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Abstract

Cancer stem cells (CSCs) are rare types of cells responsible for tumor development, relapse, and 

metastasis. However, current research in CSC biology is largely limited by the difficulty of 

obtaining sufficient CSCs. Single-cell analysis techniques are promising tools for CSC-related 

studies. Here, we used the Single-probe mass spectrometry (MS) technique to investigate the 

metabolic features of live colorectal CSCs at the single-cell level. Experimental data were 

analyzed using statistical analysis methods, including the t-test and partial least squares 

discriminant analysis. Our results indicate that the overall metabolic profiles of CSCs are distinct 

from non-stem cancer cells (NSCCs). Specifically, we demonstrated that tricarboxylic acid (TCA) 

cycle metabolites are more abundant in CSCs compared to NSCCs, indicating their major energy 

production pathways are different. Moreover, CSCs have relatively higher levels of unsaturated 

lipids. Inhibiting the activities of stearoyl-CoA desaturase-1 (SCD1), nuclear factor κB (NF-κB), 

and aldehyde dehydrogenases (ALDH1A1) in CSCs significantly reduced the abundances of 

unsaturated lipids and hindered the formation of spheroids, resulting in reduced stemness of CSCs. 

Our techniques and experimental protocols can be potentially used for metabolomic studies of 

other CSCs and rare types of cells and provide a new approach to discovering functional 

biomarkers as therapeutic targets.
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Cancer is one of the most common causes of death, and it threats the health of millions of 

people.1 Cancer therapy suffers from drug resistance, which leads to tumor recurrence and 

metastasis.2 Cancer stem cells (CSCs) are a rare subset of cancer cells possessing the ability 

to self-renew and initiate tumors.3 Recent studies indicate that CSCs are the main source of 

therapy resistance, and they are responsible for tumor recurrence and metastasis.4 In 

particular, the heterogeneity of CSCs forcefully impedes anticancer therapies.5 

Unfortunately, the current understanding of the characteristics of CSCs and their roles in 

drug resistance is largely lacking, hindering the development of novel tumor diagnostic and 

therapeutic strategies.

One of the biggest challenges in CSC studies is to obtain sufficient cells, especially from 

patients, for analysis.6 However, traditional approaches for studying cell metabolomics, such 

as HPLC/MS, typically require a large number of cells for sample preparation.7 Therefore, 

techniques performing meaningful biological research from individual cells would provide a 

great advantage for the study of CSCs.8 A number of single-cell analysis techniques, such as 

single-cell sorting and single-cell sequencing, have been developed to effectively utilize the 

limited resources of CSCs.9,10 As the final downstream products, metabolites reflect gene 

regulation, pathway interactions, and environmental perturbations, and they directly indicate 

cell status. Therefore, the single cell metabolomics study, particularly based on live single 

cells, can truly provide chemical information on individual cells to effectively investigate 

their biological phenotypes.11,12 Due to its high detection sensitivity and broad range of 

molecular analysis, mass spectrometry (MS) has become a predominant technique for 

metabolomics research. However, the single cell MS (SCMS) analysis of single CSCs has 

been rarely performed. To the best of our knowledge, only one MS-based metabolomics 

study of single CSCs has been reported,13 in which the time-of-flight secondary ion mass 

spectrometry (TOF-SIMS) has been utilized. Due to complex background at low mass range 

and high degree of ion fragmentation, only a few molecules were identified. In addition, 

because cell metabolites can rapidly change upon the alteration of a cell living environment,
14,15 any method requiring a vacuum environment (e.g., for sampling and ionization) and 

nontrivial sample preparation, such as SIMS and MALDI (matrix assisted laser desorption/

ionization), precludes the capability of obtaining molecular information from live cells. 

Thus, metabolomics of live single CSCs is largely unexplored.16 Current methods used to 

detect the CSCs are mainly based on a number of common cell surface biomarkers, such as 

CD133, CD24, and CD44, and the activity of aldehyde dehydrogenase (ALDH1).17 Because 

CSCs are highly heterogeneous, using novel techniques to discover new candidates for CSC 
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markers will provide additional approaches to identify target CSCs.18 Moreover, many CSCs 

markers are selected without knowing their functional roles, leading to limited reliability as 

biomarkers.19 Therefore, characteristic molecules identified using SCMS techniques can be 

potentially used as novel function-based biomarkers of CSCs.

Colorectal cancer (CRC) is the fourth leading cause of cancer-related death, and CSCs play 

a critical role in tumor relapse and metastasis;20 however, the metabolomic characteristics of 

colon CSCs in their living status are largely unknown. In this study, we used live CSCs 

derived from the HCT-116 (colorectal cancer) cells as the model system and conducted 

metabolomic analysis at the single-cell level. In the comparison study, we utilized the 

regular HCT-116 as the model of nonstem cancer cells (NSCCs) to illustrate the metabolic 

differences between CSCs and NSCCs. All SCMS experiments were conducted using the 

Single-probe MS techniques (Figure 1A,B), which have been previously applied in live 

single-cell analysis,21–24 mass spectrometry imaging of tissues,25 and metabolomic analysis 

of extracellular molecules in live multicellular spheroids.26

EXPERIMENTAL SECTION

Cell Lines and Cell Culture.

Enriched human colon cancer HCT-116 CSCs were purchased from ProMab Biotechnology 

(Richmond, CA, USA), and HCT-116 cancer cells (NSCCs) were originally obtained from 

American Type Culture Collection (ATCC; Rockville, MD, USA). The HCT-116 CSCs were 

cultured in Cancer Stem Premium medium (Probmab Biotechnology) to maintain their 

stemness (Figure 1C),27 and the passage number of cells was limited within three to 

maintain the population of CSCs during cell culture. The HCT-116 NSCCs were cultured in 

McCoy’s 5A cell culture medium containing 10% FBS (fetal bovine serum) and 1% Pen 

Strep (Life Technologies, Grand Island, NY, USA). All cells were cultured at 37 °C in an 

incubator with 5% CO2 supply (HeraCell, Heraeus, Germany).

Reagents for the Treatment of CSCs.

CAY10566 (SCD1 inhibitor, ≥98%), (dimethylamino)parthenolide (DMAPT; NF-κB 

inhibitor, ≥99%), CM037 (ALD1H1 inhibitor, ≥98%), and retinoic acid (≥98%) were 

purchased from Cayman Chemical Co. (Ann Arbor, MI, USA). The stock solution of these 

compounds were prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, 

USA) and further diluted into McCoy’s 5A cell culture medium to prepare inhibitor 

solutions. Based on previous studies, CSCs were treated by CAY10566 (1 μM), DMAPT (5 

μM), CM037 (4.6 μM), or retinoic acid (1 μM) for 7 days prior to SCMS measurement.28,29

CSC Sorting.

To purify CSCs for our SCMS experiments, we utilized florescence-activated cell sorting 

(FACS; BD FACS Jazz flow cytometer, BD Biosciences, San Jose, CA, USA) under sterile 

conditions for cell isolation. Briefly, CSC spheroids formed during culture were dissociated 

using TrypLE reagents (Life Technologies, Grand Island, NY, USA) and then resuspended in 

the solution containing 0.5% bovine serum albumin (BSA; Sigma-Aldrich) and antibodies 

on ice. According to previous studies,18 CD133+/CD24+ population is recognized as CSCs, 
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whereas CD133−/CD24− cells (HCT-116 cells) are regarded as NSCCs. In our experiments, 

antibodies of CD133 conjugated with phycoerythrin (PE) and CD24 conjugated with 

allophycocyanin (APC; Biolegend, San Diego, CA, USA) were added into the cell 

suspension. CD133 and CD24 double-positive cells (CD133+/CD24+) were gated using 

control cells that were incubated with IgG1 isotype controls (APC− and PE-conjugated 

antibodies, Biolegend, San Diego, CA, USA).

Fabrication of the Single-Probe.

The fabrication details of the Single-probe have been described in previous studies.21 

Briefly, there are three components in a single probe (Figure 1A): a needle pulled from dual-

bore quartz tubing (outer diameter (o.d.), 500 μm; inner diameter (i.d.), 127 μm; Friedrich & 

Dimmock, Inc., Millville, NJ, USA) using a laser pipet puller (P-2000 micropipette puller, 

Sutter Instrument, Novato, CA, USA), a fused silica capillary (o.d., 105 μm; i.d., 40 μm; 

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 laserpulled 

dual-bore quartz needle with a fused silica capillary and a nano-ESI emitter.

Single-Probe SCMS Setup.

CSCs and NSCCs were attached onto the laminin-coated glass slides through overnight 

culture (Figure 1C), and the slides were placed on a motorized XYZ-translation stage system 

(Figure 1D), which was controlled by a LabView software package.30 A syringe (250 μL; 

Hamilton Co., Reno, NV, USA) was used to continuously provide the sampling solvent 

(acetonitrile; Sigma-Aldrich), and a stable liquid junction was formed at the single-probe tip 

to extract cellular contents during the experiment. Using a microscope as a guide, a cell of 

interest was selected by controlling the stage system, and the selected cell was penetrated by 

lifting the Z-stage (Figure 1B). Cellular components were extracted by sampling solvent at 

the Single-probe tip, withdrawn toward the nano-ESI emitter through a self-aspiration 

process, and ionized for analysis using a Thermo LTQ Orbitrap XL mass spectrometer 

(Thermo Scientific, Waltham, MA, USA; Figure 1D). MS scans were acquired for individual 

cells, whereas MS2 experiments were conducted for ions of interest. MS analysis parameters 

are listed as follows: mass resolution, 60,000; ionization voltage, +4.5 kV (positive ion 

mode) or −4 kV (negative ion mode); 1 microscan; 100 ms max injection time; AGC 

(automatic gain control), on.

Data Analysis.

We performed the pretreatment of SCMS data prior to statistical analysis. We exported MS 

data (m/z values with their relative intensities) as tab-delimited data files using Thermo 

Xcalibur Qual Browser (Thermo Scientific, Waltham, MA, USA). Only relatively abundant 

peaks (intensity > 103) were exported, whereas background signals, such as peaks from 

solvent and cell culture medium, were subtracted from MS data.31 To minimize the 

influence induced by fluctuations of ion signals during experiments, we normalized ion 

intensities to the total ion current (TIC). We used the Geena 2 online software tool (http://

bioinformatics.hsanmartino.it/geena2/) to preform peak alignment. The pretreated data were 

subjected to Levene’s test to assess the equality of variance of data, and Student’s t-test (for 

data with equal variance) or Welch’s t-test (for data with unequal variance) was then applied 
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to obtain ions with significantly different abundance between two groups (p < 0.05). 

Metaboanalyst 4.0 (http://www.metaboanalyst.ca/) was used to conduct partial least squares 

discriminant analysis (PLS-DA) to illustrate the overall differences of metabolomics profiles 

between CSCs and NSCCs. Finally we use online database METLIN (https://

metlin.scripps.edu/) and human metabolome database (HMDB; http://www.hmdb.ca) to 

tentatively label all ions based on their accurate m/z values, whereas more confident 

identification of ions of interest was proposed based on tandem MS measurements. It is 

worth noting that, due to the lack of separation of cellular contents in the real-time SCMS 

measurement, we cannot completely exclude the coexistence of isomers producing common 

fragment ions in tandem MS.

RESULTS AND DISCUSSION

Metabolic Profiles of CSCs and NSCCs Significantly Different.

We used florescence-activated cell sorting (FACS) to isolate CD133+/CD24+ population 

from HCT-116 CSCs18 prior to SCMS experiments and utilized the regular HCT-116 cells as 

NSCCs for comparison studies. For SCMS experiments, CSCs and NSCCs were attached 

onto the laminincoated glass sides through overnight culture (Figure 1C), and the slides were 

placed on a motorized XYZ-translation stage system (Figure 1D). Using a microscope as a 

guide, a cell of interest was selected by controlling the stage system. The selected cell was 

penetrated by the single probe (tip size < 10 μm) for sampling of cellular contents followed 

by real-time MS analysis (Figure 1A,B). To obtain a broader coverage of cellular 

metabolites, we measured 60 and 40 cells from each group in the positive and negative ion 

modes, respectively. Our experimental results indicate that the positive ion mode is suitable 

for MS detection of the majority of cellular metabolites (e.g., lipids), whereas the negative 

ion mode is desired for certain organic acids (e.g., TCA cycle metabolites and fatty acids). 

Mass spectrum patterns obtained from CSCs and NSCCs are distinct (Supporting 

Information Figures S1 and S2), and PLS-DA results confirmed that their overall 

metabolomic features are significantly different as shown in Figure 2 (p = 0.0015 from the 

permutation test).

Higher Abundances of Metabolites of TCA Cycle in CSCs Than in NSCCs.

We further investigated the specific metabolites that are different between CSCs and NSCCs. 

TCA cycle, a step in the aerobic oxidative respiration, plays a critical role in the energetic 

metabolism in normal mammalian cells (Figure 3A). We found that multiple metabolites of 

the TCA cycle, including malic acid, citric acid, succinic acid, and pyruvate, have 

significantly higher abundances in CSCs than NSCCs (Figures 3B and S3). However, other 

relevant metabolites, including fumaric acid, α-ketoglutarate, and oxoglutaric acid, are 

present with comparable abundances (Figure 3B). All these metabolites of the TCA cycle 

were identified by MS2 experiments at the single-cell level.

Our results demonstrate that the activities of the TCA cycle are different between colonic 

CSCs and NSCCs at the singlecell level. According to previous studies, cancer cells have a 

distinct energy metabolism pathway compared to normal cells.32 Aerobic glycolysis is the 

major energetic source for most cancer cells even under sufficient oxygen environment 
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(known as “the Warburg effect”), while normal cells rely on the mitochondrial oxidative 

phosphorylation (OXPHOS) to provide most energy.33 The TCA cycle, a cellular process 

supplying the material to OXPHOS,34 is downregulated in cancer cells. Studies based on 

bulk analysis (LC-MS) found that intermediates of the TCA cycle are decreased in human 

ovarian cancer and cervical cancer cells,35 whereas ovarian and cervical squamous CSCs 

obtain energy through OXPHOS by activating the TCA cycle.36 In fact, CSCs can utilize 

different energy metabolism pathways based on their phenotypes,36,37 and they maintain the 

homeostasis by switching their energy metabolism pathways between OXPHOS and 

glycolysis.38 In the present study, we identified multiple intermediates of the TCA cycle 

(including pyruvate, citric acid, malic acid, and succinic acid), and demonstrated they are 

significantly upregulated in CSCs than NSCCs. Our results may suggest that the dominant 

energy metabolism pathways are different for HCT-116 CSCs and NSCCs under our 

experimental conditions (Figure 3A,B).

Higher Levels of Unsaturated Lipids in CSCs Than in NSCCs.

In addition to the detection of small metabolites such as species involved in the TCA cycle, 

we observed a large number of lipids in both CSCs and NSCCs. Our experimental results 

indicate the levels of 13 unsaturated lipids are significantly higher in CSCs compared to 

NSCCs (in positive ion mode, Figure 4A). All of these lipids were confirmed through MS2 

analysis (Figure S4) from single cells. As the building blocks of lipids, fatty acids were also 

detected in both CSCs and NSCCs in the negative ion mode. The ratios of monounsaturated 

fatty acids (MUFAs) to saturated fatty acids (SFAs), e.g., palmitic acid/palmitoleic acid 

(C16:0/C16:1) and stearic acid/oleic acid (C18:0/C18:1), are significantly higher in CSCs 

compared to NSCCs (Figures 4B,C and S5).

We observed drastically different levels of unsaturated lipids and fatty acids between CSCs 

and NSCCs through SCMS analysis (Figure 4A,B). Relatively higher abundances of 

unsaturated lipids in CSCs are likely related to the formation of lipid droplets.39 Previous 

studies found that in CSCs de novo fatty acid synthesis pathway is upregulated, and the 

lipids storage compartment, lipid droplets (LDs), accumulates.40 An increasing amount of 

evidence indicates that lipid molecules and lipid droplets are essential for the stemness and 

tumorigenicity of CSCs.40 For example, a recent study reported a higher degree of LDs 

accumulation in different patient-derived colon CSCs than normal cancer cells using 

hyperspectral-stimulated Raman spectroscopy and LC/MS, and relatively more abundant 

LDs are positively correlated with the tumorigenic potential of CSCs.41

Interestingly, correlations between metabolites of TCA cycle and unsaturated lipids were 

also discovered in CSCs (Figure S6). We conducted correlation analysis of species measured 

from same cells, and found positive correlations (correlation coefficient > 0.6, p < 0.01) 

between pyruvate and each of these fatty acids: C16:0, C16:1, C18:0, and C18:1. Because 

pyruvate can be converted into acetyl-CoA, which is directly involved in the sythesis of fatty 

acids, by pyruvate dehydrogenase,42 higher levels of pyruvate likely lead to more production 

of fatty acids, including unsaturated fatty acids.

In addition to those species reported in previous LC-MS studies (i.e., palmitic (C16:0), 

palmitoleic (C16:1), stearic (C18:0), oleic (C18:1), linoleic (C18:2), arachidonic (C20:4), 
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and docosahexaenoic acid (C22:6)), we discovered additional unsaturated lipids with 

drastically different abundances between CSCs and NSCCs. For example, 

phosphatidylcholines (PC(16:0/22:5), PC(32:3), PC(14:0/18:1), PC(34:4), PC(34:5), 

PC(34:1), PC(15:0/20:3), PC(16:1/18:2), PC-(18:1/18:2), PC(14:1/18:3)), diglyceride 

(DG(38:6)), and triglycerides (TG(16:1/18:1/18:4), TG(14:1/16:½0:4)) are present at 

significantly higher abundances in CSCs than NSCCs (Figures 4A,B and S7). Higher levels 

of unsaturated lipids and fatty acids are mainly produced by stearoyl-CoA desaturase-1 

(SCD1) enzyme, and they are directly associated with the stemness of CSCs.28

Reduction of CSC Stemness Due to Inhibition of SCD1, NF-κB, and ALDH1A1.

Previous studies indicate that SCD1, nuclear factor κB (NF-κB), and aldehyde 

dehydrogenases (ALDH1A1) play critical roles in maintaining the abundances of 

unsaturated lipids in CSCs.28 We conducted SCMS experiments to investigate their 

functions regulating the saturation level of lipids and fatty acids, and the consequential 

influence on the stemness of CSCs. Overall, PLS-DA indicates that metabolomic profiles of 

CSCs were significantly altered (p < 0.05 from permutatoin test) by these inhibitors (Figure 

S8). Because inhibitors used in our experiments can induce cell apoptosis,43–45 it is unclear 

if changes of cell metabolites are related to cell apoptosis, although cells are still alive prior 

to the SCMS measurements.

Stearoyl-CoA desaturase-1 (SCD1) is one of the major lipid desaturases catalyzing the 

conversion of SFAs to MUFAs in mammalian cells, and the major products of SCD1 are 

palmitoleic (C16:1) and oleic acid (C18:1).46 A recent study shows that SCD1 is a key factor 

mediating the expression of desaturated lipids and fatty acids in ovarian cancer cells.28 To 

determine whether SCD1 plays a role in regulating the expression of unsaturation lipids and 

fatty acids in colorectal CSCs, we treated CSCs with CAY10566, a small molecule inhibitor 

of SCD1, to suppress the activity of SCD1.47 As shown in Figures 5 and 6A, the ratios of 

MUFAs to SFAs (C16:1/C16:0 and C18:1/C18:0) and the abundances of numerous 

unsaturated lipids are drastically decreased in CSCs treated with CAY10566, indicating the 

expression of unsaturated lipids and fatty acids can be regulated by SCD1. Interestingly, 

PC(16:0/22:5) exhibits an opposite trend: its abundance is increased after CAY10566 

treatment. A reasonable explanation follows: inhibiting SCD1 can reduce the synthesis of 

C16:1 from C16:0, result in the accumulation of C16:0, and further increase the synthesis of 

lipids using C16:0, such as PC(16:0/22:5), through competative pathways. Moreover, we 

found that CSCs treated with CAY10566 possess significantly lower tendencies to form 

spheroids during cell culture (Figures S8A and S9B). Because forming spheroids in serum-

free medium is an important feature of CSCs,48 our results suggest CAY10566 impacts the 

formation of speroids and reduces the stemness of CSCs.28 We conclude that levels of 

unsaturated lipids and fatty acids can be regulated by SCD1, and their abundances are 

important for the maintenance of the stemness of CSCs, which is consistent with the 

previous studies.28

In addition to directly suppressing the activity of SCD-1, we investigated the influence of 

NF-κB and ALDH1A1, which are crucial for regulating SCD1 activities and maintaining the 

stemness of ovarian CSCs,28 on metabolites of CSCs. NF-κB is a protein complex that is 
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essential for DNA transcription, cytokine production, and cell survival.49,50 NF-kB is 

extensively tied to cancer biology and tightly related to cancer stem cell.51,52 Particularly, 

NF-κB signaling is highly sensitive to the inhibition of desaturase, which is related to the 

stemness of CSCs.28 ALDH1A1 is one of the major enzymes producing retinoic acid (RA), 

which is also a well-known biomarker of colon CSCs.53 To investigate whether NF-κB and 

ALDH1A1 are associated with lipid saturation and the stemness of CSCs, we treated CSCs 

with inhibitors of NF-κB and ALDH1A1 (i.e., DMAPT and CM037,29,54 respectively). 

Experimental results show that these two inhibitors significantly suppressed the expression 

of unsaturated lipids and fatty acids (Figures 5, 6B,C), and drastically hindered the 

formation of CSC spheroids (Figures S9C,D), i.e., reduced stemness of CSCs. We conclude 

that the NF-κB and ALDH1A1 affect the growth of CSCs.

Because RA is an important product of ALDH1A1,55 inhibiting the activity of ALDH1A1 

will apparently lead to a reduced production of RA. This consequence is likely related to the 

altered properties of CSCs such as the reduced stemness. It is reasonable to hypothesize that 

increasing RA supply during the cell culture will likely alleviate the inhibition by CM037. 

We then treated CM037-inhibited cells with RA and observed that the levels of unsaturated 

fatty acids and lipids were significantly restored in CM037-inhibited CSCs (Figures 5 and 

6D). Taken together, we demonstrate SCD1, NF-κB, and ALDH1A1 are important 

regulating factors in CSCs, and they are responsible for the expression of higher levels of 

unsaturated lipids and fatty acids to maintain the stemness of CSCs.

Regulation of CSC Stemness by Activities of SCD1, NF-κB, and ALDH1A1.

As summarized in Figure 7, demonstrate that SCD1, NF-κB, and ALDH1A1 participate in 

the regulation of the saturation levels of lipids and fatty acids, and further affect the stemness 

of CSCs. First, we found SCD1 inhibitor (CAY10566) can reduce the levels of unsaturated 

lipids in CSCs and inhibit the formation of CSC spheroids (Figures 6A, S8A, and S9B), 

indicating that SCD1 activity is important for the stemness and tumorigenicity of CSCs. 

Second, we investigated the influence of inhibiting ALDH1A1, which is a known biomarker 

of CSCs.56 ALDH1A1 converts retinaldehyde to RA, which functions as a ligand of 

transcription factor, i.e., retinoic acid receptor (RAR). RA we regulates the activation of 

numerous nuclear transcription factors and plays a central role in regulating lipid 

metabolism.57 Treatment using ALDH1A1 inhibitor (CM037) significantly decreased levels 

of unsaturated lipids and suppressed spheroid forming of CSCs (Figures 6C, S8B, and S9D). 

Our results indicate that ALDH1A1 is a mediating factor of the stemness and tumorigenicity 

of CSCs, which is consistent with a previous study of ovarian CSCs.28 Last, we proved that 

the function of NF-κB is cruicial for the maintenance of the stemness of CSCs. NF-κB 

signaling pathway is responsible for maintaining the stemness of CSCs,58 and it is a crucial 

regulator of inflammation and immune responses as well as multiple cancer-associated 

processes such as proliferation, apoptosis, angiogenesis, and metastasis.59 The 

hyperactivation of NF-κB signaling in CSCs provides a proper niche for the survival and 

expansion of CSCs and contributes to their capabilities of invasion, metastasis, and self-

renewal.51,58,60 In this study, we found that, similar to the treatment effects of using 

inhibitors of SCD1 and ALD1H1, inhibiting the activity of NF-κB using DMAPT changed 

the metabolomic profiles, as well as decreased the level of unsaturated lipid and the spheroid 
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formation of colon CSCs (Figures 6B, S8C, and S9C), indicating this transcription factor 

may be important for maintaining the stemness of CSCs.

CONCLUSIONS

In this study we successfully applied the SCMS technique to detecting a number of key 

metabolic features of colon CSCs, including higher levels of metabolites in the TCA cycle 

and unsaturated fatty acids and lipids. The high abundances of unsaturated lipids and fatty 

acids are the metabolic features of CSCs. SCD1 is a key factor mediating the expression of 

unsaturated fatty acids and lipids such as palmitoleic and oleic acid. Inhibiting the activity of 

SCD1 could significantly suppress the expression of unsaturated fatty acids and lipids. In 

addition, NF-κB and ALDH1A1 play critical roles in maintaining stemness of CSCs and 

also regulate the expression of unsaturated lipids. Together, we demonstrate that SCD1, NF-

κB, and ALDH1A1 regulate the metabolism of unsaturated lipids and fatty acids, which are 

associated with the stemness of CSCs, at the single-cell level. Our current study indicates 

that the Single-probe SCMS technique can be applied to analyze live single CSCs, and our 

findings can promote the understanding of the biological characteristics of CSCs. Moreover, 

because metabolic features and regulatory factors detected here are deeply associated with 

the stemness and tumorigenicity of colon CSCs, they can be potentially used as the 

functional biomarkers and new therapeutic targets for colon CSCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Single-probe SCMS experimental setup for the analysis of individual CSCs and NSCCs. (A) 

Photograph of a Single-probe device; (B) zoomed-in photograph of the Single-probe tip 

probing a single cancer cell; (C) workflow of CSC sample preparation; (D) schematic 

diagram of the Single-probe SCMS setup for the analysis of live single cells.
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Figure 2. 
Results from partial least squares discriminant analysis (PLS-DA) of SCMS data illustrating 

the overall difference of metabolites between CSCs and NSCCs (positive ion mode, n = 60 

in each group).

Sun and Yang Page 13

Anal Chem. Author manuscript; available in PMC 2019 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Comparison of abundances of metabolites in TCA cycle between CSCs and NSCCs 

(negative ion mode, n = 40 in each group). (A) TCA cycle pathway and the associated key 

metabolites; (B) bar graph showing metabolites present at significantly higher levels in 

CSCs than in NSCCs (labeled in the panel). All metabolites were identified from MS2 and 

MS2 experiments at single-cell level. (From t-test: *, p < 0.05; ***, p < 0.001.)
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Figure 4. 
Saturation levels of lipids and fatty acids in CSCs and NSCCs. All species were identified 

from MS2 experiments at singlecell level. (A) CSCs contain relatively higher abundances of 

unsaturated lipids compared to NSCCs (positive ion mode, n = 60 in each group); (B) 

relative abundances of fatty acids (C16:0, C16:1, C18:0, and C18:1) detected in CSCs and 

NSCCs (negative ion mode, n = 40 in each group); (C) ratios of unsaturated fatty acid (UFA) 

to saturated fatty acid (SFA) in CSCs and NSCCs. (From t-test: *, p < 0.05; **, p < 0.01; 

***, p < 0.001.)

Sun and Yang Page 15

Anal Chem. Author manuscript; available in PMC 2019 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Ratios of monounsaturated fatty acid (MUFA) to its saturated fatty acid (SFA) in CSCs 

under different treatment conditions (negative ion mode, n = 40 in each group. (From t-test: 

*, p < 0.05; ***, p < 0.001.)
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Figure 6. 
Investigation of roles of SCD1, NF-κB, and ALDH1A1 in regulating the saturation levels of 

lipids and fatty acids in CSCs (positive ion mode, n = 60 in each group). Expression of 

unsaturated lipids is decreased by inhibitors of (A) SCD1 (CAY10566), (B) NF-κB 

(DMART), and (C) ALDH1A1 (CM037). (D) Retinoic acid (RA) rescues the inhibition by 

CM037 and results in increased levels of unsaturated lipids. (From t-test: *, p < 0.05; **, p < 

0.01; ***, p < 0.001.)
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Figure 7. 
Potential mechanisms showing the regulation of unsaturated lipids and fatty acids by SCD1, 

NF-κB, and ALDH1A1, and their relationship to the stemness of CSCs.
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