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� Live single cell mass spectrometry
was combined with other bio-
analytical techniques.

� Cells' molecular profiles were corre-
lated to their resistance to anticancer
drug.

� Metabolomic biomarkers and rele-
vant proteins reflecting cancer cells'
drug resistance were proposed.

� Drug resistant cancer cells possess
molecular features similar to cancer
stem cells.
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Irinotecan (Iri) is a key drug to treat metastatic colorectal cancer, but its clinical activity is often limited
by de novo and acquired drug resistance. Studying the underlying mechanisms of drug resistance is
necessary for developing novel therapeutic strategies. In this study, we used both regular and irinotecan-
resistant (Iri-resistant) colorectal cell lines as models, and performed single cell mass spectrometry
(SCMS) metabolomics studies combined with analyses from cytotoxicity assay, western blot, flow
cytometry, quantitative real-time polymerase chain reaction (qPCR), and reactive oxygen species (ROS).
Our SCMS results indicate that Iri-resistant cancer cells possess higher levels of unsaturated lipids
compared with the regular cancer cells. In addition, multiple protein biomarkers and their corresponding
mRNAs of colon cancer stem cells are overexpressed in Iri-resistance cells. Particularly, stearoyl-CoA
desaturase 1 (SCD1) is upregulated with the development of drug resistance in Iri-resistant cells,
whereas inhibiting the activity of SCD1 efficiently increase their sensitivity to Iri treatment. In addition,
we demonstrated that SCD1 directly regulates the expression of ALDH1A1, which contributes to the
cancer stemness and ROS level in Iri-resistant cell lines.

© 2022 Elsevier B.V. All rights reserved.
and Biochemistry, University
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this work.
1. Introduction

Cancer is a devastating disease in the world [1], and chemo-
therapy is one of the major treatment options for cancer [2].
Chemotherapy utilizes drug compounds to treat cancers at
different stages, and it can also be used as an adjuvant therapy after
surgery [3]. Unfortunately, cancer cell subpopulations possessing
drug resistance, including intrinsic resistance and acquired
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resistance, can survive from chemotherapy and greatly reduce the
therapeutic efficiency, eventually resulting in the chemotherapy
failure [4]. Thus, understanding the drug resistant mechanisms of
rare cancer cells is critical for both fundamental cancer research
and the development of more effective therapeutics.

Previous studies revealed a number of drug resistant mecha-
nisms, including enhanced drug efflux, increased drug inactivation,
promoted DNA damage repair, and suppressed apoptosis pathway,
in cancers [4,5]. Accumulating evidence indicates that the devel-
opment of drug resistance is associated with alterations of meta-
bolic profiles. For example, glycolytic pyruvate can regulate the
expression of P-glycoprotein, a drug efflux pump, in multicellular
tumor spheroids, and the level of pyruvate in cells is correlated to
intracellular drug abundance [6e8]. Moreover, the activity of ATP-
binding cassette transporters are directly related to ATP level, and
increasing the level of ATP will promote drug efflux and drug
chemoresistance [9]. Therefore, studying metabolic alterations in
drug resistant cancer cells can improve our understanding of drug
resistance mechanisms and provide potential molecular targets to
treat drug resistant cancer cell.

Cancer cells with acquired drug resistant are normally gener-
ated through repeated treatment using clinically relevant drug
compounds [10,11]. In most studies, cancer cells are treated with
gradually increased dose of anticancer drugs for an extended period
of time (e.g., 6e12 months or longer) to develop the drug-resistant
cell models [12]. In contrast, only a very few studies have been
conducted using cells possessing early-stage drug resistance to
investigate their metabolic features and biological changes. In fact,
initial drug resistance is strongly related to chemotherapy treat-
ment failure, and additional treatment, such as second-line drug, is
recommended to improve the efficacy of chemotherapy during
early-stage of drug treatment [13,14]. Understanding the metabolic
alternation involved in the beginning of drug resistance develop-
ment can reveal the relevant mechanisms and eventually benefit
the disease management.

In addition to the metabolic changes, chemotherapy can lead to
the enrichment of the CSCs, which are small sub-populations of
stem-like cancer cells with self-renew and spheroid formation
characteristics [15]. CSCs can be isolated from various types of tu-
mors, and they possess high levels of resistance to numerous
anticancer drugs, such as oxaliplatin and 5-fluorouracil [16], pro-
moting tumor recurrence and metastasis [17,18]. However, the
specific mechanisms of drug-induced cancer stemness still remain
unclear, limiting the efficacy of clinical thermotherapy [19,20].

Due to its high detection sensitivity, broad range of molecular
coverage, and rich structure information, mass spectrometry (MS)
has become a powerful tool for metabolomics studies of biological
samples such as tissues and cells. In conventional metabolomics
studies, samples are converted into lysates containing molecules
from populations of cells, and then analyzed using traditional liquid
chromatographyeMS (LC-MS) platforms. However, due to cell
heterogeneity and limited quantity of rare types of cells, particu-
larly those from patients in clinical treatment, it is impractical to
perform molecular analysis using these traditional analytical
methods. In addition, cell metabolites are directly related to cellular
processes, and their compositions are rapidly altered by cell envi-
ronment [21,22]. The obligatory sample preparation prior to tradi-
tional analysis will inevitably change cell metabolism and
molecular composition. For example, comparedwith LC-MS results,
our previous studies indicate certain cell metabolites can be only
detected from SCMS analyses of live cells [23]. In quantitative
studies of drug uptake, obligatory sample preparation in traditional
LC/MS experiments can potentially induce loss of drug molecules
from cells [24]. Therefore, techniques allowing for analysis of in-
dividual live single cells, such as ambient single-cell mass
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spectrometry (SCMS) methods, would provide a great advantage to
effectively study subpopulation cells, including those possessing
drug resistance, among heterogeneous cells. A variety of different
SCMS techniques have been developed to date. Secondary ion MS
(SIMS) and matrix-assisted laser desorption ionization MS (MALDI-
MS) are two typical methods requiring vacuum environment for
molecular sampling and ionization, indicating these methods are
not suitable to analyze live cells [25,26]. To overcome these
inherent drawbacks, ambient-based techniques, including live
single-cell MS [27], probe ESI MS [28], laser ablation electrospray
ionization (LAESI) [29], capillary microsampling ESI-IMS-MS [22],
have been developed to perform analyses of live cells in ambient
environment. Our group has established multiple ambient SCMS
methods, including the Single-probe [30,31], T-probe [32,33], and
micropipette [34]. Among them, the Single-probe is a multifunc-
tional device capable of sampling and ionizing contents in live
single cells for real-timeMSmeasurements. The Single-probe SCMS
technique has been used to analyze intracellular metabolites
[23,31,35e39] and quantify the amount of drug uptake using cell
lines [24,40,41] and patient cells [42]. In addition, this device has
been utilized for high-resolution MS imaging of biological tissue
slices [31,43e46] and analysis of extracellular metabolites in live
multicellular spheroids [47].

In this study, we applied the Single-probe SCMS technique to
explore the metabolic differences between the parental HCT-116
colorectal cancer cells and the corresponding drug-resistant cells
at the single-cell level in ambient environment. Combined with
other analytical techniques (e.g., cytotoxicity assay, western blot
analysis, flow cytometry, and quantitative real-time polymerase
chain reaction (qPCR)), we investigated the molecular mechanisms
of cancer cells possessing early-stage of resistance to irinotecan
(Iri), a widely used antitumor drug. We observed that Iri-resistant
cells acquired certain molecular characteristics related to cancer
stemness, and we discovered a new drug-resistance mechanism:
Iri-resistant cells upregulate the expression of stearoyl-CoA desa-
turase-1 (SCD1) and increase reactive oxygen species (ROS) level.
This study can establish an approach to understanding of early-
stage development of drug-resistance of cancer cells, and poten-
tially benefit early diagnosis of patients with drug-resistance and
the development of novel therapeutic strategies.

2. Methods

2.1. Cell lines and cell culture

HCT-116 cells were originally obtained from American Type
Culture Collection (ATCC) (Rockville, MD, USA). Cells were cultured
inMcCoy's 5A cell culture medium (Life Technologies, Grand Island,
NY, USA) containing 10% FBS (fetal bovine serum; Life Technologies,
Grand Island, NY, USA) and 1% Pen Strep (Life Technologies, Grand
Island, NY, USA) at 37 �C in an incubator with 5% CO2 supply
(HeraCell, Heraeus, Germany). The stock solution of Iri was pre-
pared in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO,
USA). In order to obtain Iri-resistant cells, parental HCT-116 cells
were incubated in medium containing 1.0 mM of Iri (Life Technol-
ogies, Grand Island, NY, USA). Survived cells were then passaged at
80% confluence for incubation at 1.0 mM of Iri. To establish Iri-
resistant cells with different resistance levels, these processes
were repeated for 3, 10, and 20 days to obtain 3-, 10-, and 20-day
resistant cells, respectively.

2.2. Cytotoxicity assay

The MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide) (BIOTIUM Inc., Hayward, CA, CA, USA) was used to
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determine the growth inhibitory effect of Iri on cell viabilities. IC50 (at
72 h) measurements of cells were performed by following the
manufacturer's protocols and reported studies [48]. Briefly, cells
were seeded into 96-well plate (~10,000 cells per well), and Iri
treatment was conducted using a series of concentrations (i.e., 0.1,
1.0, 5.0, 10, and 50 mM) for 72 h. MTT solution was added into each
well, followed by incubation (4 h) and addition of DMSO. The
absorbance signal at 570 nmwas then measured using a microplate
reader (Synergy H1, BioTek, Winooski, VE). IC50 values were calcu-
lated using Prism (GraphPad Software, San Diego, CA, USA).

2.3. The single-probe SCMS experiments

The Single-probe is a microscale sampling and ionization device
that can be coupled to mass spectrometer for single cell studies
[24,35,47,49e51] and MS imaging of tissues in ambient conditions
[43,45,46,52]. The fabrication protocols of the Single-probe have
been described in previous studies [50,51]. Briefly, there are three
components in a Single-probe: a needle pulled from dual-bore
quartz tubing (outer diameter (OD): 500 mm; inner diameter (ID):
127 mm, Friedrich & Dimmock, Inc., Millville, NJ, USA) using a laser
pipet puller (P-2000 micropipette puller, Sutter Instrument,
Novato, CA, USA), a fused silica capillary (OD: 105 mm; ID: 40 mm,
Polymicro Technologies, Phoenix, AZ, USA), and a nano-ESI emitter
produced using the same type of fused silica capillary. A Single-
probe is fabricated by embedding a laser-pulled dual-bore quartz
needle with a fused silica capillary and a nano-ESI emitter (Fig. 1A-
B).

During the SCMS experiments, cells were attached on the glass
coverslips through over-night culture. Coverslips containing cells
were rinsed using fresh culture medium, and placed onto a
motorized XYZ�translation stage system, which was controlled
using a LabView software package [53], of the Single-probe SCMS
setup (Fig. 1b) [51]. A syringe (250 ml; Hamilton Co., Reno, NV, USA)
was used to continuously deliver (flow rate: 0.10 mL/min) the
sampling solvent (acetonitrile containing 0.1% acetic acid). Once the
ionization voltage (applied on the conductive union) was tuned on,
a stable liquid junction was formed at the Single-probe tip to
extract cellular contents (Fig. 1B). Using the microscope as a visual
guide, the tip of the Single-probe (OD ~10 mm) was precisely
inserted into a targeted cell. Cellular contents were drawn to the
nano-ESI emitter through the capillary action, and immediately
ionized for MS analysis using a Thermo LTQ Orbitrap XL mass
spectrometer (Thermo Scientific, Waltham, MA, USA). Cellular
contents extraction and MS data acquisition were continuously
performed till ion signals of cellular contents completely dis-
appeared. Mass analysis parameters are listed as follows: mass
range (m/z), 200e1500; mass resolution, 60,000; ionization voltage
Fig. 1. (A) The single-probe SCMS experimental setup. (B) Zoomed-in photo of the Single-pro
and working mechanisms of the Single-probe are illustrated in the inset.
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at the positive ionmode,þ4.5 kV; microscan,1; max injection time,
100 ms; AGC (automatic gain control) on.

2.4. Data analysis

Analyses of SCMS data were carried out according to our pub-
lished protocols [54]. First, we conducted data pretreatment. The
raw SCMS data were exported as tab-delimited data files (m/z
values with their normalized intensities) using Thermo Xcalibur
Qual Browser (Thermo Scientific, Waltham, MA, USA). Only rela-
tively abundant peaks (intensity in raw mass spectra > 103) were
exported, whereas background signals, such as peaks from solvent
and cell culture medium, were subtracted from MS data using R
script. To minimize the influence induced by fluctuations of ion
signals during experiments, ion intensities were normalized to the
total ion current (TIC) for following data analysis. Peak alignment
was performed using Geena 2 [55]. The normalized intensities of
each ionwere used to represent its relative abundances in different
cells. Second, we performed statistical data analyses using Metab-
oAnalyst 5.0 [56]. PCA (principal component analysis), an unsu-
pervised multivariate analysis method, was used to compare the
overall profiles of metabolites of cells in different groups. Levene's
test indicated that our SCMS data have equal variances, and Stu-
dent's t-test was applied to obtain ions of interest, i.e., ions with
significantly different abundance between two groups (p < 0.05). In
addition, volcano plots were constructed to combine the informa-
tion of statistical significance (p value) and magnitude of change
(fold change) for all species. Third, putative labeling on metabolites
of interest was searched in METLIN [57] and HMDB [58] (mass
accurate <5 ppm), whereas species of interest were identified by
comparing measured MS/MS spectra with online databases (MET-
LIN, HMDB and GNPS [59]) and through manual structure
elucidation.

2.5. HPLC-MS/MS

Due to the limited amounts of analytes from single cells, MS/MS
measurements can be only conducted for relatively abundant ions.
To overcome this challenge, HPLC-MS/MS was used as a comple-
mentary method to determine ions of interest, which were deter-
mined from the SCMS studies, using cell lysates. Briefly, cell lysates
were prepared using the Folch method [60,61]. Cells (~1 � 106)
were detached from the petri dish and resuspended into 1 mL PBS
(phosphate-buffered saline). 3 mL chloroform/methanol mixture
(2:1, v/v) was added into the cell suspension, followed by vertexing
(on ice,10min) and centrifuge (10min). The organic layer was dried
(SPD111V SpeedVac concentrator, Thermo Scientific, San Jose, CA)
for storage (in�80 �C refrigerator). Samples were reconstitution (in
be coupling with a Thermo LTQ Orbitrap XL mass spectrometer. The schematic drawing
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150 mL chloroform) prior to HPLC-MS/MS analysis.
LC-MS/MS analyses were used to provide complementary in-

formation for structure identification. Both targeted (i.e., ions of
interest from SCMS results) and untargeted analyses were per-
formed. An UltiMate 3000 HPLC system (Thermo Scientific, San
Jose, CA) was coupled to the LTQ Orbitrap XL mass spectrometer. A
Luca 3u C18 column (50 � 2.00 mm, 3 mm, Phenomenex, Torrance,
CA) was used in the LC system. Settings of the LC system include
injection volume (2 mL), column temperature (50 �C), mobile phase
A (water/methanol (95/5, v/v)), mobile phase B (isopropanol/
methanol/water (60/35/5, v/v)), and total run time (80 min). In
targeted analysis, the first run (full scan mode) was used to deter-
mine the retention time of ions of interest in, and CID (with the
normalized collision energy (NCE) as 24e25 (manufactory's unit))
was carried out for MS/MS analyses of targeted ions in the second
run. In data dependent mode for untargeted analysis, the same LC
settings were used, and MS/MS measurements were performed for
the top-five most abundant peaks. The obtained LC-MS data were
converted to.mzML format using MSConvertGUI [62], then the MS
features were extracted using MZMine 2 in an untargeted manner
[63].

2.6. Western blot analysis

Cell lysates (1 � 107 cells for each sample) were prepared using
radioimmunoprecipitation assay (RIPA) buffer containing protease
inhibitor (Thermo Scientific). Samples containing an equal amount
(20 mL, ~20 mg) of proteins were separated using 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and proteins were then transferred to nitrocellulose membranes
(GE, Healthcare Life Science, Marlborough, MA, USA). Membranes
were blocked by 10% non-fat milk (Bio-Rad Laboratories, Hercules,
CA, USA) and incubated overnight with primary antibody at 4�C.
Two primary antibodies, anti-SCD1 antibody (Thermo Fisher Sci-
entific, Waltham, MA, USA) and anti-tubulin antibody (Abcam,
Cambridge, MA, USA), were used in Western blot analysis. The
corresponding secondary antibody, goat anti rabbit IgG (Thermo
Fisher Scientific), was added during the incubation (1 h, at room
temperature), and then membranes were washed using PBS for
three times. Finally, protein bands were vitalized using the Opti-
4CN western blot detection kit (Bio-Rad Laboratories).

2.7. Flow cytometry analysis

A Stratedigm S1400Exi flowcytometer (Stratedigm, San Jose, CA,
USA) was used to determine the expression of cancer stem cell
biomarkers, CD133 and CD24, in Iri-resistant and parental (control)
cells. Briefly, cells were suspended in the solution containing 0.5%
BSA (bovine serum albumin; Sigma-Aldrich, St. Louis, USA) and
antibodies (human anti-CD24-FITC and human anti-CD133-PE;
Miltenyi Biotec, Bergisch Gladbach, Germany) on ice. CD133 and
CD24 double-positive cells (CD133þ/CD24þ) were gated using
control cells that incubated with IgG1 isotype control FITC-
conjugated antibody and PE-conjugated antibody (Biolegend, San
Diego, CA).

2.8. Reactive oxygen species (ROS) measurement

Measurements of reactive oxygen species (ROS) were conducted
based on the published protocols [64]. Briefly, cells were incubated
in McCoy's 5A cell culture medium containing 1 mM CM-H2DCFDA
(cellular ROS indicator; Thermo Fisher Scientific) at 37�C for 30min,
washed using PBS, and then analyzed using a Stratedigm S1400Exi
flow cytometer platform.
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2.9. RNA extraction and quantitative real-time polymerase chain
reaction (qPCR)

The RNeasy Mini Kit (Qiagen Inc, Valencia, CA) was used to
isolate RNA from cells according to the manufacturer's instructions.
The potential genomic DNA contaminants were removed using a
DNA-free™ DNA Removal Kit (Thermo Fisher Scientific). iScript™
Reverse Transcription Supermix (Bio-Rad Laboratories) was used to
synthesize the cDNA, and then qPCR experiments were performed
using a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad
Laboratories) and SsoAdvanced™Universal SYBR®Green Supermix
(Bio-Rad Laboratories).

The sequences of the primers used in this study were shown as
follows:

(1) SCD1: (50-TTCAGAAACACATGCTGATCCTCATAATTCCC-30 and
50-ATTAAGCACCACAGCATATCGCAAGAAAGTGG-30), PROM1
(CD133): (50-CTGGGGCTGCTGTTTATTATTCTG-30 and 50-ACGCC
TTGTCCTTGGTAGTGTTG-30);

(2) CD24: (50-TCCAAGGCACCCAGCATCCTGCTAGA-30 and 50-
TAGAAGACGTTTCTTGGCCTGAGTCT-30);

(3) ALDH1A1: (50-CGGGAAAAGCAATCTGAAGAGGG-30 and 50-
GATGCGGCTATACAACACTGGC-30);

(4) ACTB (b-Actin): (50-CGTCACCAACTGGGACGACA-30 and 50-
CTTCTCGCGGTTGGCCTTGG-30).

The relative expression of each gene was calculated through the
DDCTmethod in CFXManager software (Bio-Rad Laboratories), and
the target gene expression was normalized by the endogenous
housekeeping gene ACTB b-actin. In addition, No-RT controls and
No-template controls were used to avoid potential genomic DNA/
RNA contaminants or other technical contaminants.

3. Results

3.1. Iri-resistant cells have higher abundances of unsaturated lipids
and fatty acids than their parental cells

The drug resistance levels of control (parent HCT-116) and Iri-
resistant (3-, 10-, and 20-day resistance) cells in each group were
compared according to their IC50 (at 72 h) values, which were
determined byMTT viability assay. As shown in Fig. 2A, the parental
cells (IC50 ¼ 3.0 ± 1.1 mM) are more sensitive to Iri treatment
compared to the Iri-resistant cells (IC50 ¼ 5.3 ± 1.6, 7.8 ± 1.2, and
11.0 ± 1.1 mM for 3-, 10-, and 20-day resistant cells, respectively).
Previous studies indicate that cell lines displaying two to eight folds
of increased resistance than their parental cell lines are considered
as clinically relevant drug-resistant cells [65]. Therefore, our
experimental results indicated that 10 and 20 days of Iri treatment
produced Iri-resistant cells.

In this study, we aim to investigate the metabolomic charac-
teristics of Iri-resistant cells as well as the mechanisms of how
cancer cells establish drug resistance at the early-stage. 10- and 20-
day resistance cells were used as models to study the initial drug
resistance mechanisms. We first conducted SCMS experiments of
the parental and 10-day Iri-resistance cells to compare their
metabolic profiles. Representative mass spectra of single control
and 10-day resistant cells are show in Fig. S1, and the PCA of the
SCMS data from these two groups are illustrated in Fig. S2. In
addition, the volcano plot is provided as Fig. S3. Using the accurate
mass to search against the online databases, we were able to
tentatively label 62 ions with significantly different abundances
(p < 0.05, from t-test). We characterized their structures by per-
forming MS/MS at the single-cell level combined with HPLC-MS/
MS analyses of cell lysates. We were able to identify 11 and 22



Fig. 2. Comparison of drug resistance levels and SCMS lipidomic characteristics of parental and 10-day resistant HCT-116 cells (n ¼ 60 cells in each group in SCMS experiments). (A)
Measurements of the IC50 of Iri (at 72 h) for the parental (control) and Iri-resistant HCT-116 cells with 3-, 10-, and 20-day resistance. IC50 values are represented as mean ± standard
deviation (n ¼ 5 biological replicates). (B) Relative abundances of fatty acids (C16:0, C16:1, C18:0, and C18:1) in the control and 10-day resistant cells. (C) Relative abundances of PCs
(phosphatidylcholines) and PE (phosphatidylethonalamine) in the control and 10-day resistant cells. (D) Ratios of unsaturated fatty acid (UFA) to saturated fatty acid (SFA) in the
control and 10-day resistant cells. (From t-test: *, p < 0.05; **, p < 0.01; ***, p < 0.001.)
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ions from single cells (Fig. S4) and cell lysates (Fig. S5), respectively.
We further compared results from the SCMS and HPLC-MS/MS

experiments using 10-day Iri-resistant cells (Fig. S7). Overall,
more species (including identified and tentatively labeled metab-
olites) were observed from the LC-MS scan (1,499) than SCMS
(282), most likely because cell lysate (prepared from 1 � 10 [6]
cells) contains significantly larger amounts of analytes than indi-
vidual cells. In addition, LC offers chromatographic separation prior
toMS ionizationwithminimizedmatrix effect. However, it is worth
noting that 179 unique species can only be detected in SCMS
analysis. 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 [66]. Similar trendwas observed in our
previous studies [54].

Our results indicate that a series of cellular lipids were upre-
gulated in Iri-resistant cells. Particularly, 10-day resistant cells have
significantly higher levels of unsaturated phosphatidylcholines
(PCs), including PC(33:4), PC(34:4), PC(38:5), PC(34:3), PC(36:3),
PC(34:2), PC(34:1), and PC(36:6) (Fig. 2B). Moreover, four major
fatty acids (C18:0 (stearic acid), C18:1 (oleic acid), C16:0 (palmitic
acid), and C16:1 (palmitoleic acid)) were more abundant in 10-day
resistant cells compared to the parental cells (Fig. 2C). In addition,
the ratios of monounsaturated fatty acids (MUFAs) to saturated
fatty acids (SFAs), such as palmitic acid/palmitoleic acid (C16:0/
C16:1) and stearic acid/oleic acid (C18:0/C18:1), were dramatically
increased in Iri-resistant cells (Fig. 2D). Taken together, the SCMS
metabolomics results suggest that Iri-resistant cells contain
significantly higher levels of unsaturated lipids and fatty acids than
the parental cells.

3.2. Higher levels of lipids/fatty acids in Iri-resistant cells are
mediated by SCD1

SCD1, one of the most important desaturases catalyzing SFAs to
MUFAs, is regarded as a new target for studies of tumorigenesis and
cancer therapy [67,68]. SCD1 is upregulated in multiple cancers,
and its overexpression is associated with clinical drug resistance
[67,69]. Suppressing the activities of SCD1 using the inhibits (e.g.,
A939572, MF-438, and CAY10566) greatly reduce cancer cell
5

proliferation, migration, and invasion [67,68]. Because the major
products from SCD1 are oleic acid (C18:1) and palmitoleic acid
(C16:1) [70], upregulating SCD1 results in increased levels of un-
saturated lipids and fatty acids [71]. Therefore, we hypothesize that
SCD1 induced the enrichment of unsaturated lipids and fatty acids
in 10-day resistant cells, and suppressing SCD1 can reduce the
production of unsaturated lipids and fatty acids in Iri-resistant cells.
To test this hypothesis, we conducted qPCR and western blotting
experiments. Our results indicate that both SCD1 and its mRNA are
significantly upregulated in 10-day resistant cells compared with
the parental cells (Fig. 3A and B). We then treated 10-day resistant
cells with CAY10566, a specific inhibitor of SCD1 [72], to further
study the function of SCD1. Our SCMS results show that inhibiting
SCD1 dramatically suppressed the turnover of SFAs to MUFAs, and
therefore, significantly reduced the ratios of MUFA to SFA (C16:1/
C16:0 and C18:1/C18:0) (Fig. 3C) and levels of multiple unsaturated
lipids (Fig. 3D) in 10-day resistant cells. The abundance changes of
these fatty acids are illustrated in Fig. 3E. Due to the inhibition of
SCD1 in 10-day resistant cells, the production of C16:1 and C18:1
was greatly reduced, whereas C16:0 and C18:0 were accumulated
(Fig. 3E), leading to decreased C16:1/C16:0 and C18:1/C18:0 after
CAY10566 treatment (Fig. 3C).

In general, the abundances of unsaturated lipids in 10-day
resistant cells were decreased upon CAY10566 treatment.
Changes in lipid saturation affect cell membrane fluidity, topology,
andmobility [73,74]. Particularly, increased degrees of unsaturation
can make cell membrane less fluid and reduce drug-lipids inter-
action in cancer cells [75e77]. Similarly, relevant studies indicate
that cancer stem cells also possess higher levels of unsaturated
lipids and fatty acids [39,78,79]. It is interesting to note that
PC(38:5) exhibited an opposite trend. Similar trends were reported
in our previous studies of cancer stem cells treated by CAY10566
[39]. Although the exactmechanisms are unclear, it is likely that the
accumulation of saturated fatty acids (C16:0 and C18:0), which can
be used as the materials to synthesize unsaturated lipids, increased
the production of PC(38:5), such as PC(16:0/22:5) and PC(18:0/
20:5), through competitive pathways. In conclusion, our results
indicate that the upregulation of unsaturated lipids and fatty acids
are correlated to the over-expressed SCD1 in Iri-resistant cells.



Fig. 3. Correlations between SCD1 and unsaturated fatty acids and lipids in control and 10-day resistant cells. (A) qPCR measurements of SCD1 mRNA. Relative mRNA levels were
represented as mean ± standard deviation (n ¼ 3 analytical replicates). (B) Western blot measurements of SCD1 expression. The influence of SCD1 inhibitor (CAY10566) on (C)
MUFA/SFA, (D) abundances of unsaturated lipids, and (E) abundances of fatty acids. n ¼ 60 cells in each group in SCMS experiments. (From t-test: *, p < 0.05; **, p < 0.01; ***,
p < 0.001.)
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3.3. SCD1 modulates drug resistance in Iri-resistant cells

In order to investigate whether SCD1 plays a role in the devel-
opment of Iri resistance of cancer cells, we measured drug resis-
tance levels of Iri-resistant cells with suppressed SCD1 activities at
different degrees.

First, we studied the development of Iri resistance of cells with
and without the presence of CAY10566. We incubated the parental
HCT116 cells in the culture media containing Iri (1.0 mM) and
CAY10566 (1.0 mM) for 10 days, and this cell line is denoted as 10-
day-Iri-CAY. We then collected 10-day-Iri-CAY cells to measure
their IC50 of Iri (at 72 h). It is worth noting that all IC50 measure-
ments were performed without the presence of CAY10566,
ensuring the same measurement conditions across all cell lines.
Compared with the IC50 (7.8 ± 1.2 mM) of the 10-day resistant cells,
which were produced by incubating the parental HCT116 cells in
medium containing Iri (1.0 mM) for 10 days, the 10-day-Iri-CAY cells
exhibited significantly reduced Iri-resistance level
(IC50 ¼ 4.5 ± 2.1 mM) (Fig. 4A).

Second, we alleviated the suppression of SCD1 activities in 10-
day-Iri-CAY cells and then conducted cell viability measurements.
10-day-Iri-CAY cells were subjected to cell viability measurements
(at 72 h) using culture media containing Iri (5.0 mM), CAY10566
(1.0 mM), and oleic acid (OA) at a series of different concentrations
Fig. 4. The influence of SCD1 activities on the viability of Iri-resistant cells. (A) Comparison
(3.0 ± 1.1 mM) cells. (B) Exogenous OA (oleic acid) alleviated the suppression effect of CA
treatment of Iri (5.0 mM, for 72 h). Viability of 10-day resistant cells under the same treatmen
are represented as mean ± standard deviation (n ¼ 5 biological replicates). (From t-test: *,
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(i.e., 3.0, 30, and 300 mM). A moderate concentration (5.0 mM) of Iri
was selected to ensure adequate numbers of cells for reliable cell
viability measurements under all treatment conditions. It is worth
noting that the concentration of CAY10566 (1.0 mM)was unchanged
during the culture and viability measurement of 10-day-Iri-CAY
cells, ensuring its continuous influence on SCD1 activities. Because
OA is a major product of SCD1, inhibiting the activity of SCD1 can
reduce the production of OA, whereas supplying exogenous OA
during cell culture will mitigate the inhibition effects of SCD1
[39,80e82]. In fact, our experimental results show that adding
exogenous OA to 10-day-Iri-CAY cells alleviated SCD1 suppression
by CAY10566, and significantly increased cell viability (Fig. 4B).
Taken together, we conclude SCD1 activities can modulate the
resistance levels of Iri-resistant cells.
3.4. Similar molecular characteristics between the Iri-resistant cells
and CSCs

It has been demonstrated that cancer therapy (e.g., radio-
chemotherapy and chemotherapy) could directly transform the
non-stem cancer cells (NSCCs) into CSCs through the reprogram-
ming or dedifferentiation processes trigged by ionizing radiation
and chemotoxicity [17,83,84]. For example, studies found that non-
stem breast cancer cells spontaneously dedifferentiated into CSCs
of the IC50 of 10-day resistant (7.8 ± 1.2 mM), 10-day-Iri-CAY (4.5 ± 2.1 mM), and control
Y-10566 in 10-day-Iri-CAY cells and significantly increased their viability under the
t of Iri (5.0 mM, for 72 h) is shown for comparison. Cell viabilities (including IC50 values)
p < 0.05; **, p < 0.01; ***, p < 0.001.)
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in vitro and in vivo, whereas the mechanism of dedifferentiation
process remains unclear [85]. In addition, recent studies suggested
that CSCs and non-CSCs exhibit plasticity, allowing for cell state
transition between them [86e88]. In the current studies, we
discovered a number of molecular features of Iri-resistant cells are
similar to those of CSCs. First, the SCMS results indicate that 10-day
resistant cells contain higher levels of unsaturated fatty acids and
lipids compared with the parental cells (Fig. 2B-D). Similar trends
have been reported in the studies of colon CSCs and NSCCs [71,89].
Second, qPCR experiments demonstrate that the mRNA levels of
three colon CSCs biomarkers (i.e., CD133, CD24, and ALDH1A1) are
significantly increased in the 10-day resistant cells compared to the
parental cells (Fig. 5A). In addition, the overexpressed CD133 and
CD24 proteins in 10-day and 20-day resistant cells were confirmed
by flow cytometry assay (Fig. 5B-D). Therefore, these results indi-
cate that Iri-resistant cells possess multiple molecular character-
istics similar to those of CSCs. Nevertheless, we cannot simply
regard the Iri-resistant cells as CSCs without demonstrating other
key properties such as self-renewal and multilineage differentia-
tion potential [90,91]. However, these studies are beyond the scope
of the current work.

3.5. SCD1 regulates the expression of CSC biomarker ALDH1A1

Given that SCD1 is essential for the maintenance of stemness in
CSCs [71], we investigated the correlation between the levels of
SCD1 and the expression of CSC protein biomarkers in Iri-resistant
cells. We conducted qPCR measurements of the mRNA levels of
CSCs biomarkers in 10-day resistant cells with and without the
treatment of CAY10566 (1.0 mM, for 72 h), a SCD1 inhibitor. Our
results indicate that inhibiting SCD1 had no significant influence on
the expression of CD24 and CD133 (Fig. S6), but significantly
reduced themRNA level of ALDH1A1 (Fig. 6A). Moreover, adding OA
(the major product of SCD1) along with CAY10566 in the treatment
of 10-day Iri-resistant cells successfully rescued the mRNA level of
Fig. 5. Iri-resistant cells possess certain molecular characteristics of CSCs. (A) qPCR measure
mRNA levels were represented as mean ± standard deviation (n ¼ 3 analytical replicates). Fl
(C) 10-day, and (D) 20-day resistant cells. (From t-test: *, p < 0.05; **, p < 0.01; ***, p < 0
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ALDH1A1 (Fig. 6A). These results suggest that SCD1 specifically
upregulates the expression of ALDH1A1, which potentially pro-
motes the stemness development of Iri-resistance in cancer cells.

3.6. ALDH1A1 is associated with the reactive oxygen species (ROS)
level in Iri-resistant cells

The function of ALDH1A1 is to catalyze oxidation of aldehydes,
and the products, acetates, further contribute to cellular detoxifi-
cation, retinoic acid metabolism, and protecting cell damage from
reactive oxygen species (ROS) [92,93]. Compared with healthy cells,
cancer cells generally possess relatively higher levels of ROS, pro-
moting cancer development and progression. However, excessively
increased amounts of ROS can induce oxidative stress in cancer
cells and result in cycle arrest, cellular senescence, and apoptosis
[94,95]. For example, multiple anticancer drugs (e.g., Iri, piperlon-
gumine, mitomycin C, doxorubicin, paclitaxel, and vinblastine) can
lead to an enrichment of ROS and induce cell apoptosis [96e98].

We investigated the influence of ALDH1A1 activities on the ROS
levels in Iri-resistant cells. We used DEAB (N, N-dieth-
ylaminobenzaldehyde), an inhibitor of ALDH1A1 [99], to treat 10-
day resistant cells, and observed significantly increased ROS
levels (Fig. 6B). In contrast, combining retinoic acid (RA), which is a
major product of ALDHIA1, with DEAB to treat 10-day resistant cells
drastically decreased their ROS levels. We then investigated the
correlation between SCD1 activities and ROS levels in 10-day
resistant cells. We discovered that inhibiting SCD1 (using
CAY10566) increased the ROS level, whereas adding OA (oleic acid;
a major product of SCD1) rescued the inhibition effect (Fig. 6B). Our
results likely indicate that Iri-resistant cells contain overexpressed
SCD1 (Fig. 3B), which further results in upregulated ALDH1A1
(Figs. 5A and 6A), increased stemness, and decreased ROS level
(Fig. 6B), and eventually enhance their drug resistance levels
(Figs. 2A and 4A). Both levels of mRNA and ROSweremeasured 72 h
after the individual or combinational treatment of CAY10566
ments of mRNA levels of CD24, CD133, and ALDH1A1 in 10-day resistant cells. Relative
ow cytometry measurements of CSC surface biomarkers CD24 and CD133 in (B) control,
.001.)



Fig. 6. Influence of SCD1 activities on ALDH1A1 expression and ROS level in 10-day
resistant cells under different treatment conditions. (A) Levels of ALDH1A1 mRNA
significantly affected by the treatment of SCD1 inhibitor (CAY10566) and SCD1 major
product OA (oleic acid). (B) ROS levels affected by the treatment of ALDH1A1 inhibitor
(DEAB), ALDH1A1 major product RA (retinoic acid), SCD1 inhibitor (CAY10566), and
SCD1 major product OA. Data from both types of experiments were represented as
mean ± standard deviation (n ¼ 3 analytical replicates). (From t-test: *, p < 0.05; **,
p < 0.01; ***, p < 0.001.)
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(1.0 mM), OA (50 mM), DEBA (10 mM), and RA (1.0 mM). In addition, all
treatments were conducted with the presence of Iri (1.0 mM) to
continuously maintain its influence on Iri-resistant cells.
4. Discussion

The potency of Iri in clinical treatment is frequently diminished
by de novo and acquired clinical resistance [100,101], whereas the
chemoresistance mechanisms are generally associated with meta-
bolic reprogramming [102e105]. For example, to escape from
chemotoxicity, cancer cells may require larger supplies of metab-
olites to activate their defense mechanisms through enhancing
glycolysis and lipogenesis [102,106]. It has been reported lipid
droplets are accumulated in cancer cells upon anticancer drug
treatment [107], and de novo lipids synthesis enzymes were
enriched in the Iri-resistant cells [108]. However, it is still unknown
how lipogenesis contributes to Iri-resistance.

The current study revealed a novel Iri-resistance mechanism in
cell lines, inwhich Iri treatment activates lipid desaturase SCD1 and
further results in an accumulation of unsaturated lipids and fatty
acids. SCD1 is one of the major lipid desaturases catalyzing the
conversion of SFAs (e.g., stearic acid (C18:0) and palmitic acid
(C16:0)) to MUFAs (e.g., oleic acid (C18:1) and palmitoleic acid
(C16:1)) in mammalian cells. In addition, SCD1 stimulates the
8

conversion of FAs into other molecules (e.g., triglycerides, phos-
pholipids, and cholesterol ester) contributing to cell membrane
synthesis during cell mitosis. SCD1 has recently become a novel
molecular target for cancer chemotherapy. Previous studies indi-
cate that overexpressed SCD1 facilitated tumor survival in liver,
lung, and pancreatic cancers. Inhibiting SCD1 suppressed growth
and proliferation of cancer cells [109e111], and importantly,
reduced drug-resistance of CSCs in different types of cancers such
as lung, hepatocellular carcinomas, and ovarian cancers [112].
These studies implied the importance of SCD1 in chemoresistance.
However, little is known about the role of SCD1 in Iri-resistant cells.

In our studies, we used HCT-116 colon cancer cell line and its
derived Iri-resistant cells as the model systems. Compared with the
parental cells, Iri-resistant cells possess several characteristics
similar to those of CSCs, including higher drug-resistance, overex-
pressed CSC biomarkers (CD133, CD24, and ALDH1A1) [113],
upregulated unsaturated lipids and fatty acids, and reduced ROS
levels. CSCs are rare subsets of cancer cells with the ability to self-
renew, initiate tumors, and resist anticancer treatment [114]. In
general, CSCs confer the resistance to traditional therapeutic
methods through multiple ways, including entering a protective
quiescent state, up-regulating the expression of ATP-binding
cassette (ABC) transporters, and decreasing ROS level [115].
Recent studies indicate that ionizing radiotherapy can transforming
NSCCs into CSCs through up-regulated signaling pathways (e.g.,
Notch andWnt) [17]. Because SCD1 is an important intermediate in
Wnt protein biogenesis [116], it is suggested as a key factor affecting
cancer stemness and tumor initiation capacity in ovarian and colon
CSCs [71,117]. In addition, the ratios of palmitic acid/palmitoleic
acid (C16:0/C16:1) and stearic acid/oleic acid (C18:0/C18:1) have
positive correlations to the expression and activity of SCD1 [118].
We observed the upregulation of unsaturated lipids and fatty acids
along with overexpressed SCD1 in Iri-resistant cells, suggesting
that SCD1 can likely contribute to the development of cancer
stemness in these cells. These featured unsaturated lipids and fatty
acids can be potentially used as grouped biomarkers for the
determination of Iri-resistant cells among heterogeneous cell
populations.

In general, SCD1 regulates the expression of ALDH1A1 rather
than other CSCs biomarkers [71,119]. This is supported by the cur-
rent study: inhibiting SCD1 has no significant influence on the
expression of CD133 and CD24, but drastically decreases the level of
ALDH1A1 mRNA. ALDH1A1 is a well-known CSCs biomarker
[120,121], and its major function is to oxidize retinal to retinoic acid
(RA). This oxidation product contributes to cellular detoxification,
RA metabolism, and mitigation of damage from ROS in CSCs [122].
Previous studies indicate that ROS are metabolomic byproducts of
aerobic respiration, and they play essential roles in maintaining
redox homeostasis. Excessively increased levels of ROS in cancer
cells induce oxidative stress and DNA damage, and eventually lead
to cell death [123]. Our experimental results indicate that inhibiting
ALDH1A1 and SCD1 can significantly increase the ROS level, sug-
gesting SCD1 and ALDH1A1 can likely protect cancer cells from
apoptosis by maintaining their delicate balance of ROS levels.

Our finding demonstrates that the Iri-resistant cells can upre-
gulate the expression of SCD1 and then generate higher levels of
unsaturated lipids and fatty acids, which are potential biomarkers
of CSCs. In addition, SCD1 directly regulates the expression of
ALDH1A1, a stem cell biomarker of colon cancer, and contributes to
the generation of the CSCs. Moreover, ALDH1A1 protects cancer
cells damage from excessively high ROS levels, which are induced
by Iri chemotherapy, by decreasing the ROS to balanced levels to
avoid apoptosis. Given the importance of SCD1 in Iri-resistant cells,
combining SCD1 inhibitors and Iri can be potentially effective for
colon cancer treatment. The methodology reported in the current
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work can likely be extended to studies of other types of anticancer
drug-resistant cells. For example, the protein biomarker (e.g., CD24,
CD133, and ALDH1A1) can be used to label drug-resistant cells with
the corresponding antibodies with dyes for direct SCMS studies
without sorting or separation. The current studies are focused on
metabolites; however, more comprehensive experiments, such as
integrated transcriptomics, proteomics, and metabolomics studies,
can greatly enhance our understandings of the development drug
resistance and cancer stemness. Although in vivo studies are
beyond the scope of the current work, combined with other biopsy
and labeling techniques, our experimental methods can be poten-
tially used to study drug-resistant cells from animal models and
patients.
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