channel probe developed by the Yang group, has
been used for adherence single cell studies. Three pieces produced from the fused
silica capillary (i.e., the solvent-providing capillary, sampling probe, and nanoESI
emitter) are connected at a T-junction and sandwiched by two polycarbonate substrates

via thermo binding (Fig. 4C).%® Once the sampling probe (tip size: ~5-8 um) is inserted
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Fig. 4. Examples of multi-channel probes used in the probe-based SCMS metabolomics

techniques. (A) Schematic of the Single-probe SCMS setup. A Single-probe was

fabricated by embedding a solvent-providing capillary and a nano-ESI emitter in a laser-

pulled dual-bore quartz. Reproduced from Ref. 50, with permission from American

Chemical Society. (B) Coupling the Single-probe MS to cell manipulation platform to

quantify anticancer drug in single cancer cells isolated from patients. Reproduced from

Ref. 59, with permission from American Chemical Society. (C) Working mechanism of the

T-probe. Three components (sampling probe, solvent-providing capillary, and nano-ESI

emitter) were sandwiched by two polycarbonate slides. The suction force at the sampling

probe tip was induced by nanoESI and solvent flow. Reproduced from Ref. 53, with

permission from American Chemical Society. (D) The redesigned T-probe for the analysis

of nonadherent single cells. A suspended single cell was captured by the sampling probe
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and drawn into the long nano-ESI emitter for rapid cell lysis and MS analysis. Reproduced

from Ref. 54, with permission from Elsevier.

into a target single cell, the suction force, which is induced by nanoESI and solvent flow,
draws cellular contents towards the nano-ESI emitter for ionization. To analyze whole
suspension cells, the redesigned T-probe has been developed. This new design has
with two major changes: a sampling probe with larger orifice (~14 um) and a longer
nano-ESI emitter (5.5 cm). These two features allow for drawing a whole cell into the
nanoESI emitter for complete lysis prior to MS detection (Fig. 4D).5¢
1.2.2.2 Laser-based techniques

Laser-based techniques utilize laser for ablation sampling, whereas ionization of
analytes occurs either simultaneously along with ablation (e.g., laser
desorption/ionization droplet delivery (LDIDD))® or assisted by ESI (e.g., laser ablation
electrospray ionization (LAESI)®7-68). LDIDD uses pulsed UV laser beam to desorb and
ionize analytes. Liquid droplets are sprayed onto the laser-irradiated region to minimize
analyte loss and to assist the delivery of ions to a mass spectrometer inlet (Fig. 5A).5¢
LDIDD MS achieved high sensitivity (e.g., the limit of detection of lysine is ~2 attomole)
and spatial resolution (3 pm on mouse brain tissue). Using this method, different
metabolomic profiles were observed between healthy and apoptotic HEK cells. LAESI,
developed by Vertes and coworkers, utilizes a focused mid-infrared (IR) laser beam to
ablate water-containing samples, and the ejected neutral species are then picked up and
ionized by the charged droplets from ESI (Fig. 5B).%° Its capability of single cell studies
was first demonstrated by analyzing metabolomic profiles of plant cells. To ablate single

cells, the mid-IR laser pulses were delivered using an optical fiber with a sharp tip (radius
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of curvature ~15 um).5” More detailed studies were performed in later studies to improve
the performance of this technique. For example, the effectiveness of IR laser delivery was
evaluated using both the conventional and etched optical fibers.®® Although the physical
sizes of optical fiber tips are large compared with typical mammalian cells (e.g., diameter
~10um), this technique can be combined with microdissection (e.g., using a tungsten
needle to expose the organelles and cytoplasm in plant cells) to study metabolites in
subcellular compartment.”® Because the microablation by focused laser beam has no
significant influence on metabolites in neighboring cells, Shrestha et al. used this
technique for MS imaging studies of cells in plant tissues.”! The success of these studies
lead to the development of automated single cell analysis for targeted morphologies.’?
Briefly, after the cell with particular morphology was recognized in the microscopy image,
this cell was set as a target with centroid coordinates. A home-developed stage-control
program was then utilized to control the translation stage, which moves the cell to the

optical fiber for ablation and MS measurement.

1.2.3 Multimodal methods

As summarized in the above contexts, advancements in sampling and ionization
methods play vital roles in promoting MS to be the primary tool for single cell
metabolomics studies. In fact, other analytical techniques, including separation,
microfluidics, and spectroscopy, have been integrated with MS for multidimensional
analysis. These hybrid technologies provide additional structure information that can

enhance molecular identification and promote experiment throughput.
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Fig. 5. Examples of laser-based SCMS metabolomics techniques. (A) Experimental setup

of LDIDD-MS. Metabolite ions generated by UV laser desorption and ionization were
captured liquid droplets and directed infto MS. Reproduced from Ref. 64, with permission
from American Chemical Society. (B) Instrumental setup for LAESI-MS. Mid-IR laser was
delivered to single cell through an etched optical fiber tip for ablating neutral species,
which were picked and ionized by charged droplet from ESI. Reproduced from Ref. 65,

with permission from American Chemical Society.

1.2.31 Separation-assisted techniques

Most SCMS metabolomics experiments are carried out without separation,
primarily due to two reasons: extremely limited amounts of analytes in individual cells and
potential sample loss and dilution induced by separation. However, separation can greatly
reduce the interference from matrix (i.e., increase detection sensitivity) and provide
orthogonal structural information for molecular identification. According to the sequence
to perform separation and ionization, there are major two types of separation methods,

i.e., pre-ionization and post-ionization, used in ambient SCMS metabolomics studies.
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As a typical pre-ionization separation technique, capillary electrophoresis (CE),
which utilizes electric field to separate analytes based on their charge to size ratio, can
be used to provide a rapid separation of analytes with very small sample consumption.
The combination of CE and MS, in which ESI is generally used as the ionization method,
has been utilized in proteomics and metabolomics studies at the single-cell level.
Sweedler and coworkers developed a CE-ESI setup, in which the ESI nebulizer was
replaced by a coaxial sheath-flow interface, that can be coupled to MS (Fig. 6A).”3 During
the experiment, a single cell (preserved in a home-built stainless steel nanovial) was
injected from one end of the CE capillary. This capillary end was then placed into a
stainless-steel containing background electrolyte, and CE separation was achieved by
applying a voltage gradually increased from 0 V to 20 kV. This setup provided stable ion
signal and high sensitivity (limit of detection was in the nanomolar range), allowing for the
metabolic profiles to be obtained from single neuron cells and their subcellular regions.
Nemes et al. improved the CE-ESI-MS design by using programed device to acquire a
time-dependent output voltage.” They used this new method for qualitative and
quantitative measurements of endogenous metabolites in neutrons.” They further

modified the design to produce a CE-pESI interface, which was then used to compare

and track metabolites in frog embryos during their development.” 76

Separation can be also achieved in the gas phase after the ionization processes.
lon mobility spectrometry (IMS) separates ions based on their difference of mobilities,
which are originated from differences in charge, mass, and cross section, in a buffer gas
with the presence of an electric field. Vertes and coworker utilized the capillary

microsampling for ESI-IMS-MS experiments (Fig. 6B).”” The microcapillary, pulled from
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a glass capillary by a micropipette puller, was used to extract cellular content via a
motorized micromanipulator. After adding electrospray solution into the microcapillary, a
platinum wire was inserted for applying voltage between the microcapillary and MS inlet.
The generated ions were separated the IMS to eliminate the isobaric interferences and
improve molecular coverage in MS analysis. This group further utilized this technique to
study the influence of xenobiotic treatment on cellular metabolism (e.g., adenylate energy

charge levels and lipid turnover rates) in single human hepatocellular carcinoma cells.”®

1.2.3.2 Microfluidics-based techniques

The integration of SCMS with microfluidics added additional benefits for versatile
studies. Particularly, microfluidics can be designed to achieve a variety of different
functions, such as cell identification, sorting, and separation, in high-throughput analysis.
So far, different types of microfluidic devices (e.g., microwells and droplet-based
microfluidics) have been developed to isolate and capture single cells in suspension for
analysis.”® An integrated microfluidic device combining electrophoresis channel, in which
rapid single cell lysis and metabolites separation occur, and electrospray emitter has been
developed, leading to a great throughput (12 cells per minute).8° The combination of
microfluidic chip and MALDI-MS achieved automatic, high-throughput analysis. In this
design, a microwell-based microfluidic device was utilized to capture single cells for the
formation of cell array, and MALDI-MS imaging was then used to analyze the metabolites
in single cells automatically.8! Jiaxin et al. further coupled the microwell-based microfluidic
device with ESI-MS for metabolites quantitation analysis in single cells (Fig. 6C).82 After
single cells were captured in the microwells, a pulled capillary containing extraction

solvent and internal standard was dip into microwells. The cellular content along with
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internal standard were then aspirated back to the capillary for MS detection. Using this
method, author quantified concentrations of glucose phosphate in single K562 cells. The
integration of microfluidic device eliminates matrix effect when analyzing live cells present
in culture medium or buffer that contains high concentrations of salts. Zhang et al
developed a three-phase droplet-based single-cell printing analysis system to separate
and print single cells suspended in PBS (phosphate buffered saline).®? In this design, the
organic extraction phase, octyl alcohol/acetonitrile, was used to extract cellular
metabolites from the aqueous saline matrices. The separation of organic and aqueous
phases occurred due to hydrophilic and hydrophobic interactions at the interface. The
extract containing cellular metabolites was then printed to a microarray chip for MALDI-
MS analysis. A high throughput (three to four single cells per second) has been achieved
using this system. In another study, the Lin group integrated droplet-based inkjet printing,
dielectrophoretic manipulation, and de-emulsification interface with a microfluidic system
to reduce the matrix interference for SCMS analysis.®* Single cells were separated from
the culture medium by splitting the droplet using a Y-shaped bifurcate structure in the
dielectrophoretic channel. Using this system, they studied the heterogeneity of the healthy
and cancer cells, and measured lipids’ alterations due to drug treatment. In addition to
suspension cells, microfluidic devices can be coupled with MS techniques for the analysis
of adherent cells. The Lin group recently introduced a microfluidic-based in situ single-
cell recognition system to achieve this purpose (Fig. 6D).8 A single-cell probe fabricated
from polydimethylsiloxane (PDMS) was used to capture and isolate single cells cultured
in Petri dish with the assistance of a microscope. Methanol was then introduced to the

compartment formed by the single-cell probe to extract lipids in a single cell, and the
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extraction solution was analyzed by MS. Authors conducted analyses of lipids (e.g.,

phosphatidylcholine) in single cells of different human cell lines.

1.2.3.3 Spectroscopy-assisted techniques

Spectroscopy techniques, including fluorescence and Raman, can be integrated
for multidimensional analysis. In one of the early studies®, fluorescence microscopy was
used to locate fluorescently labeled cells in TOF-SIMS measurements of single cell
metabolomics analysis. To analyze changes in relative abundances of metabolites and
lipids of cells in different mitotic stages (e.g., prometaphase, metaphase, anaphase,
cytokinesis), fluorescence microscopy (to determine mitotic stages) was combined with
capillary microsampling ESI-IMS-MS to analyze single hepatocellular carcinoma cells.®’
Immunocytochemical assay is another analytical tool for classifying cell types, and this
method has been combined with MALDI-MS to explore heterogeneous lipid compositions
in single neurons and astrocytes.?8 Briefly, MALDI-MS was used to analyze rat brain cells
present in mixed populations. After MS measurements, MALDI matrix was removed, cells
were fixed, and immunocytochemical assay was subsequently performed to identify the

neurons and astrocytes by labeling them with the corresponding antibodies.

Raman spectroscopy, as a non-destructive analysis tool, has been commonly used
to acquire complementary chemical information (e.g., determination of functional groups
in molecules). For single cell dynamic studies, measurements using Raman spectroscopy
and fluorescence imaging techniques were consecutively applied prior to MAIDI MS
experiments.®® In another study, these two spectroscopy techniques integrated with
matrix-free laser desorption/ionization MS for multidimensional chemical analysis of

single algae cells,®® which contain autofluorescent cellular contents.
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Fig. 6. Examples of multimodal methods, including (A-B) microfluidic-based and (C-D)
separation-assisted SCMS metabolomics techniques. (A) Workflow of microwell-based
nanoliter droplet microextraction and MS analysis of single cells. A microfluidic cell array
was used to confine single cells, extraction solvent, and internal standard, allowing for
quantitative measurement of glucose-phosphate concentration in single cells.
Reproduced from Ref. 80, with permission from American Chemical Society. (B) Working
mechanism of microfluidic-based, in situ single-cell recognition system. Single-cell probe
(fabricated from PDMS) was used for single cell capture and cellular contents extraction
from cells cultured in Petri dish. Reproduced from Ref. 83, with permission from the author.
(C) CE-ESI-MS platform for single cell analysis. Single neutron cell lysate was introduced
and separated by CE, and then cellular contents were sprayed into MS using a coaxial

sheath-flow ESI source. Reproduced from Ref. 72, with permission from American
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Chemical Society. (D) Experimental design of capillary microsampling ESI-IMS-MS.
Separation of metabolite ions was achieved by ion mobility in studies of single plant and

human cells. Reproduced from Ref. 75, with permission from Royal Society of Chemistry.
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Chapter 2. Research Overview

In the past five years, my research has been focused on two aspects of single
cell MS analysis: (1) the application of the Single-probe MS metabolomics studies of the
synergistic effect between metformin and irinotecan on Irinotecan-resistant cells from
the metabolomics approach, and (2) the integration of fluorescence microscopy with the
Single-probe SCMS for the metabolomics studies of interactions between drug-resistant

and drug-sensitive cells in co-culture systems.

This first project is described in Chapter 3. Irinotecan (IRI) is a chemotherapy
drug widely used for the treatment of colon and lung cancers. Despite being an effective
chemotherapy drug, clinical usage of irinotecan suffers from small population of cancer
cells with drug resistance.! Our previous studies indicate irinotecan induces cancer
stemness in irinotecan-resistant (IRI-resistant) cells.? Metformin, an oral antidiabetic
drug, was recently reported for anticancer effects, likely due to its selective killing of
CSCs (cancer stem cells).? Given IRI-resistant cells exhibited high cancer stemness, we
hypothesize metformin can sensitize IRI-resistant cells and rescue the therapeutic
effect. The combinational index values were first investigated the synergistic effect of
metformin and irinotecan, then the Single-probe MS technique was utilized to study
metabolomic profiles of IRI-resistant cells treated with mono-treatment (metformin) and
co-treatment (metformin and IRI). The metabolites data shown that large numbers of
cellular lipids, including glycerophosphoinositol lipids (PI), glycerophosphoserine (PS),
and sphingomyelin (SM), were significantly decreased after combinational treatment
(co-treatment). Correspondingly. We also observed different fatty acids (palmitic acid,

stearic acid, etc.,) were significantly decreased after co-treatment. Using enzymatic
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activity assay, we determined that the synergistic relationship of the co-treatment

associates with the high inhibition on fatty acid synthase (FASN).

The second project is detailed in Chapter 4. Cell—cell interactions are critical for
transmitting signals among cells and maintaining their normal functions from the single-
cell level to tissues.* In cancer studies, interactions between drug-resistant and drug-
sensitive cells play an important role in the development of chemotherapy resistance of
tumors.® A variety of in vitro co-culture systems, either allowing indirect co-culture or
direct co-culture, have been developed to study the mechanisms of cell-cell
interactions.®® Although a few direct co-culture systems have been developed, it is
challenging to comprehensively analyze metabolomic profiles of individual cells among
heterogeneous populations. Mass spectrometry (MS) is a powerful tool for the analysis
of cellular metabolites. To study the cell-cell interactions among different types of cells,
single cell MS (SCMS) metabolomics analysis is needed. A workflow was designed to
combine the Single-probe SCMS technique with fluorescence microscopy to study cell-
cell interactions in co-culture systems. Using the designed workflow, the metabolic
profiles of drug-sensitive cells (HCT116 cells labeled with green fluorescent protein
(GFP)) were found to be significantly changed by the drug-resistant cells (HCT116 cells
with acquired IRI resistance) in the co-culture system with direct contact. Interestingly,
both types of cells tend to exhibit increased similarities of metabolomic profiles after co-
culture. Investigation of cell metabolites altered by co-culture shows that
sphingomyelins (SM) lipids, lactic acid, TCA cycle intermediates and fatty acids were

significantly regulated in drug-sensitive cells.
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Chapter 3. Single Cell Mass Spectrometry
Analysis of Drug-resistant Cancer Cells:
Metabolomics Studies of Synergetic Effect of

Combinational Treatment
Author Contributions: Studies included in Chapter 3 are mainly conducted by Xingxiu

Chen. Mei Sun assisted cell viability measurements.

Copyright permission: The material in chapter 3 is adapted from Xingxiu Chen, Mei
Sun, and Zhibo Yang, ‘Single cell mass spectrometry analysis of drug-resistant cancer
cells: metabolomics studies of synergetic effect of combinational treatment’. Anal. Chim.
Acta, 2022, 1201, 339621. Copyright permission is obtained from Elsevier, and the

detail is included in Appendix IlI.

3.1 Abstract

Irinotecan (IRI), a topoisomerase | inhibitor blocking DNA synthesis, is a widely
used chemotherapy drug for metastatic colorectal cancer. Despite being an effective
chemotherapy drug, its clinical effectiveness is limited by both intrinsic and acquired drug
resistance. Previous studies indicate IRI induces cancer stemness in irinotecan-resistant
(IRI-resistant) cells. Metformin, an oral antidiabetic drug, was recently reported for
anticancer effects, likely due to its selective killing of cancer stem cells (CSCs). Given IRI-
resistant cells exhibiting high cancer stemness, we hypothesize metformin can sensitize
IRI-resistant cells and rescue the therapeutic effect. In this work, we utilized the Single-

probe mass spectrometry technique to analyze live IRI-resistant cells under different
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treatment conditions. We discovered that metformin treatment was associated with the
downregulation of lipids and fatty acids, potentially through the inhibition of fatty acid
synthase (FASN). Importantly, certain species can be only detected from cells in their
living status. The level of synergistic effect of metformin and IRl in their co-treatment of
IRI-resistant cells was evaluated using Chou-Talalay combinational index. Using
enzymatic activity assay, we determined that the co-treatment exhibit the highest FASN
inhibition compared with the mono-treatment of IRI or metformin. To our knowledge, this
is the first single-cell MS metabolomics study demonstrating metformin-IRIl synergistic

effect overcoming drug resistance in IRI-resistant cells.

3.2 Introduction

Drug resistance, classified as intrinsic resistance (pre-existent) and acquired
resistance (induced by drug), occurs in almost all cancer patients in chemotherapy,
decreasing the therapeutic effect of the treatment.” Acquired drug resistance is one of the
major challenges of treating metastatic colorectal cancer (mCRC) patients. Among all
cancers, colorectal cancer is the third most common cancer diagnosed and the fourth
leading cause of cancer death worldwide.? GLOBOCAN estimates colorectal cancer
accounted for 6.1% of all cancer incidence and 9.2% of all cancer deaths in 2018.3 It is
estimated approximately 60% of patients will ultimately develop into mCRC,* whereas
more than 30% of patients were first diagnosed with mCRC in their early stages without

showing any symptoms.*

Irinotecan (IRI) is a widely used chemotherapy drug for the treatment of mCRC.
Chemotherapy regimens using IRI (e.g., FOLFIRI and FOLFOXIRI) are standard first-line

therapies for mCRC. As an effective chemotherapy drug, IRI containing regimens give
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an average response rate of 31-65% and overall median survival of 14-31 months.>”’
However, the effectiveness of IRI treatment suffers from small populations of cancer cells
with acquired drug resistance, which is a common reason for treatment failure. Numerous
studies have been performed to explain the mechanisms of IRI drug resistance. The
proposed theories include drug inactivation by IRl glucuronidation®, reduced drug
accumulation in subcellular localization caused by active drug efflux®, drug-target
interaction reduction by decreased topoisomerase | expression'®, DNA damage
minimization by decreasing topo I-DNA interaction'’, and the induction of cancer stem-
like cells to escape cytotoxic effect.’?'3 To gain an insight into the cellular mechanism of
IRI resistance in colorectal cancer cells, we studied the changes in metabolites and
proteins of IRI-resistant cells, which were derived from colorectal cancer cell line HCT-

116 through low-does (1 uM) IRI treatment.™ Compared with the parental HCT-116 cells,

the resistance index (R| = ~s0@rug-resistant celby jnwreased from 1.9 to 3.6 after HCT-116

ICSO(parental cell)

cells were exposed to IRI for 10 and 20 days, respectively.' Further studies found the
IRI-resistant cells exhibited certain levels of similarities of lipid compositions as cancer
stem cells. In addition, we discovered that IRI-resistant cells possess cancer stemness,
including the enriched proteins and overexpressed mRNAs of cancer stem cells (CSCs)

biomarkers such as CD133, CD24, and ALDH1A1.

Metformin is a classical biguanide antidiabetic drug. Recently, it was reported that
the chemotherapy involving metformin showed enhanced anticancer effects,' arising
from its ability of selectively kiling CSCs.'6'® Metformin exhibits pharmacological
activities on CSCs by disrupting their energy metabolism (e.g., glycolysis, TCA cycle, and
electron transport chain) to inhibit oxidative phosphorylation and ATP synthesis."?
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Eventually, metformin induces energy crisis to CSCs by preventing cellular metabolism
shifting from mitochondrial-dependent metabolism to aerobic glycolysis.'® In fact, the
antitumor capability of metformin was reflected from the decreased expression of CSCs

biomarkers, such as CD44, EZH2, Oct4, in cells treated by this compound.?°

The combined treatment of metformin and IRl in mCRC patients has been
previously proposed, and Phase 2 clinical trial of this combination showed improved
disease control and better overall survival for patients.?’ However, studies of the
combined treatment of IRI-resistant cells have not been performed, and the molecular
mechanisms of the synergistic effect remain unclear. Based on the facts that metformin
targeting CSCs and IRI-resistant cells exhibiting high cancer stemness, we predict

metformin can rescue the therapeutic effect of IRI in IRI-resistant cells.

Metabolites are the end products of cellular activities, and they directly and
sensitively reflect the genetic and environmental changes of cells. Cellular metabolomics
studies have become an indispensable approach to determining alterations in metabolic
pathways induced by environmental stimuli, including physical and chemical changes.
Owing to its high sensitivity and accuracy, mass spectrometry (MS) has become a
powerful tool for metabolomics studies. MS metabolomics studies have been generally
performed using samples prepared from populations of cells. However, this strategy
becomes ineffective when analyzing specific types of cells among heterogeneous
populations. Tumor heterogeneity in cancer is characterized by the diversity of cancer
cells consisting of a broad spectrum of morphologies, gene expression profiles, and
functional features.?>2®> Cancer cell heterogeneity is driven by both intrinsic (e.g.,

epigenetic mutation) and extrinsic factors (e.g., drug-related stimuli during treatment).?®
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Because metabolites have rapid turnover rates, they promptly reflect the status of live
cells, and any environment perturbation may affect their native compositions.?4?°> Thus,
traditional HPLC-MS based methods requiring multi-step sample preparation (e.g., cell
pellet preparation, cell lysis, and metabolite extraction) cannot accurately reflect intrinsic
compositions of metabolites in live cells. An obvious choice to use ambient single cell MS

(SCMS) techniques to measure of individual cells in their living status.

A variety of ambient single cell MS (SCMS) techniques have been developed and
utilized in numerous studies. Example of these techniques include Live single-cell MS25,
capillary microsampling ESI-IMS-MS?’, patch clamp technique combined nano-ESI-MS?8,
nano-DESI single cell MS?°, and laser ablation based single cell MS®°. In this work, we
utilized the Single-probe SCMS technique to study the metabolomic changes of IRI-
resistant cells upon metformin treatment and metformin-IR| co-treatment. The Single-
probe SCMS technique is a versatile tool that can be used to study cellular metabolism
of individual cells and to quantify drug compounds inside live single cells in ambient
conditions.31-3% To further verify the mechanisms of the synergistic effect, enzymatic
activity assay of fatty acid synthase (FASN) was performed to compare the inhibition
levels of FASN between the mono-treatment (IRI or metformin) and co-treatment (IRI

combined with metformin).

3.3 Experimental section
3.31 Cell culture

The establishment of IRI-resistant cells followed our previously published
protocols.'* Briefly, HCT-116 cells were cultured with 1 uM IRl in McCoy’s 5a Medium

(Fisher Scientific Company LLC, IL, USA) supplemented with 10% fetal bovine serum
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(FBS, GE Healthcare Bio-science Corp, Marlborough, MA, USA) and 1% penicillin
streptomycin (Life Technologies Corporation, Grand Island, NY, USA). HCT-116 cells
were split when their confluency reached 80%. For the cell passaging, 2 mL trypsin—
EDTA (Life Technologies Corporation, Grand Island, NY, USA) was incubated into a petri
dish at 37°C for 3 minutes, and then 8 mL cell culture medium was added to quench
trypsin enzymatic activity. Sub-culture was performed by pipetting 1 mL cell suspending
solution into 9 mL fresh culture medium. IRI-resistant cells were harvested after culturing

HCT-116 cells in the culture medium containing 1 uM IRI for 30 days.

3.3.2 The Single-probe SCMS analysis

The Single-probe was fabricated according to the previously established
protocols.3® The Single-probe is composed of three major parts: a nano-ESI emitter, a
dual-bore quartz needle, and a fused silica capillary. A dual-bore quartz tubing (O.D. 500
um; 1.D. 127 um, Friedrich & Dimmock, Millville, NJ) was pulled into needle with a sharp
needle (tip size is approximately 10 ym) using a laser micropipette puller (Sutter P-2000,
Sutter Instrument, Novato, CA). The Nano-ESI emitter was produced by pulling the fused
silica capillary (O.D. 105um; 1.D. 40 um, Polymicro Technologies, Phoenix, AZ) using a
butane micro torch. Fabrication of the Single-probe requires inserting the fused silica
capillary and nano-ESI emitter into the dual-bore quartz needle. To conveniently conduct
experiment, the Single-probe was attached to a microscope glass slide using epoxy glue.
The Single-probe was then attached to an XYZ-stage system coupled to the Thermo LTQ
Orbitrap XL mass spectrometer (Thermo Scientific, Waltham, MA) for the SCMS analysis.
Acetonitrile (1% formic acid) was used as the solvent for the SCMS experiments. The

mass range of the mass spectrometer was set as m/z 150—2000 and m/z 50—800 in the
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positive and negative ion mode, respectively. Other mass spectrometer parameter
settings are mass resolution 60,000, ionization voltage 4.5kV (positive ion mode)/- 4.5kV

(negative ion mode), 1 microscan, 100 ms max injection time, and AGC (target 5E°) on.

3.3.3 Cell viability analysis

The cell viability measurements of IRI-resistant cells were performed using the
MTT (3-(4,5-dimethylthoazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. . The assay
was conducted according to the previous publication with a few modifications.*® Briefly
after settling down the IRI-resistant cells (cell density ~ 10,000 cells/well) into 96-well
plates, drug treatments were carried out using different concentrations of IRI (1.0, 4.0,
8.0, 16, 64, and 128 uM) combined with metformin (2.0, 4.0, and 8.0 mM). MTT (BIOTIUM
Inc., Hayward, CA) was added into each well of 96-well plates, and then absorbance
signal at 570 nm and background absorbance at 630 nm were measured using a
microplate reader (Synergy H1, BioTek, Winooski, VE). Five replicates were measured
for each drug treatment, and the cell viability values are summarized in Fig. 1A. MTT
assay was used to measure cell viability of IRI-resistant cells under metformin and IRI
mono-treatments, and the ICso values of these two drugs were determined using Prism

(GraphPad Software Inc.).

3.34 Enzymatic activity analysis

There are two major steps in measuring enzymatic activities of IRI-resistant cells
in the current studies. First, we extracted enzyme from the IRI-resistant cells. Cells under
different treatment conditions were harvested and washed with cold PBS. To obtain the
protein fraction, cells were mixed with ice-cold enzyme lysis buffer (20 mM Tris-HCI, pH

= 7.5, 1TmM dithiothreitol, and 1mM EDTA) and sonicated at 4 °C for 10 min. Cell lysates
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were centrifuged for 10 min at 100,000g, and the supernatants were collected. Second,
we conducted NADPH absorbance assay of the supernatant to measure FASN activity
following the published protocols.3”-3° Briefly, the concentrations of cellular proteins in the
supernatant were measured using Piece BCA protein assay (Thermo Scientific, Waltham,
MA). The supernatant was added in to 96-well plate and diluted by the assay buffer (25
mM KaoHPOs-KH2PO4, pH = 7, 250 uM EDTA, and 250 uM dithiothreitol) to reach the final
concentration of 100 ug protein/well (with 300 pL total volume). The background oxidation
rate of NADPH was obtained from the absorbance (at 340 nm for 3 min) after the addition
of 30 uM Acetyl-CoA (Sigma-Aldrich, St. Louis, MO) and 350 yM NADPH (Sigma-Aldrich,
St. Louis, MO) into wells. The oxidation reaction of NADPH was then initiated by adding
100 uM Malonyl-CoA (Sigma-Aldrich, St. Louis, MO), and the absorption was monitored
(at 340 nm for 10 min). The net oxidation rate of NADPH was then determined from the
decreased rate of absorbance with the correction of background oxidation rate. The
results were expressed as one enzymatic unit equals the oxidation for 1 nmol
NADPH/min/ug. Statistical analysis of enzymatic activities was conducted with one-way

ANOVA (analysis of variance) using GraphPad Prism (GraphPad Software Inc.).

3.3.5 HPLC-MS

HPLC-MS analyses of cell lysates were performed to provide complementary
information to identify ions of interest. Cell lysates were prepared using the Folch’s
extraction method. Briefly, the IRI-resistant cells were suspended into PBS solution after
trypsinization, chloroform and methanol (3:1, v/v) were added, and then the mix was

vortexed on ice for 10 mins. After separating two layers by centrifuge, the organic layer
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was transferred and dried under the vacuum. The samples were then stored in -80°C

refrigerator prior to HPLC-MS analysis.

An UltiMate 3000 HPLC system (Thermo Scientific, San Jose, CA) was coupled to
the LTQ Orbitrap XL mass spectrometer for metabolites separation and MS? identification.
A Luca 3u C18 column (50 X 2.00 mm, 3 ym, Phenomenex, Torrance, CA) was used for
chromatographic separation. The settings of HPLC include injection volume: 5 uL; column
oven: 50 °C; Flow rate: 350 pl/min; mobile phase A: acetonitrile/water (60/40, v/v); mobile
phase B: isopropanol/acetonitrile/water (90/8/2, v/v). Both mobile phases contain 10 mM
ammonium formate and 0.1% formic acid. The total run time was 80 mins, including 5
mins’ equilibrium. The MS? analyses were carried out in data independent mode, and the
normalized collision energy (NCE) was set as 24-25 (factory unit) for collision induced
dissociation (CID) experiments.

3.3.6 Data analysis

Adopted from our previous studies,*® a customized R script was used for data
preprocessing, including background signals removal (e.g., from solvent and cell culture
medium) and normalization of ion intensities to the total ion current (TIC)*°, followed by
peak alignment of MS data from all cells using Geena 2.#' Multivariate analysis,
performed using the partial least squares discriminant analysis (PLS-DA) in
MetaboAnalyst 4.0,4? was carried out to compare the overall metabolic profiles of cells in
different groups. Levene’s test was conducted, and the results indicated equal variance
of the data across samples. Thus, Student’s t-test (in MetaboAnalyst) was applied to
obtain metabolites with significantly different abundances in cells from two groups. One-

way ANOVA and post-hoc test (Tukey's test) were performed to reveal the cellular
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metabolites changes among three groups.®® To tentatively label ions, we used three
different online databases, METLIN*}, HMDB#** and GNPS*, to search for potential
metabolites (mass error < 5 ppm). The identification of chemical structures of ions of

interest was based on the tandem MS (MS?) results.

3.4 Results and Discussion
3.41 Co-treatment of metformin and IRl exhibited synergistic effect in IRI-
resistant cells.

To quantitatively evaluate the enhanced potency of metformin and IRl in the
combined treatment of IRI-resistant cells, we measured the combinational treatment
effect of these two compounds. Solutions with different final concentrations of IRI (1.0,
4.0, 8.0, 16, 64, and 128 uM) and metformin (2.0, 4.0, and 8.0 mM) were used to measure
cell viability using the MTT assay. As shown in Fig. 1A, both IRl and metformin inhibited
cell proliferation in a dose-dependent manner. The combination of IRl and metformin
resulted in higher death degrees of IRI-resistant cells. To quantitatively evaluate the
synergistic effect between IRI and metformin, we calculated the combinational index (Cl)
values of these two compounds using Chow-Talalay method integrated in CompuSyn
software.*® The degrees of synergetic effect of any two compounds are reflected from the
Cl values: synergism (Cl < 1), additive effect (Cl = 1), or antagonism (CI > 1).46-48 Qur
measurements show that the Cl values for the co-treatment of IRl and metformin are less
than 1 (Fig. 1B), indicating the presence of synergistic effects of these two compounds in
the treatment of IRI-resistant cells. The relationships between CI values and Fa (i.e.,
faction affected) are summarized in Fig. 1B. Although all combinational treatments

showed synergetic effects, most of them resulted in strong or very strong synergism (Fig.
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S2C), according to the previously established standard of assessment (i.e., very strong

synergism (CI<0.1), strong synergism (0.1<CI<0.3), and synergism (0.3<CI<0.7)).4°
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Fig. 1. Measurements of cell viability and combinational index (Cl). (A) Cell viability plot of IRI-
resistant cells treated using combined irinotecan (IRI) and metformin (MET). Cell viabilities in co-
treatments are corelative to the measurements from IRl monotreatment. (B) The Cl-Fa (faction

affected) plot for IRI and metformin in IRI-resistant cell.

3.4.2 Metformin treatment resulted in downregulated fatty acids and lipids.

To study the influence of metformin on metabolites in IRI-resistant cells, 8.7 mM
metformin, which is its ICso determined from the MTT assay (Fig. S2A), was utilized to
treat IRI-resistant cells followed by the Single-probe SCMS metabolomic analysis in both
the positive and negative ion modes. In the comparison studies, the same measurements
were conducted using cells without metformin treatment. As reported in our previous
studies, the technical variance of the Single-probe SCMS technique (i.e., ion intensity
fluctuation due to technical factors during the SCMS experiments) is insignificant

compared with the biological variance (i.e., mass spectra difference due to the variation
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Fig. 2. SCMS results revealing the influence of metformin (8.7 mM) mono-treatment on
metabolites of IRI-resistant cells. (A) PLS-DA of positive ion mode results shows the
metabolomics profiles were significantly changed (p = 0.009 from permutation test), and (B)
representative lipids with significant abundance change (p < 0.05 from Student’s t-test). (C) PLS-
DA of negative ion mode results shows the metabolomics profiles were significantly changed (p
< 0.003 from permutation test), and (D) representative fatty acids with significant abundance
change (*p < 0.05, **p < 0.01, *** p < 0.001 from Student’s t-test). Species labeled in blue font
were identified using MS? analysis both from single cells and cell lysates. (MG: monoglycerides;
DG: diglyceride; TG: triglyceride; PIl: phosphatidylinositol; PS: Phosphatidylserine; SM:

sphingomyelin).

of heterogeneous cellular metabolites).' PLS-DA can be utilized to illustrate the within-

group cell heterogeneity (i.e., data point distribution of each group) and difference of cells
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in different groups (i.e., overlap between different groups). PLS-DA was utilized to
evaluate the difference of metabolomic profiles of individual cells in different treatment
groups. In the positive ion mode, significantly different (p=0.009 from permutation test)
metabolic profiles were observed upon metformin treatment (Fig. 2A). Furthermore, we
performed the Student’s t-test and found a large number of cellular lipids significantly
downregulated by metformin (e.g., Fig. 2B). Similarly, significantly different (p<0.003 from
permutation test) metabolic profiles were obtained between these two groups in the
negative ion mode (Fig. 2C). A number of fatty acids, including palmitic acid, stearic acid,
palmitoleic acid, myristic acid, arachidic acid, and adrenic acid, were significantly

downregulated (Fig. 2D).

3.4.3 Metformin and IRI co-treatment resulted in downregulated lipids,
fatty acids, and ceramide phosphoethanolamine.

To understand the influence of synergistic effect on cell metabolites, the Single-
probe SCMS experiments were performed in both the positive and negative ion modes to
analyze IRlI-resistant cells after mono- and co-treatment. 1Cso of IRI (22 uM, Fig. S2B) or
metformin (8.7 mM, Fig. S2A) was selected as the monotreatment concentration. In the
co-treatment, we selected IRI (0.56 uM) and metformin (4.0 mM) as a representative
combination, because a sharply decreased cell viability was observed around these
concentrations. In the positive ion mode, significantly different (p < 0.001) metabolic
profiles were observed from PLS-DA (Fig. 3A). Furthermore, ANAVO results indicate that
metformin-containing treatments, including both the mono- and co-treatment, lead to

significant downregulation of lipids in IRI-resistant cells (Fig. 3B). Among all treatment
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conditions, the co-treatment showed the lowest expression of both polar and nonpolar

lipids.

To acquire broader ranges of molecular coverage, we also performed the SCMS
measurements in the negative ion mode. Around 30 IRI-resistant cells in the metformin
monotreatment, IRl monotreatment, and co-treatment groups were analyzed. PLS-DA
results showed significantly distinct (p = 0.004) metabolic features among these three
groups (Fig. 3C). Using the combined ANOVA and Tukey's test, which was demonstrated
as a rigorous method to determine metabolite biomarkers in our previous studies*®, we
discovered species exhibiting significantly different abundances (i.e., p < 0.05 from both
tests) among them. We were able to tentatively label 49 ions based on the accurate mass
search the online databases. A number of fatty acids (e.g., palmitic acid, palmitoleic acid,
oleic acid, stearic acid, and arachidonic acid) exhibited lower expression levels after
metformin mono-treatment compared with those with IRl mono-treatment (Fig. 3D).
Particularly, the lowest abundances of fatty acids were found in cells from the co-
treatment, and this trend is similar to that of lipids discovered in the positive ion mode (Fig.
3B). While a higher IRl concentration (ICso of IRI) was applied for the IRl mono-treatment
cells compared with IRI-resistant cells (low IRI concentration, 1uM) in Fig. 2B, different

lipids species were still significantly downregulated compared with MET mono-treatment.

Due to the extremely limited amounts (in picoliter range) and complex
compositions of contents in single cells, MS? analyses at the single-cell level can be only
performed for relatively abundant ions. To provide supplementary information for
structure identification of lipids, we prepared cell lysates for targeted analysis of ions of

interest (i.e., species with significantly different abundances among different groups)
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Fig. 3. SCMS results of IRI-resistant cells from the co-treatment (0.56 pM IRl + 4.0 mM MET),
IRl mono-treatment (22 pM IRI), and metformin mono-treatment (8.7 mM MET). (A) PLS-DA of
positive ion mode results shows the metabolomics profiles were significantly changed by three
different treatments (p<0.001 from permutation test), and (B) representative lipids with significant
abundance change (¥, p < 0.05 from both ANOVA and Tukey’s test) among three treatment
groups. (C) PLS-DA of negative ion mode results shows metabolomics profiles were significantly
changed by three different treatments (p = 0.004 from permutation test), and (D) representative
fatty acids with significantly different abundances (* p < 0.05 from both ANOVA and Tukey'’s test)
among three treatment groups. Species labeled in blue font were identified using MS? analyses
using both single cells and cell lysates. (LysoPC: lysophosphatidylcholine; PC:
phosphatidylcholine; PE: phosphatidylethanolamine; Pl: phosphatidylinositol; PE-Cer: ceramide

phosphoethanolamine; PG: phosphatidylglycerol; DG: diglyceride).
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using HPLC-MS? method in the positive ion mode. Because the majority of ions of interest
were downregulated in all treatment groups, IRI-resistant cells were used for lysate
preparation. The retention time was determined from the full scan mode in the first run
(Fig. S5), and then the precursor ions were isolated for the MS? analysis in the second
run. HPLC/MS analyses provided the identification of 9 metabolites that cannot be
identified at the single-cell level due to their low abundances. Combining the MS? mass
spectra from single cells and cell lysates, we were able to identify 32 out of 49 tentatively
labeled ions as illustrated in Figures 2B and 3B. Importantly, we noticed that 17 ions can
only be detected from the SCMS experiments. This likely indicates that these species are
fragile or have rapid turnover rate in live cells, and they are potentially lost during the

preparation of cell lysate.4°

344 Co-treatment of metformin and IRl more efficiently reduced FASN
enzymatic activity compared with the mono-treatment.

Our SCMS experimental results indicate that the treatment involving metformin
greatly reduced the levels of fatty acids and lipids. It is very likely that these
downregulations are related to the inhibition of lipogenic enzymes by metformin. Among
all lipogenic enzymes, the overexpressed FASN is generally observed in broad types of
cancer cells.5%-%2 FASN is a key enzyme controlling de novo fatty acids biosynthesis in
cells.>3 FASN utilizes Acetyl-CoA and Malonyl-CoA as the starting materials to synthesize
saturated fatty acids through condensation reactions. The major product from FASN is
palmitic acid, and the byproducts include saturated fatty acids, which can be further
processed to synthesize more functional and complex fatty acids (e.g., unsaturated fatty

acids and long-chain fatty acids).>® De novo lipid synthesis requires fatty acids for the
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production of glycerophospholipids (e.g., phosphatidylcholine (PC), phosphatidylserine
(PS), and phosphatidylinositol (Pl)), glycerolipids (e.g., diacylglyceride (DG) and
triacylglyceride (TG)), and sphingolipids utilized by cells for energy storage and cellular
membrane synthesis.>* Because FASN synthesizes fatty acids are required for cell
divisions, the hyperactivity and overexpression of FASN are tightly related to the

malignancy of cancer cells.55-56

Based on our studies of synergetic effect and metabolomics, we hypothesized that
metformin inhibits the activities of FASN and further sensitizes IRI-resistant cells to the
therapeutic effect of IRl. As one of the most well accepted molecular mechanisms,
metformin affects cancer cells by initializing the AMPK (AMP-activated protein kinase)
signaling pathway.5"-% Metformin induces energy deficiency in cancer cells by promoting
ATP depletion mainly through inhibiting glycolysis, TCA cycle, and electron transport
chain complex 1.5° The energy crisis stress imposed by metformin activates the AMPK
signaling pathway (Fig. 4A). Among all downstream actions of AMPK, one is to regulate
cancer cell death by inhibiting the expression of FASN and hindering the biosynthesis of
fatty acid and lipids.®® Eventually, without adequate lipids and fatty acids to provide

cellular energy and building blocks, cancer cell proliferation is decreased.

In order to compare the degree of FASN inhibition in IRI-resistant cells among four
different groups (i.e., IRl mono-treatment, metformin mono-treatment, co-treatment using
both compounds, and IRI-resistant cells), we studied FASN activities by measuring the
Malonyl-CoA-dependent oxidation rate of NADPH (Fig. 4B). We found the FASN activity
in the co-treatment (7.5 + 0.6 nmol NADPH oxidized min"' mg protein™') is the lowest

among all four different groups (Fig. 4). The FASN activity in metformin mono-treatment
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(9.0 £ 0.4 nmol NADPH oxidized min-! mg protein') is higher than that in the co-treatment
but lower than those in both IRl mono-treatment (9.8 + 0.2 nmol NADPH oxidized min-!
mg protein') and control cells (10.2 + 0.7 nmol NADPH oxidized min™' mg protein™).
These findings agree with the above results obtained from the SCMS and cell viability
measurements, suggesting higher degrees of FASN inhibition is likely responsible for the

enhanced antitumor ability in the co-treatment.
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Fig. 4. The proposed mechanisms of metformin in the treatment of IRI-resistant cells and results
from FASN activity assay. (A) Schematic pharmacological pathways of metformin in IRI-resistant
cells. Metformin inhibits FASN by activating AMPK pathway, and the downstream products,
including fatty acids and lipids, are decreased. (B) The relative FASN enzymatic activities of IRI-
resistant cells in four different treatments. Results represent four replicates in each treatment for
FASN enzymatic activity assay. Standard deviations are labeled as error bars in the histogram (*

p <0.05 **p <0.01; **p < 0.001 from one-way ANOVA).

FASN, a key lipogenic enzyme, is an important biomarker, and its overexpression

correlates with high malignancy and poor prognosis in cancer pathogenesis.®' The
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development of cancer stemness is also associated with FASN overexpression.®?
Suppressing the activity of FASN can induce apoptosis of cancer cells and decrease their
viability. Furthermore, the inhibition of FASN was believed to help restore cancer cells
membrane to a non-malignant architecture, resulting in enhanced chemotherapy efficacy
of treating drug-resistant cell lines.®® In fact, combining FASN inhibitors with other
chemotherapy agents has been proven as an effective strategy to resensitize anticancer
drugs.®® Our studies indicate that the enhanced potency of metformin containing co-

treatment is likely due to its capability of suppressing FASN activity.

Although the current studies are performed using the IRI-resistant cells, drug
resistance induced by metformin is also clinically relevant. It is known that diabetes
(primarily type 2) is associated with increased risk of multiple cancers such as in liver,
pancreas, colon, and breast.5* Because metformin is a commonly used for treatment of
diabetes, anti-metformin is generally observed in diabetes treatment for patients,
including those with cancers. It has been reported that long-term exposure of cancer cells
to metformin can lead to resistance to chemotherapy.85-¢¢ |t is worth comprehensively
studying cancer cells with resistance to both metformin and anticancer drugs; however,

these studies are beyond the scope of current work.

3.5 Conclusion

The oral antidiabetic drug metformin exhibits anticancer effects for its ability of
selectively killing CSCs. To understand its influence on metabolites and synergetic effect
with anticancer drug IRI, we conducted both metformin mono-treatment and
metformin/IRI co-treatment for IRI-resistant cells, which are used the model system for

drug-resistant cells. The Single-probe SCMS metabolomics studies were performed to
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investigate the influence of metformin on metabolites in IRI-resistant cells. Traditional
HPLC/MS analyses of cell lysates were performed to provide complementary information
for molecular identification. In addition, we carried out measurements of synergetic effect
between metformin and IRI in co-treatment and studied the enzymatic activity of FASN.
Our results indicate that metformin mono-treatment induced the downregulation of lipids
and fatty acids, whereas the co-treatment resulted in further reduced production of
glycosylated ceramides. Importantly, some species can be only detected and identified in
live single cells. The measurement of Cl demonstrated a synergistic interaction between
metformin and IRl in the co-treatment. Enzymatic activity assay confirmed that the co-
treatment led to the lowest FASN activity compared with the mono-treatment of metformin
or IRI. Collectively, our studies indicate that metformin sensitizes IRI-resistant cells, and

its pharmacological action is related to its capability of inhibiting FASN.
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41  Abstract

Cell—cell interactions are critical for transmitting signals among cells and
maintaining their normal functions from the single-cell level to tissues. In cancer studies,
interactions between drug-resistant and drug-sensitive cells play an important role in the
development of chemotherapy resistance of tumors. As metabolites directly reflect cell
status, metabolomics studies provide insight into cell-cell communication. Mass
spectrometry (MS) is a powerful tool for metabolomics studies, whereas single cell MS
(SCMS) analysis can provide unique information for understanding interactions among
heterogeneous cells. In the current studies, we utilized a direct co-culture system with cell
contact to study metabolomics of single cells affected by cell-cell interactions in their living
status. A fluorescence microscope was utilized to distinguish these two types of cells for

SCMS metabolomics studies using the Single-probe SCMS technique under ambient
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conditions. Our results show that, through interactions with drug-resistant cells, drug-
sensitive cancer cells acquired significantly increased drug resistance and exhibited
drastically altered metabolites. Further investigation found the increased drug resistance
was associated with multiply metabolism regulations in drug-sensitive cells through co-
culture, such as the upregulation of sphingomyelins lipids and lactic acid, the
downregulation of TCA cycle intermediates and saturated fatty acids. The method
reported here allows for metabolomics studies of cells labeled with fluorescent proteins

or dyes among heterogeneous populations.

4.2 Introduction

Biological variability of cells not only exhibits among different types of cells
characterized by the expression of specific biomarkers, but also presents in the
individuals of the same type of cells, where the gene expression, protein synthesis, and
cell metabolism are diverse at the single-cell level."* In addition, the degree of cell
heterogeneity is related to other types of cells in the cellular microenvironment through
cell-cell interaction, as the function, survival and proliferation of cells can be determined

by their neighbors in the same niche.58

The importance of cell-cell heterogeneity has been appreciated in many disease
studies, especially drug resistance research in cancer. Resistance to chemotherapy
medicine is a major cause of clinical cancer treatment failure.” Understanding drug
resistance mechanisms lays the foundation for the development of effective clinical
intervention for drug resistance. Over the past few decades, numerous studies have been
conducted to tackle molecular mechanisms of resistance in drug-resistant cells. The

proposed mechanisms include drug inactivation, drug target alternation, drug efflux, DNA
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damage repair, epithelial-mesenchymal transition (EMT), and cell death inhibition.®
Although drug-resistant cells themselves exhibit resistance to anticancer drugs, their
communications with drug-sensitive cells in tumor microenvironments can enhance
chemotherapy resistance of the latter.>-'® The mechanisms are attributed to intercellular
transfer of molecules, including P-glycoproteins', midkine'?, small RNAs', and

metabolites’® that can protect drug-sensitive cells from chemotherapy-induced apoptosis.

There are two major mechanisms of transmitting molecules during cell-cell
communication: secreting soluble molecules™ (including but not limited to chemokines,
cytokines, and growth factors) and transferring extracellular vesicles™ (e.g.,
microvesicles, exosomes, and apoptotic bodies). Different in vitro co-culture systems
have been developed to study cell-cell interactions, and these systems can be generally
classified into two categories: indirect co-culture (i.e., co-culture without cell contact) and
direct co-culture (i.e., co-culture with cell contact).'®2 In the indirect co-culture systems,
different types of cells are physically segregated (e.g., cells cultured in different devices
or different chambers of the same device?'), whereas cell-cell communication is through
the shared culture medium (e.g., via permeable membrane in culture device or channels
in microfluidic device??2%) or conditioned medium harvested from the other type of cells?.
This type of co-culture methods is commonly used due to their high reproducibility and
commercial availability. Particularly, different types of cells can be conveniently separated
for molecular analysis. However, due to the lack of direct cell-cell contact, these systems
cannot vividly mimic the actual physiological environment, considering intercellular
transfer of some proteins and small RNA are achieved in contact- or distance-dependent

manners.?52% In contrast, in the direct co-culture systems, different types of cells are

64



cultured in the same device with cell-cell contact, indicating they are better models
representing natural cell-cell interactions.?” Several techniques (e.g., micropatterning?,
temporary divider?®, and degradable hydrogel®®) have been previously developed for
indirect co-culture. However, these less-than-ideal methods necessitate a temporary seal
between different cell types, and intercellular response is hindered due to impacted
molecular diffusion from separation between cells.?® Alternatively, direct co-culture
systems, which allow for direct contact among different types of cells, have been achieved
in multiple studies. However, in situ molecular analysis of different types of cells is
challenging due to heterogeneous cell populations.?’ Single cell analysis is inevitably

needed to overcome these challenges.

As the end products of cellular processes, metabolites directly reflect the genetic
and environmental changes of cells. Mass spectrometry (MS) has become the major
analytical platform for metabolomics studies. Traditional MS metabolomics research, e.g.,
liquid chromatography—mass spectrometry (LC—MS), relies on samples prepared from
populations of cells. Apparently, it is intractable to use these traditional methods for in situ
studies of the cell-cell interactions among coexisting cells in the living status. Although
fluorescence-activated cell sorting (FACS) has been commonly used for cell isolation and

molecular analysis, FACS-treated cells possess different compositions of metabolites.3'-

32

The inevitable approach to overcome the above challenges is to conduct single
cell metabolomics analysis. A variety of sampling and ionization techniques, including

vacuum- and ambient-based methods, have been developed for MS single cell
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200pm

IRI-Resistant Cells

Fig. 1 Determination of different types of single cells in the direct co-culture for the
Single-probe SCMS analysis. Both drug-sensitive (HCT116-GFP) and drug-resistant
(IRI-HCT116) cells were co-cultured and attached on the gridded glass coverslips.
Coordinates of single cells in each group were determined by comparing (A) bright-field
and (B) fluorescence images of the same coverslip. (C) Metabolomics measurement

analysis of both types of cells were conducted using the Single-probe SCMS technique.

metabolomics studies. MALDI (matrix-assisted laser desorption/ionization) and
SIMS(secondary ion mass spectrometry), two common vacuum-based ionization
techniques, have been used to measure metabolites at the cellular and subcellular
scales.333* Alternatively, the development of ambient-based sampling and ionization
techniques (such as live single cell video MS3®, probe ESI MS3¢, nano-DESI MS®, and
LAESI MS®8) created opportunities to study live single cells in their native or near-native
environment. We have developed a number of microscale devices, including the Single-
probe3®-45, T-probe*t-47, and micropipette needle*®, that can be coupled to a mass
spectrometer for single cell MS (SCMS) metabolomics studies in ambient conditions. In
this work, we designed a workflow to combine the Single-probe SCMS technique®® with
fluorescence microscopy to study cell-cell interactions in co-culture systems using cells

with different levels of anticancer drug resistance (Fig. 1). Our experimental setup
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enables direct, in situ metabolomics studies of cell-cell interactions, eliminating potential
interference of materials (e.g., membranes or dividers needed for cell separation) in cell
growth. Particularly, different types of cells can be labeled with dyes or fluorescent

proteins, allowing for selecting the cell of interest for SCMS metabolomics studies.

4.3 Methods
431 Materials and chemicals

Device utilized for the indirect co-culture system is Corning Transwell inserts
(Corning Incorporated Life Science, Tewsbury, MA, USA) in the format of 6-well plate with
permeable membrane (pore size: 0.4 ym). The gridded glass coverslips (ibidi USA
Incorporation, Fitchburg, WI, USA) were used for cell attachment in the direct co-culture
system. Materials to fabricate the Single-probe include the dual-bore quartz tubing (O.D
500 ym, I.D. 127 pm, Friedrich & Dimmock, Inc. Millville, NJ, USA) and fused silica
capillary (O.D 105 um, |.D. 40 ym, Polymicro technologies, Phoenix, AZ, USA).
Chemicals used include acetonitrile (EMD Millipore corporation, Burlington, MA, USA),
formic acid (Sigma-Aldrich, St. Louis, MO, USA), and irinotecan hydrochloride (BioVision
Incorporated, Milpitas, CA, USA). Reagents needed to culture cancer cells include
McCoy’s 5A cell culture media, Penicillin streptomycin (Pen Strep), 0.25% Trypsin-EDTA
(Life Technologies Corporation, Grand Island, NY, USA), and FBS (Global Life Sciences

Solutions, Marlborough, MA, USA).

4.3.2 Mono-culture systems
Human colorectal cancer HCT116 cells, which are defined as drug-sensitive cells
in the current study, were purchased from American Type Culture Collection (ATCC;

Rockville, MD, USA). HCT116 cells were cultured (at 37 °C in 5% CO3) in the petri dishes
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using McCoy’s 5A media supplemented with 10% FBS and 1% Pen Strep. HCT116 cells

were split once the confluency reaches 80%.

Multiple methods have been reported to induce drug resistance in cancer cell lines:
continuous treatment with stepwise dose, continuous treatment with constant dose,
pulsed treatment with stepwise dose, and pulsed treatment with constant dose.*® Among
them, continuous treatment of chemotherapy is an effective method to induce early-stage
resistance. The protocols of preparing the irinotecan (IRI)-resistant cells were adopted
from previous publications using continuous drug treatment.° Briefly, HCT116 cells were
cultured in complete growth medium containing 1 uM IRI for 20 days, and cells survived
from this elongated treatment were regarded as IRI-resistant cells. To minimize the
influence of intracellular IRl compound in the co-culture, the IRI-resistant cells were
cultured in the regular complete growth medium (without IRI) for one week prior to the co-

culture with drug-sensitive HCT116 cells.

Stable HCT116-GFP cells, generated from HCT116 cells by lentiviral vector
transduction, were purchased from company (Cellomics Technology, Halethorpe, MD,
USA). Because GFP (green fluorescent protein) labeling has no significant influence on
cell metabolism and functions®!, HCT116-GFP cells are also defined as drug-sensitive
cells in the current study. To maintain the ability of expressing green fluorescent protein,
HCT116-GFP cells were cultured in complete growth medium containing 1 pg/mL
puromycin. Cells were maintained in puromycin-free complete growth medium for three

days before being used in co-culture systems.

4.3.3 Indirect and direct co-culture systems
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Two different types of co-culture systems, i.e., indirect and direct coculture

methods, were utilized to co-culture IRI-resistant and drug-sensitive HCT116 cells.

(a) Indirect cell co-culture. Cells in this co-culture system were cultured without
direct cell-cell contact using Corning Transwell inserts combined with 6-well culture plates.
Three different ratios of IRI-resistant to sensitive cells (1:1, 5:1, and 25:1) were used to
investigate the influence of the number of drug-resistant cells on the drug resistance level
of drug-sensitive cells. Briefly, the IRI-resistant cells (1x 10%, 5x 10°, or 2.5x 10° cells
suspended in 1.5 mL medium) were added into the inserts, whereas the parental HCT116
cells (1x 10° cells suspended in 2.6 mL medium) were added in the 6-well plates. The
cell-containing inserts and 6-well plates were then combined for co-culture. After being
incubated for 3 or 4 days at 37°C, the HCT116 cells in 6-well plates were harvested for

ICs0 measurement using MTT assay.

(b) Direct cell co-culture. Cells in this co-culture system were cultured with direct
cell-cell contact. HCT116-GFP and IRI-resistant HCT116 cell lines were used as models
to represent drug-sensitive and drug-resistant cancer cells, respectively. Both types of
cells were cultured in the same well of a multi-well plate. Two different types of
experiments, i.e., fluorescence microscopy observation and SCMS measurement, were
performed using these co-cultured cells. First, we monitored cell growth under IRI
treatment using the fluorescence microscope. 1,400 HCT116-GFP cells (suspended in
40 pl medium) and 1,400 IRI-resistant cells (suspended in 40 yl medium) were added into
the same wells of a 384-well plate. The mixed cells were incubated for one day, treated
by IRI (5 or 10 uM), and then observed using the fluorescence microscope to evaluate

the density of HCT116-GFP cells. objective lens (4X) was used to ensure all cells in one
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well of the 384-well plate were captured in a fluorescence image. The fluorescent
microscope images were processed using ImagedJ (Imaged for windows, Version 1.53m;
NIH, Bethasda, MD, USA) to quantify the fluorescence intensities, which were used to
compare the relative densities (i.e., viabilities) of HCT116-GFP cells under different co-
culture conditions. Photos with a higher magnification (with a 10X objective lens) were
also captured for better views of single cells. Second, we conducted the SCMS
experiments on direct co-cultured cells. 5,000 IRI-resistant and 5,000 HCT116-GFP cells
were added into the same wells of a 12-well plate, in which gridded glass coverslips were
placed at the bottom. Cells were attached to the glass coverslips after an overnight

incubation for the Single-probe SCMS analysis.

434 MTT assay

The MTT assays were conducted according to the manufacture’s
recommendations. The HCT116 cells from indirect co-culture were harvested, rinsed
using fresh culture medium, and seeded into 96-well plates (~10,000 cells/well). Drug
treatments were carried out using different concentrations of IRI (0.1, 1, 5, 10, or 50 pM).
MTT (3-(4,5-dimethylthoazol-2-yl)-2,5-diphenyltetrazolium bromide) was added into each
well in 96-well plates, and absorbance values at 570nm were measured using a
microplate reader (Synergy H1, BioTek, Winooski, VT). The ICso values were determined
using Prism (GraphPad Software, San Diego, CA), and Microsoft Excel was used to

construct dose-response curves.

4.3.5 LC-MS/MS Identification
Cell lysis and lipids extraction. The Folch method was adopted to extract lipids

from HCT116-GFP cell lines for LC-MS study. After detaching cells from petri dish using
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trypsin, cells were collected for lipids extraction. 10,000 cells were mixed with 3 mL
chloroform/method (2:1, v/v), vortexed on ice for 10 mins, and then centrifuged for 15 min.
The organic layer was transferred to dry under vacuum, and the sample was then
reconstituted in 150 mL chloroform for the following LC-MS analysis.

LC-MS. LC-MS/MS was carried out as a complementary method to identify ions of
interest. A UltiMate 3000 HPLC system (Thermo Scientific, San Jose, CA) was coupled
with the LTQ Orbitrap XL mass spectrometer for separation and MS? identification. A Luca
3u C18 column (50 X 2.00 mm, 3 pm, Phenomenex, Torrance, CA) was used for
chromatographic separation. The HPLC was set as follows: injection volume: 5 pL;
column oven: 50 °C; Flow rate: 350 pl/min; mobile phase A: water/methanol (95/5, v/v);
mobile phase B: isopropanol/methanol/water (60/35/5, v/v). Both mobile phases contain
10 mM ammonium formate and 0.1% formic acid. The total run time was 80 mins,
including 5 mins’ equilibrium. The MS? was carried out in data independent mode, and
the normalized collision energy (NCE) was set between 24-25 x.

4.3.6 The single-probe SCMS setup

The fabrication method of the Single-probe was similar to Chapter 3, where we
follow our published protocols for the fabrication.3® Briefly, three major components (i.e.,
a Nano-ESI emitter, a dual-bore quartz tip, and a fused silica capillary) were integrated to
prepare a Single-probe. The Single-probe was then coupled to a Thermo LTQ Orbitrap
XL mass spectrometer for SCMS analysis (Fig. 1). The sampling solvent (acetonitrile
supplemented with 1% formic acid) was used for SCMS experiment at a flowrate of ~0.05

pi/min. The MS parameter settings included mass range m/z 200-1500 for positive ion
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mode and m/z 50-900 for negative ion mode, mass resolution 60,000, ionization voltage

4.5kV, 1 microscan, and 100 ms max injection time.

4.3.7 SCMS analyses of cells in direct co-culture

The gridded glass coverslip containing co-cultured IRI-resistant and HCT116-GFP
cells were used for the SCMS experiments. First, we obtained the optical images of the
co-cultured cells to determine the locations of each type cells on the gridded glass slides.
A Nikon Eclipse Ti microscope was used to take both bright-field (Fig. 1A) and
fluorescence images (Fig. 1B) of cells attached on the gridded glass coverslips, which
are maintained in 12-well plates during image capture. Based on the comparison of these
two types of images, we manually determined the coordinates of each type of cells on
gridded glass cover slips (Fig. 1). Second, the gridded glass coverslips containing cells
were taken out from 6-well plates, rinsed with FBS-free culture medium, and placed onto
the XYZ-stage for the Single-probe SCMS measurements (Fig. 1C). Guided by the digital
microscope, we analyzed both types of cells on the gridded glass slides. To compare the
changed metabolites due to cell-cell communication in the direct co-culture, SCMS
experiments were also carried out using HCT116-GFP and IRI-resistant cells obtained

from the mono-culture.

4.3.8 SCMS data analysis

We adopted our previously established SCMS data analysis workflow, including
data pretreatment, statistical analysis, and database searching, to analyze experimental
results.5? First, we conducted SCMS data pretreatment, including noise removal,
background subtraction, ion intensity normalization, and peak alignment. Noise removal

is performed to remove instrument noise; background subtraction can eliminate
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contaminants (e.g., ions from the solvent and cell culture medium); ion intensity
normalization provides an effective approach to comparing the relative abundances of
species from different cells. Although quantitative Single-probe SCMS experiments can
be performed to measure the absolute quantity or concentration of target molecules (e.g.,
anticancer drugs) in single cells, the internal standard (e.g., isotopically labelled
anticancer drug) is needed in each study.*' %3 It is impractical to obtain the absolute
quantitative information of large numbers of species from single cells. In our studies, ion
intensities were normalized to the total ion current (TIC), a commonly used normalization
method in MS studies, and then multiplied by an arbitrary scaling factor of 10°. Peak
alignment was then performed to correct minor mass shift in different measurements. The
first three steps were performed using our customized R script®?, whereas peak alignment
was achieved using Geena 2.5 Second, statistical analyses, including multivariate
analysis (e.g., principle component analysis (PCA) and partial least squares-discriminant
analysis (PLS-DA)) and univariate analysis (e.g., Student’s t test), were conducted using
MetaboAnalyst.>® Last, three online metabolomics databases, Metlin®® HMDB®%’, and
GNPS®8 were utilized to tentatively label all ions. MS? structure verification of ions of
interest was conducted through three different approaches: at the single-cell level using
single-probe SCMS method, MS analysis of cell lysate using direct injection, and LC-

MS/MS analysis of cell lysate.
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4.4 Results and discussions
441 Changes of drug-resistance levels by IRI-resistant cells in drug-free
medium.

IRI-resistant HCT116 cells were produced by culturing the parental HCT116 in
medium containing low-dose of IRI (ICsp = 16.6 £ 1.4 yM). It was reported that drug-
resistance levels of drug-resistant cells can gradually decline when cultured in drug-free
medium over time.%® To determine if culturing IRI-resistant cells in drug-free medium can
significantly affect their drug-resistance levels, we incubated IRI-resistant HCT116 cells
under normal conditions (i.e., using regular IRI-free medium) for 1 and 2 weeks. We then
performed ICso measurements, and evaluated their IRI-resistance level using the
resistance index (RI), which is the ratio of 1Cso of IRI-resistance and parental HCT116
cells (ICso = 2.90 £+ 0.1 uM).*® Our results indicate that their IRI-resistance levels were
slightly reduced after 1 week (Rl = 5.0) and 2 weeks (Rl = 4.0) culture in IRI-free medium,

compared with the original IRI-resistant cells (RI = 5.7) (Fig. S1).
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Fig. 2 The viability measurements of drug-sensitive HCT116 cells in the indirect co-culture
with IRI- HCT116 cells under (A) difference cell density ratios and (B) different co-culture
times. Cell viability was reported relatives to control cells (mono-cultured HCT116 cells)

from 5 measurements.
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442 Changes of drug-resistance levels of drug-sensitive cells in co-culture

conditions.

The IRI-resistance levels of HCT116 cells in the indirect co-culture system were
also evaluated using MTT assay. Cells were co-cultured using different cell density ratios
and co-culture times. To study the influence of the relative cell populations on drug
resistance, the IRI-resistant and parental HCT116 cells at different ratios (1:1, 5:1, 25:1)
were added into the indirect co-culture devices. MTT assay was then carried out to
determine the drug resistance levels of HCT116 cells after 2, 3, and 4 days of co-culture.
Our results indicate that the ratio of IRI-resistant to HCT116 cells has a negligible
influence when it was increased from 1:1 (ICso = 9.30 = 1.30 yM) to 5:1 (ICs0 = 10.7 £ 1.9
uM) (Fig. 2A). However, a noticeable decrease of IRI-resistance (ICso = 6.40 + 1.30 yM)
was observed when this ratio was increased to 25:1. Based on our observation using
microscope, this change is likely due to the formation of 3D spheroids, instead of
maintaining the 2D monolayer in other conditions, from excessive numbers of IRI-
resistant cells. The 3D structure of spheroids is expected to limit interactions between IRI-
resistance cells in inner spheroids and HCT116 cells, whereas only those on the outer
layer, which account for small portions of total cell numbers, can more effectively
participate in such interactions. The influence of co-culture time on IRI-resistance has
also been investigated. Our results indicate that HCT116 (ICs0 = 2.90 £ 0.10 uM) acquired
significantly higher levels of drug resistance after being co-cultured for 3 (ICso = 10.7 %

1.9 uM) and 4 days (ICso = 12.7 + 1.3 uM) (Fig. 2B).

Although 1Cso measurements cannot be conveniently conducted for cells in the
direct co-culture systems, cell density was visually inspected to approximately evaluate

75



Fig. 3 Using fluorescence microscopy to evaluate drug resistance of HCT116-GFP cells
in the direct co-culture with (A-C) drug-resistant or (D-F) drug—sensitive HCT116 cells,
Aexcitation = 495 nm, Aemission = 519 nm. (A) Abundant HCT116-GFP cells (light-green
spots) were observed in the co-culture system with IRI-HCT116 cells (no fluorescence).
Densities of HCT116-GFP were slightly reduced after IRl treatment at (B) 5 uM or (C) 10
uM for 24 hrs. (D) Abundant HCT116-GFP cells were observed in the co-culture system
with reqular HCT116 cells. Densities of HCT116-GFP were significantly reduced after IRI

treatment at (B) 5 uM or (C) 10 uM for 24 hrs.

changes of drug-resistance level under irinotecan treatment. The IRI-resistant cells and
HCT116-GFP (with cell density ratio of 1:1) were cultured in the same well containing IRI
(0, 5, or 10 uM). We used the fluorescence microscope to monitor the growth of HCT116-
GFP cells under IRI treatment. In the comparison studies, regular HCT116 and HCT116-
GFP cells were co-cultured under the same conditions (Fig. 3). Fluorescence images of
each system were taken after 24hrs of treatment. It is evident that HCT116-GFP cells
acquired certain levels of drug resistance through interactions with IRI-resistant HCT116

cell (Fig 3A-C), whereas those co-cultured with regular HCT116 (Fig. 3D-F) exhibited
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poorer viability under IRI treatment. In more quantitative analyses, the relative intensities
of fluorescence (calculated using ImageJ) from HCT116-GFP cells were used to compare
the viability of HCT116-GPF cells under different IRI treatment concentrations (Fig. S2).
Our experimental results suggest that IRI-resistance cells can foster drug-sensitive cells
to improve their IRI-resistance levels through cell-cell interactions with or without direct

cell-cell contact.

443 Metabolomics profile change of cells in co-culture systems

We performed the SCMS experiments for cells in five different groups, including
the mono-culture (HCT116, HCT116-GFP, and IRI-resistant HCT116) and co-culture
(HCT116-GFP and IRI-resistant HCT116) cells. Approximately 30 cells in each group
were analyzed, and the obtained data were subjected to the pretreatment and statistical
analyses to extract molecular information (Fig. 4). To minimize the variance of
experimental conditions (e.g., instrument tuning and cell status) on the SCMS results, we

performed three batches of experiments on three different days.

In the first batch of experiment, we compared the metabolomics profiles between
mono-cultured HCT116 and HCT 116-GFP cells, as we used HCT 116-GPF to represent
HCT116 cells in the direct co-culture system. We performed PCA, an unsupervised
multivariate analysis method, and results indicate that HCT116 and HCT116-GFP cells
possess very similar molecular profiles (i.e., ellipses of cells in these two groups are
largely overlapped) (Fig. S3A and S3B). To quantitatively confirm these results, we
subjected these SCMS data to PLS-DA, a supervised method, and results show that there
is no significantly different (p=0.698) molecular composition between these two cell lines

(Fig. S3B). Our experimental results agree well with the previous report that GFP labeling
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Fig. 4 PCA results illustrating metabolomics profiles of HCT116-GFP and IRI-HCT116
cells in the mono-culture and direct co-culture systems under positive ion mode (A) and
negative ion mode (B). Metabolites of HCT116-GFP were significantly changed by IRI-

HCT116 cells in both systems, and these two types of cells tended to possess similar

metabolomics profiles in the direct co-culture.

has negligible influence on cell metabolism.5'" Therefore, it is valid to use HCT116-GFP

cells to represent HCT116 cells for the co-culture studies.

In the second batch of experiments, we studied IRI-resistant and HCT116-GFP
cells in the direct co-culture, along with the mono-culture counterparts, using the Single-
probe SCMS in the positive ion mode and negative ion modes. Similar to the above data
analysis, we conducted PCA, and the results indicate that the metabolic profiles of
HCT116-GFP cells were significantly changed by the IRI-resistant cells through cell-cell
interactions (Fig. 4). Interestingly, both HCT116-GFP and IRI-resistant cells tend to

exhibit increased similarities of metabolomics profiles after direct co-culture.
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To investigate molecules altered by co-culture, we compared the SCMS data of
HCT116-GFP cells in the mono-culture and direct co-culture. Typical background-
subtracted mass spectra of single HCT116-GFP cells in these two culture conditions are
shown in Fig. S4, illustrating the overall cellular metabolites of drug-sensitive cells were
altered by IRI-resistant cells. In general, HCT116-GFP cells from direct co-culture contain
higher abundances of SMs (e.g., SM(40:1), SM(41:1)) than triglycerides (TGs) (e.g.,
TG(52:2), TG(54:3)), whereas an opposite trend was observed in mono-cultured
HCT116-GFP cells. Student’s t-test was further performed to discover species altered by
co-culture. 19 sphingomyelins (SMs) lipids and two phosphatidylcholines (PCs) were
significantly upregulated in HCT116-GFP cells from direct co-culture (Fig. 5). The
structure identifications were performed using tandem MS (MS/MS) both at the single-

cell level and using cell lysate (Fig. S6-S8).

To improve the detection coverage of cellular metabolites, we conducted the third
batch of SCMS experiments in the negative ion mode. HCT116-GFP and IRI-resistant
cells in both the direct co-culture and mono-culture were analyzed. Similar to the trend
observed from positive ion mode results, metabolites detected in the negative ion mode
indicated HCT116-GFP and IRI-resistant cells tend to exhibit increased similarities (Fig.
4B). The olverlap degrees among different cell groups are different in two ion modes,

likely because fewer metabolites were observed in the negative ion mode (Fig. S5).

T-test was conducted to determine metabolites with significant changes between
mono-cultured and co-cultured HCT116-GFP cells. As illustrated in Fig. 5B, the top-10

metabolites with significantly different abundances include amino acids, fatty acids, and
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Fig. 5 Metabolites significantly altered in HCT116-GFP cells through direct co-culture with
IRI-HCT116 cells under (A) positive ion mode and (B) negative ion mode. Results were
obtained from n> 30 cells in each group. SM (sphingomyelin), PC (phosphatidylcholine),
PA (phosphatidic acid), and MG (monoglyceride). (From t-test: * p<0.05; **p<0.01,

***n<0.005). Species in black font were identified from MS? analyses.

species involved in TCA (tricarboxylic acid) cycle. Molecular identification was preformed

by annotating MS/MS spectra from single cells and lysates (Fig. S6-S7).

To study the influence of drug treatment on cell metabolites, SCMS experiments
were conducted using HCT116-GFP and IRI-resistant cells with and without IRI treatment
(Fig. S6). As expected, drug treatment has more influence on drug-sensitive cells than
drug-resistant cells (Fig. S6A). T-test results indicate that species altered by IRI treatment
in HCT116-GFP cells and IRI-resistant cells are primarily phospholipids (e.g., PC, PE,
and LysoPC lipids), which agree with previous studies.”- 6061 Qur results suggest that
molelcules changed in co-culture conditions are primarily due to cell-to-cell interactions

rather than the influence of drug compound.
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444 Potential metabolic mechanisms of spreading drug resistance by
drug-resistant cells

Tumor microenvironment, composed of different types of cells, plays an important
role in spreading drug resistance, resulting in cancer relapse and metastasis.®? Growing
evidence shows that the metabolic cooperation between different types of cells promotes
the development of drug resistance.®3-%* In particular, cell communication between drug-
resistant cells and drug-sensitive cells can assist the progression of chemotherapy
resistance in tumor cells.® The attainment of drug resistance in drug-sensitive cells from
drug-resistant cells can be achieved by exchanging signaling factors.'% 1213 65 For
example, drug resistance levels of drug-sensitive cells can be enhanced by intercellular
transfer of P-glycoprotein (P-gp) from drug-resistant cells.’ 86-6° The acquirement of
these mediators elevates drug resistance, and subsequently induces metabolic regulation

in drug-sensitive cells.”®

In the current studies, we detected lipid reprograming in drug-sensitive cells after
acquiring drug resistance from neighboring drug-resistant cells. Lipids are a major
constituent of cell membrane, which is the signaling platform of transporters, and they
control the structure and permeability of the membrane. Our results indicate that,
compared with the mono-cultured HCT116-GFP cells, the major alternation of lipids in co-
cultured HCT116-GFP cells is attributed to significantly upregulated SMs. Similar results
have been reported in previous studies, with higher levels of SM lipids being associated
with drug resistance in many cancer resistant cell lines (e.g., 5-FU-resistant human
colorectal cancer cells’!, doxorubicin-resistant ovarium carcinoma cells’?, and

vinblastine-resistant leukemia T lymphoblast cells’). Particularly, the increased levels of
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SM in drug-resistant cells can alter biophysical properties of cell membrane by increasing
its structural order and decreasing its fluidity, possibly due to SMs’ high affinities to
cholesterols.” Passive diffusion of drugs across the cell membrane, which is one of the
most efficient drug uptake methods, is thus impaired by the decreased membrane
fluidity.” This mechanism of biophysical alternation on the cell membrane could possibly
explain the elevated SMs’ expression in co-cultured HCT116-GFP cells in our study.

However, more experiments need to be conducted to verify the proposed mechanism.

Additional information can be obtained from the negative ion mode results (Fig.
5A). It is possible that cell-cell communication can also induce drug resistance through
other pathways such as TCA cycle, amino acids metabolism, and fatty acids expression.
For example, succinic acid and fumaric acid, two small molecules in TCA cycle
metabolism, were significantly downregulated in HCT116-GFP cells after co-culturing
with IRI-resistant cells. TCA cycle is known to play a central role in the development of
drug resistance.” Our findings are consistent with previous studies: genes involved in
TCA cycle are significantly downregulated in the IRI-resistant cells compared to the
sensitive cells.”® Succinic acid and fumaric acid are also classified as oncometabolites,
and their downregulation is tightly correlated with the development of drug resistance in
cisplatin-resistant cells.”” The suppressed TCA cycle impels in cancer cells to rely more
on glycolysis for obtaining energy, thus producing larger amounts of lactic acid (Fig. 5B).
In fact, accumulation of lactic acid is related to increased cancer resistance and
malignancy.”® Amino acid metabolism is also associated with the development of drug
resistance in cancer. For example, the overexpression of cystine transport system assists

cancer cells decreasing drug sensitivity.”®
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4.5 Conclusion

In summary, we provided a new method to study cellular metabolism alteration due
to direct cell-cell interactions among different types of cells by combing the Single-probe
SCMS and fluorescence microscopy. Our method allows for ambient SCMS
metabolomics studies of different types of cells growing under the same conditions with
direct cell-cell contact. We used model systems representing drug-sensitive (i.e., parental
HCT116 or HCT116-GFP) and drug-resistant (i.e., IRI-resistant HCT116) cells in both
indirect (without cell-cell contact) and direct (with cell-cell contact) co-culture systems.
This study is focused on the influence of drug-resistant cells on the drug-resistance level
and metabolism of drug-sensitive cells in co-culture conditions. Fluorescence microscope
was used to locate individual HCT116-GFP cells in direct co-culture system, and then the
Single-probe SCMS technique was used to measure cellular metabolites. Our results
indicate that drug-sensitive cancer cells acquired significantly improved drug-resistance
levels and drastically altered metabolomics profiles through cell-cell communication with
drug-resistant cancer cells. In particular, the drug-sensitive cancer cells tend to acquire
metabolites similar to drug-resistant cells through direct co-culture. The acquirement of
enhanced drug resistance is associated with multiple metabolism regulations such as
higher expression of SM lipids and lactic acid as well as downregulation of TCA cycle
intermediates. Detailed structure characterization of lipids (e.g., the determination of
cis/trans isomers and positions of carbon-carbon double bonds) was not performed,
because these studies are beyond our current research scope. Future studies are
necessary to fill this knowledge gap. We expect our methods can be potentially utilized

to study metabolic responses of single cells to microenvironment change (e.g., physical
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and chemical stimuli) or cell-cell interactions using cells labeled with fluorescence

proteins or dyes.
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Appendix |: Support Information of Chapter 3

c;pillary

Microscope glass slide

Dual-bore quartz
needle Single probe

S1. (A) Instrumental setup of the Single-probe SCMS studies. The Single-probe is
connected with the solvent-providing capillary through a conductive union, and the
sampling solvent is delivered by a syringe pump with controlled flowrate. The ionization
voltage is applied on the Single-probe via the conductive union. Single cells are
selected and sampled by precisely moving the motorized XYZ-stage system, and the
entire process is monitored using a digital stereomicroscope. (B) A typical microscopy
image of single cells analysis using the Single-probe device. (C) A sideview of the
Single-probe coupled with the mass spectrometer. (D) Image of a fabricated Single-

probe, which has a dual-bore quartz tubing, a fused silica capillary, and a nano-ESI.
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S3. Online MS? identification of metabolites in single IRI-resistant cells using the Single-
probe SCMS technique. (A) LysoPC(P-16:0), (B) PC(31:1), (C) PC(35:4), (D) PC(33:3),
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97



A B
%] PC(32:1) [M-(CHg);N+Nal* o pc(3a:) [M-(CHs):N+Nal{
g ' m/z 695.4622 2 : 723.4945
G5 2
g b [M-CsH14NOsP+Na]* 8D [M-CsH14,NOP+Na]*
% g: m/z 571.4695 § o 599.5008
23 0
S 2
o Ko [M+Na]*
= [M+Na]* & 2= 782.5690
o m/z 754.5349 '
10° ““ 10
5 v s TRTE T W AR S SR TN e L1l 1L Ul 11 1 ) LAl
%200 280 300 350 400 450 500 slio 00 650 | 700 | 750 250 300 350 400 450 500 550 600 650 700 750
m/z m/z
C D
! M-C,HsN+Na]* P . [M-(CH3)3sN+NaJ*
| PE(P36:2 [M-C2Hs s pc(3a:3)
g (P36:2) 707.4974 g 705.4822
g £z
€ Ses
3 3=
565:
o3 [M+Na]* £ [M-C5H1,NO,P+Nal* | M+Na]*
T 750.5406 © % 623.4996 764.5206
LU 35° o 4
g
2(
: Il 0
5
:zoo 250 300 350 400 450 500 550 600 650 700 750 %0 250 300 350 400 450 500 550 600 650 700 750
m/z miz
E F
PE(P38:5) [M-CoHeN+Nal* 1 PE(36:2) [M-CoHNO,P+Nal| [ CaHlshNal*
729.4814 a0 723.4927
o 625.5160
o
S 5
© 65;
< g
GZ) [M"'Na]+ 'ﬂazs
g 7725252 g3 [M+NaJ*
& 2 766.5352
WL 0Ll i) 0o b b
D00 | 250 300 350 400 450 r:':fz 550 | 600 | B50 700 780 %00 250 300 350 400 450 ms(;; 550 600 650 700 750

98



G

©©o3
SaS

dance
aee

Relative Abun
REgEranaa

Q.29

SM(38:2)

207
153
1
5
0

200 250 300 350 400

SM(32:2)

5
20
1
1

5:

[0)

250 300 350

K

@ 80

Relative Abundanc

SM(42:3)

15
10

L |
e 11T 1 T

250 300 350

[M-(CHg)sN+HJ*
698.4810

[M-C5H4NO4P+H]*
574.4879

M+H]-
757.6215

750

500 550 600 650
m/z

450

700

[M-(CHz)sN+Na]*
776.5920

[M+Na]*
835.6661

400 450 500 550 700 750 800 850

m/z

600 650

[M-(CHz)sN+HJ
752.5275

[M-CsH4NO4P+H]*
628.5359

[M+H]*
811.6689

400 450 500 550 800

m/z

600 650 700 750

99

Relative Abundance

PC(34:3)

W L L

+

[M-(CH3)sN+N3
719.4614

—_—

[M-C5H14NO4P+Na]"
595.4688

[M+Na]*
778.5357

alL L (Ll
750

I
0

250

300 350

PC(36:4)

[
250 300 350

400

450 500 700

m/z

550 600 65

[M-(CH3;)3N+Na]
745.4772

[M-05H14NO4P+Na]+
621.4849

[M+Na]*
804.5510

il

0 70!

—

10
3 PC(38:4)
9
8

Bs

c7

g7
6

Ss

Q5

<s

o 4

=

K

o 3

>
2
1
1
5
%50 300 350

400 450

400

500
m/z

550 600 65! 0 750 800

[M-(CHg)sN+Na]*
773.5070

[IVI-C5H14NO4|:>"'Na]+
649.5168

[M+Na]*
832.5823
450 500 550 600 650 700 750 800
m/z



M N

f AM-C1eHs0,+Nal* %1 TG(16:1/18:1/18:4)
i o TG(14:0/16:0/18:1) 571 4690 gs ( GOy Nl
g §§ g [M-C1sHa,0,+Na]*| | 597.4852
e [M-C14H250,+Nal* 5 569.4535
S [M-C1gH340,+Na]*| [599.5009 B
v 5 5454522— | | |« 35
E M#Na]* £ [M+Na]*
S 827.7099 & 851.7096
ZSM“M ‘H | ‘ m | ‘ i 25
20: 2
: [ 1 T TN
10 10:
5 5
0° 0

250 300 350 400 450 500 550 600 650 700 750 800 250 300 350 400 450 500 550 600 650 700 750 800 850
m/z

S4. MS?identification of ions of interest from cell lysate using HPLC-MS/MS. These ions
include (A) PC(32:1), (B) PC(34:1), (C) PE(P36:2), (D) PC(33:3), (E) PE(P38:5), (F)
PE(36:2), (G) SM(38:2), (H) PC(34:3), (I) SM(32:2), (J) PC(36:4), (K) SM(42:3), (L)
PC(38:4), (M) TG(14:0/16:0/18:1), and (N) TG(16:1/18:1/18:4). (PC:
phosphatidylcholine; PE: Phosphatidylethanolamine; SM: sphingomyelin; TG:
triglyceride).
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S5. Chromatogram of cell lysate in HPLC-MS analysis. (LysoPC:
lysophosphatidylcholine; PC: phosphatidylcholine; PE: Phosphatidylethanolamine; SM:

sphingomyelin; CE: cholesterol ester; DG: diglyceride; TG: triglyceride).
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Appendix Il: Support Information of Chapter 4

~*- Control:RI =5.7
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Fig. S1. Cell viability measurements of IRI-HCT116 cells (Control) and IRI-HCT116 cells
cultured in drug-free medium for 10 (10-day) and 20 days (20-day). RI (resistant index)
was calculated as the ratio of ICso of IRI-HCT116 cells under different conditions to that
of the parental HCT116 cells. Data are means £ SD, n = 5.
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Fig. S2. Quantification of fluorescence intensity (using ImagedJ) of HCT116-GFP cells in
the co-culture systems (shown in Fig. 3) under different IRI treatment concentrations.
HCT116-GFP cells co-cultured with the regular HCT116 cells exhibited lower
fluorescence intensity (i.e., lower proliferation) compared with those co-cultured with
IRI-HCT116 cells.
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Fig. S3. (A) PCA, (B) PLS-DA of SCMS and (C) 3D PCA results from HCT116 and
HCT116-GFP in the mono-culture systems (n = 20 in each group). Both PCA and PLS-
DA (p = 0.698) results show that there is no significant difference of metabolic profiles

between these two groups of cells.
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Fig. S4. Typical background-subtracted SCMS spectra of (A) a co-cultured HCT116-
GFP cell and (B) a mono-cultured HCT116-GFP cell in positive ion mode. Species are
tenatively labeled by searching the measured m/z values through online databases. m/z
range from 600 to 1000 was highlighted to compare the SMs lipids expression.
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Fig. S5. Typical background-subtracted SCMS spectra of (A) a co-cultured HCT116-
GFP cell and (B) a mono-cultured HCT116-GFP cell in negative ion mode. Species are
tenatively labeled by searching the measured m/z values through online databases.
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Fig. S6. Influence of IRl treatment on the metablomic profiles of HCT116-GFP (drug-
sensitive) and IRI-HCT116 (drug-resistant) cells in mono-culture conditions. (A) PCA results
of the SCMS data of cells with and without drug treatment. T-test results showing species
with significantly altered abundances in HCT116-GFP (B) and IRI-HCT 116 (C). IRI at 1Cso
(2.9 yM and 16 pM for HCT116-GFP and IRI-resistant cells, respectively) was used for
treatment. Experiments were conducted in the positive ion mode (n = 30 in each group).
Species were tenatively labeled. (* p<0.05, **p<0.01, ***p<0.005.)

107



A
10 695.4583
PC(32:1) v
_ |FiMscio MNaFCHN (52)
3« [M+Na]-csu,.Nofs7>1('-41?s?)
% 754.5369
3 [M+Na]
o
I TN
290 0 350 0 40 90 50 60

0 TS0 B0 &0 900 %0 1000

miz

C
"% sm(d34:1) 6664708
8 | FTMS CID [M#Na}-C,H,N (-59)
c
'§ 725.5511
2 [M#Na]
2 .
&
W L

02)0 zﬂla‘m SOHIOJ“O 300 550 Iooo‘sso 700 780 !L 850 L 450 1000

E
712.4562
= SM(d39:2) s
FTMS CID IM+HFCsHoN (-59)

g

c

3

[ =4

B 771.6412

< [M+H]

g

K}

&

M

;\504“)4505!»550“

G
X2
| SM(d40:2) .

FIMSCID 765113 | oo

8 [M+H]-C3H,N (-59)

g

>

< .

P

©

MO L
mm'lwm"ﬂw'&mﬂw 700 750 800 850 900 950

1000

B

=] SM(d39:1)

FTMS CID, |, 4530

[M+H]-CHoN (-59)

773.6294
/ [M+H]

8

Relative Abundance

L) i

1

0

I

400 50 %0 1000

Elw)

SM(da1:1)
FTMS CID

742.4672
[M+H]-C;HgN (-59)

Relative ébundance

et o wlunle o I

10 100 1%0

801.6909
[M+H]

TR

2503003504004505@550%0/850700750!!00850900950

r4

F

w SM(d41:0)
FTMSCID 756 4801
[M+Na}-C;H,N (-59)

Relative ébundance

825.6881
[M+Na]

250 300 350 00 450 500 550 600 €50 wmwﬂ&ommumw&nmnmm
r4

H

@ SM(d41:3) 738.4507
FTMS CID M*HI-CsHaN (-59)

2

614.4602
[M+H]- C5H,.NO4P (-183)

il L 1] | lll

Relative Abundance

797.6549
[M+H]

L

mmmcwmwmo»mmmmmsso‘m

108



I J

815.7132 - 752.5289
SM(d42:1) [M+H] { SM(d42:3) [M+Na]-CsHN
FTMS CID o | FTMS CID 628.5311 (-59)

Y e | [M+Na]-C.H, ,NO,P (-183)

g 756.4985 g |

$ [M+H]-C3H.N (-59) 5 |

e ;.‘; 811.6769

2 3| [MeNal

14 |
| ‘

r“ll 250 200 50 400 450 500 550 -"r:;(‘\‘lé‘l, 700 750 800 850 900 950 000

K
“Ism(a1:2) I7N9‘f:l755
o |FTMSCID v
2
§ |
°
c
3
o
<
2 740.4681
Z; [M#H}-C3HN (-59)
[14

olBlL 1uul Y i ‘ el

miz i

Fig. S7TA. MS? identification of ions of interest at the single-cell level. The collision-
induced dissociation (CID) with orbitrap mass analyzer (FTMS) was used for the MS?
data collection. (A) PC(32:1), (B) SM(d39:1), (C) SM(d34:1), (D) SM(d41:1), (E)
SM(d39:2), (F) SM(d41:0), (G) SM(d40:2), (H) SM(d41:3), (I) SM(d42:1), (J) SM(d42:3),
(K) SM(d41:2).
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S7B. MS? identification of ions of interest at the single-cell level. The higher energy
collision dissociation (HCD) with orbitrap mass analyzer (FTMS) was used for the MS?
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Fig. S8B. MS? identification of ions of interest from cell lysate using the direct injection
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Fig. S9A. MS? identification of ions of interest with CID from cell lysate using HPLC-
MS/MS. The collision-induced dissociation (CID) with orbitrap mass analyzer (FTMS)
was used for the MS? data collection. (A) PC(32:0), (B) PC(32:1), (C) SM(d39:2), (D)
SM(d34:1), (E) SM(d42:3), (F) SM(d40:2), (G) SM(d38:2), (H) SM(d42:2), (I) SM(d42:0).

115



L | [M+NaJ-C3H;N{-59)
ui PC(32:1) 695.6151 N

| ITMS CID ~
[M#Na]-C.H, NO,P(-183)

§71.5941

1 sM(d34:1) [M+Na)-C,N,N(-58)
»1 ITMS CID e66.6567

MGy H,, O NPNa) - 208)
549.5669 [MOHFH.0-18)
[M+Na) - 14:0 FA(-228) | 7358115
5265168

. _RelativeAbundance
. » Relative Abundance

- [M*N&J-CsH.NO.P(-183) [Na) : Mea)
» 542.5833 +
18:0-FA 725, 5851 » [MeNa)- 18:1 FA (-282) 754.5300
280,4167 | PeenapH018) | . 4724537 - ' |
| 707.8833 { » ™
] \ / ) ‘ “4
| J v S5 M. S S IS———— P Y (. S | NSNS I A —
R o~ e JRA an e e - e e e s s = . - " ws - s - (e Y
mz miz
e -
«: SM(d38:2) gg;Hs.};g{;HgN(ﬁg) < SM(d40:3) [MeHJ-CH, .NO,P-183) [M+H]-CyH;N(-59)
2 ITMS CID ' . *1 ITMS CID 600.6667 7246567
i i
P i [M+H]-CgH,,NOP(-183) PR
S 5735833 - 8!
&= S
T R
S=q Sa
H 2
= [M*HFH,0(-18) 2.
739.0833 T
@
-4 (M+H] B *3
| 757.6500 Eai
v \ =1 [MeH]
| " 783.6384
! o L e . 1] |
= ~ e~ AR NN MRS AN AR N~ IRAA"" o
R A H A R A~
miz miz
- = NO,P{-183]
~| sm(da4:2) DIHLCHUNOP(183) »- SM(d42:0) e o
~1 ITMS CID -; ITMS CID IM=Na}-C3H;N(-59)
w g 780.6567
g g
® “ E . [M+Na)-H,0(-18)
=5 [M+HECHN-58) S 821.6667
357 swngmiio 78283% EE
2 » C12H © [M+Na)
o 217 2400 peH) 25 £39.5000
= 841.6834 5
Rl © »
® o [Gtiegere .-
. P:JQWO bl
CIHMN »3
R0 " ‘
3 '
| | « | |
LA )
o = - " AR e -~ l“‘ = > . x »a x e - - > ) ey )
miz miz
oz . [M+Ne]
. SM(d44:1) 865.7599 1 SM(d38:2) [MeHI-CoHN(-59)
" ITMS CID [M+Na)-CHN(-59) “ ITMS Clb 6985000
wi 806.5666 -
85 8:
5 “ Su [M*H}C,H L NO,P-183)
- B« 574.6667
S 3.
2. N
g0 £:
g &:
- - [M+H]- d16:1-H0
[M+H)
35000 757.6667
3 e Wl Rl
s g gy, bt e ! AR A~ e~ s~ AR A~ M A " MR Taaa - aaaa
o i e " 5 - e e i

vm/z
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