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Abstract

Several members of the aldehyde dehydrogenase (ALDH) family, especially ALDH1 isoenzymes, 

have been identified as biomarkers of cancer stem cells (CSCs), a small subpopulation of 

oncogenic cells with self-renewal and multipotency capability. Consistent with this contention, 

cell populations with high ALDH enzymatic activity exhibit greater carcinogenic potential. 

It has been reported that ALDH1, especially ALDH1A1, serves as a valuable biomarker for 

colon CSCs. However, the functional roles of ALDHs in CSCs and solid tumors of the colon 

tissue is not fully understood. The aim of the present study was to identify molecular signature 

associated with high ALDH activity in human colorectal adenocarcinoma (COLO320DM) cells 

by proteomics profiling. Aldefluor™ assay was performed to sort COLO320DM cells exhibiting 

high (ALDHhigh) and low (ALDHlow) ALDH activity. Label-free quantitative proteomics analyses 

were conducted on these two cell populations. Proteomics profiling revealed a total of 229 

differentially expressed proteins (DEPs) in ALDHhigh relative to ALDHlow cells, of which 182 

were down-regulated and 47 were up-regulated. In agreement with previous studies, ALDH1A1 

appeared to be the principal ALDH isozyme contributing to the Aldefluor™ assay activity in 

COLO320DM cells. Ingenuity pathway analysis of the proteomic datasets indicated that DEPs 

were associated with mitochondrial dysfunction, sirtuin signaling, oxidative phosphorylation and 

nucleotide excision repair. Our proteomics study predicts that high ALDH1A1 activity may be 

involved in these cellular pathways to promote a metabolic switch and cellular survival of CSCs.
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1. Introduction

The human ALDH superfamily consists of 19 isozymes that catalyze a wide spectrum 

of endogenous and exogenous aldehydes to their corresponding carboxylic acid in the 

cytoplasm, mitochondria or nucleus [1]. These enzymatic activities serve to protect 

cells against the toxic effects of aldehydes and to generate molecules with important 

physiological functions [2]. For instance, ALDH2 is the most efficient enzyme in 

detoxifying the acetaldehyde during alcohol metabolism. ALDH1 isozymes (including 

ALDH1A1, ALDH1A2, ALDH1A3 and ALDH1B1), are involved in the biosynthesis of 

retinoic acid, which are required for cell maintenance and differentiation in human [3]. In 

addition to the enzymatic properties, structural properties of some isozymes also endow 

these ALDHs with intrinsic non-enzymatic functions [4]. For example, ALDH16A1 which 

lacks the enzymatic Cys residue has been identified as a non-enzymatic member working 

as a binding protein [5, 6]. ALDH3A1 is a corneal crystallin which directly absorbs 

UV radiation to maintain corneal epithelial homeostasis [7]. The diverse functions of 

ALDH superfamily are also evidenced by mutations in ALDH genes leading to defective 

aldehyde metabolism, which are the molecular basis of several human diseases, including 

hyperprolinaemia, Parkinson’s disease, cancers and so on [1, 3, 8].

Accumulating evidence suggests that enhanced levels of ALDH expression and/or activity 

correlate with increased tumorigenesis, poor prognosis and chemoresistance of several 

different types of cancers [9–13]. The expression patterns of ALDH isozymes are tissue- 

and cancer-specific [3].There are several research reports documenting abnormally-high 

ALDH isozyme expressions in cancerous tissue and cells of the colon [14–20]. Increased 

expression of ALDH1A1 has been first proposed to serve as a biomarker for colonic cancer 

stem cells (CSCs), which exhibit a remarkable capacity for self-renewal, differentiation 

and self-protection [14, 21]. In SW403 colon cancer cells which constitutively have high 

ALDH1A1 expression, a subpopulation of cells with high ALDH activity have shown 

potent clonogenicity and proliferating capability [22]. Global gene expression profiling 

of SW403 cells indicates that ALDH activity plays a role in the preferential activation 

of mitogen-activated protein kinases, focal adhesion kinase and oxidative stress response 

signaling pathways [22]. In addition to ALDH1A1, previous studies from our group revealed 

that ALDH1B1 could be a more reliable biomarker of colon cancer, since not only ALDH2 
and ALDH1B1 mRNA were highly expressed in human CRC tissues but only ALDH1B1 

protein was consistently overexpressed throughout CRC tissues [23]. In line with this, in 

SW480 cells which do not express ALDH1A1 but have constitutively high ALDH1B1 

expression, our group showed that shRNA-induced suppression of ALDH1B1 expression 

decreased the number and size of spheroids formation in vitro and xenograft tumor growth 

in vivo [24]. Wnt/β-catenin, Notch and PI3K/Akt-signaling pathways were down-regulated 

in SW480 cells in which ALDH1B1 expression had been suppressed [24]. Although these 

pathways are implicated in the modulation of distinct oncogenic mechanisms, they are 

critically involved in colon cancer progression [25].

The measurement of total cellular ALDH activity has been facilitated by the use of the 

Aldefluor™ assay [26]. The intracellular accumulation of a fluorescent metabolite of ALDH 

allows cells to be isolated by flow cytometry based on their ALDH enzymatic activity [26].
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Subpopulations of high (ALDHhigh) and low (ALDHlow) ALDH activity cells have been 

tested for their tumorigenic potential in vitro and/or in vivo in numerous colon cancer 

studies [14, 17, 27]. These studies show that ALDHhigh subpopulations of HCT116, SW480 

and SW640 colon cancer cell lines exhibit characteristics of CSCs (i.e., rapid growth rate 

and more colonies developed in vitro), while ALDHhigh subpopulation of COLO colon 

cells only showed the faster growth rate [17]. Importantly, these colon cancer cells present 

a considerably different pattern of ALDH mRNA expression in the two subpopulations 

sorted by the Aldefluor™ assay [17]. Recently, a cancer-type specific expression pattern 

of nine active ALDH isozymes was identified using the Aldefluor™ assay in breast cells 

and kidney cells [20]. However, a similar differential expression pattern of active ALDH 

isozymes in colon cancer cells has not been established. Elucidation of the identity of the 

ALDH enzymes that contribute to the Aldefluor™ identified enzymatic activity is important 

for understanding the precise role played by ALDH isozymes in colon carcinogenesis, as 

well as the elucidating the mechanisms by which ALDH activity affects colon cancer cell 

function.

COLO320DM cells, derived from a human colorectal cancer cell line, have been widely 

used for colon tumorigenesis studies. We have previously shown that mRNA and protein 

expression of ALDH1A1 was higher in these cells than ALDH2 and ALDH1B1 [23]. In 

the present study, we isolated ALDHhigh and ALDHlow subpopulations of COLO320DM 

cells and performed global proteomic profiling on them, with the intention of identifying the 

molecular signature associated with high cellular ALDH enzymatic activity and interpreting 

these data in the context of colon tumorigenesis.

2. Materials and Methods

2.1 Cell lines and cell culture

The colorectal adenocarcinoma cancer cell line, COLO320DM (ATCC® CCL-220™), 

was kindly provided by Dr. David Ross (University of Colorado Skaggs School of 

Pharmacy & Pharmaceutical Sciences). The cells were grown in 100mm dishes containing 

RPMI-1640 medium (Life Technologies; Carlsbad, CA, USA) supplemented with 10% 

fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1% 

antibiotic antimycotic (100X) (Gibco: Thermo Fisher Scientific, Inc., Waltham, MA, USA) 

in a humidified atmosphere of 5% CO2 in air maintained at 37°C. Upon attaining 70–

80% confluence, cells were collected using 0.25% trypsin-EDTA (Gibco; Thermo Fisher 

Scientific, Inc., Waltham, MA, USA).

2.2 Aldefluor™ assay and fluorescence-activated cell sorting

The analysis and sorting of COLO320DM ALDHhigh and ALDHlow cells were performed 

using the Aldefluor™ kit (StemCell Technologies, Inc., Vancouver, BC, Canada), according 

to the manufacturer’s instructions. In brief, COLO320DM cells (1×106 cells/ sample) 

were suspended in 1 ml Aldefluor™ buffer maintained on ice. Five μl BODIPY-

aminoacetaldehyde (a fluorescent ALDH reaction substrate) was then mixed with the cell 

suspension. Five hundred μl of the resultant cell suspension was immediately transferred to 

a control tube that contained 5 μl ALDH inhibitor (diethylaminobenzaldehyde (DEAB)) and 
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mixed thoroughly; this served as the negative control. The cell suspension was incubated 

for 30 min at 37°C, and subsequently subjected to centrifugation (250xg) for 5 min. After 

discarding the supernatant, the pellet was resuspended in 0.5 mL Aldefluor™ assay buffer 

and the resulting cell suspension was subjected to fluorescence-activated cell sorting and 

analysis using BD SORP FACSAria II (BD Biosciences, New Jersey, USA) with standard 

doublet discrimination. The fluorescence intensity of the negative (DEAB) control was used 

to set the threshold of the selection window for the ALDHlow cell group. ALDHhigh cells 

were identifiable by having great fluorescence than cells in which the enzyme activity 

was inhibited by DEAB. This procedure allowed the detection and separation of cells 

with high (ALDHhigh) and low (ALDHlow) enzymatic activity based on the strength of the 

fluorescence signals. The isolated cells were collected, aliquoted, flash-frozen, and stored at 

−80 °C until further processing.

2.3 Protein sample preparation

Cell pellets were suspended in ice-cold Dulbecco’s phosphate-buffered saline (DPBS) 

supplemented with complete protease and phosphatase inhibitor cocktails (Roche 

Diagnostics GmbH, Mannheim, Germany) to a final concentration of 1×106 cells/ml. The 

resultant suspension was subjected to centrifugation at 10,000 rpm for 15 min at 4°C, and 

the supernatant was discarded. This process was repeated three times. The resulting pellets 

were frozen in −80°C and submitted to the Yale Mass Spectrometry (MS) & Proteomics 

Resource of the W.M. Keck Foundation Biotechnology Resource Laboratory for proteomics 

analysis.

2.4 Label-free quantitative proteomic analysis

Each sample (n=3/group) was subjected to three 15 sec bursts of sonication (Model 450, 

Branson Ultrasonics Corporation, Danbury, CT) on ice. The suspension was subjected to 

centrifugation at 14,000 rpm for 10 min at 4°C. One hundred μl of the supernatant was 

added to chloroform: methanol: water (at a ratio of 1:4:3%v/v, respectively) and subjected 

to centrifugation at 14,000 rpm for 1 min at 4°C. The supernatant was removed and 400 

μl methanol was mixed with the remaining pellet by vertexing. The resultant solution was 

subjected to centrifugation at 14,000 rpm for 2 min at 4°C, the supernatant was discarded, 

and the pellet was dried using a SpeedVac (SPD111V Savant, Fisher Thermo Scientific). 

The dried protein pellet was resuspended in 25 μL RapiGest SF surfactant solution (Waters 

Corporation, Milford, MA) containing 50mM NH4HCO3, reduced by the addition of 5 μl 

dithiothreitol (45 mM) and further alkylated by the addition of 5μL iodoacetamide (100 

mM). The resultant mixture was then digested by incubation with dual enzymatic LysC and 

trypsin for 20 hr at 37°C. The digestion incubation was subsequently quenched using 0.1% 

formic acid (FA) during the de-salting step with C18 UltraMicroSpin columns. The effluent 

from the de-salting step was dried and re-dissolved in a solution comprising 5 μL 70% FA 

and 35 μL 0.1% trifluoroacetic acid (TFA). A 2 μL aliquot of this digest solution was taken. 

To make a 1:10 dilution prior to sample injection, 3.2 μL Pierce Retention Time Calibration 

Mixture (Thermo Fisher Cat#88321) was added to each sample. To allow normalization of 

label-free quantitation data, 5 μL of the sample was injected into a UPLC system (Waters 

nanoACQUITY) (equipped with a C18 (180 μm × 20 mm) trap column (Waters Symmetry®) 

and a 1.7-μm, 75 μm × 250 mm UPLC column (Waters nanoACQUITY)) connected 
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to a mass spectrometer (Thermo Scientific Orbitrap Fusion). Samples were evaluated as 

duplicates in a block randomized order.

To ensure a high level of identification and quantitation integrity, a resolution of 120,000 

and 60,000 was utilized for MS and MS/MS scans, respectively. High-energy Collisional 

Dissociation (HCD) MS/MS spectra filtered by dynamic exclusion were acquired over a 3 

sec duty cycle for charge states 2–8 with an m/z isolation window of 1.6. All MS (profile) 

and MS/MS (centroid) peaks were detected by the mass spectrometer. Trapping was carried 

out for 3 min at 5 μL/min in 97% Buffer A (0.1% FA in water) and 3% Buffer B (0.075% FA 

in acetonitrile (ACN)) prior to eluting with linear gradients that reached 6% B at 5 min, 35% 

B at 170 min, 50% B at 175 min, 97% B at 180 min (and maintained for 5 min), and then 

reduced to 3% B from 186 min to 201 min. Three blanks (1st 100% ACN, 2nd and 3rd Buffer 

A) followed each injection to avoid sample carry over.

2.5 Protein identification

The UPLC-MS/MS data was processed using Progenesis QI Proteomics software (Nonlinear 

Dynamics, version 2.0), with protein identification carried out using the Mascot search 

algorithm [28]. A normalization factor for each run was calculated to account for differences 

in sample load between injections, and for differences in ionization. The normalization 

factor was determined by comparing the total ion abundance among all samples, with 

the expectation that they were normalized based on an equal total amount of peptides 

being loaded onto the column. The algorithm calculated the tabulated raw and normalized 

abundances, maximum fold-change, and P-values for each feature in the data set. The 

MS/MS spectra were exported as Mascot generic files (.mgf) for database searching. The 

Mascot search results were exported as an ‘.xml’ file using a significance cutoff of false 

discovery rate (FDR) q<0.01 and then imported into the Progenesis QI software, wherein 

search hits were assigned to corresponding peak features that were extracted from the 

MS data. Proteins with two or more unique quantifiable peptides were filtered and used 

in downstream analyses. The expression level of a specific protein is reported as the 

average of normalized abundance. The MS proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier 

PXD011197.

2.6 Statistical and bioinformatics analyses

Differentially expressed proteins (DEPs) in ALDHhigh cells (relative to ALDHlow cells) 

were identified using a two-tailed Student’s unpaired t-test, with a cutoff p value < 0.05. The 

differential abundance of proteins was expressed by the fold change, which was calculated 

based on the ratio of the protein abundance in ALDHhigh cells versus that in ALDHlow cells. 

Specifically, if the ratio value is > 1, fold change equals to the ratio; if the ratio is between 

0 and 1, fold change equals to −1*(1/ratio) [29]. Therefore, the fold changes of up-regulated 

proteins are positive numbers, whereas the fold changes of down-regulated proteins are 

negative numbers. Top upregulated and downregulated proteins were ranked based on their 

fold change values. Qlucore Omics Explorer 3.4 (Qlucore AB, Lund, Sweden) was used 

for data visualization and analysis, including heatmap generation based on the calculated 

prediction activation scores (z-score) in the range of ~ −2 < z >2. The expression of 
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detected ALDH isozymes was compared between ALDHhigh and ALDHlow cells using 

Welch’s t-test on the triplicate measurements per group. The percentage of each ALDH 

isozyme was calculated as a proportion of the total ALDH isozyme expression in each 

group. For an overview of DEPs, UniProt Knowledgebase (UniProtKB) and Gene Ontology 

(GO) databases were used and the corresponding accession numbers were imported into 

Ingenuity Pathway Analysis (IPA) (IPA, version 01-20-04, Qiagen, CA). Fisher’s exact test 

was used to test for pathway significance (with P < 0.05 being considered significant) and 

Benjamin-Hochberg (B-H) FDR was used to correct for multiple comparisons to yield a 

network’s score and to rank networks according to their degree of association with our data 

set [30]. IPA automatically calculates the z-score based on differentially expressed proteins 

from our dataset with the information stored in IPA knowledge database [31]. Top pathways 

were selected based on the FDR value of enriched pathways with FDR q < 0.05. The 

network of top pathways was constructed in Cytoscape 3.9.1.

3. Results

1.1 Proteomic profiling revealed 229 proteins differentially expressed in ALDHhigh versus 
ALDHlow COLO320DM cells.

Isolation of COLO320DM cells was performed by fluorescence-activated cell sorting 

(FACS) based on Aldefluor™ assay activity. The cell viability was greater than 95% 

after resuspended the cells in the Aldefluor™ assay buffer. According to the threshold 

set by the negative control, isolated cells without fluorescence signal were assigned as 

ALDHlow cells while cells with bright fluorescence signals were assigned as ALDHhigh 

cells. This sorting showed an average of ≈10% of total cell population were ALDHhigh 

cells (Fig. 1A). Label-free quantitative proteomic analyses were performed in the two cell 

populations, which identified a total of 3,222 proteins, of which 229 were identified as 

being differentially-expressed in ALDHhigh cells. A heatmap analysis showed the relative 

differences in DEP abundance in the two cell populations (Fig. 1B). Of the identified 

DEPs, 47 were up-regulated and 182 were down-regulated in the ALDHhigh group. The 

DEPs included (in the descending order of percent of total DEPs) unclassified others, 

enzymes, transporters, transcription factors, kinase, peptidase, phosphatase, ion channel, 

transmembrane receptor, translation regulator and growth factor. (Fig. 1C). The top ten 

significantly up-regulated or down-regulated proteins ranked by their fold change values in 

ALDHhigh cells are presented in Supplemental Table 1.

1.2 ALDH1A1 was identified as the exclusive ALDH isozyme differentially expressed in 
ALDHhigh versus ALDHlow COLO320DM cells.

Nine ALDH proteins were detected in ALDHhigh and ALDHlow cells, with the levels of 

the individual isozymes, in general, being comparable between these two cell populations 

(Fig. 2A). Of all of the ALDH isozymes, ALDH1A1 was the most highly expressed, 

accounting for 49% and 43% of total ALDH protein content in ALDHhigh and ALDHlow 

cells, respectively (Fig. 2B). Notably, ALDH1A1 was the only ALDH protein whose 

expression was elevated in ALDHhigh relative to ALDHlow cells (P < 0.0001) (Fig. 2A). 

ALDH2 and ALDH1B1 were the next most abundant isozymes, together amounting to ≈ 
30% of the total ALDH proteins (Fig. 2A); there was a trend of increased abundance of 
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ALDH2 in ALDHlow cells (P = 0.08) (Fig. 2A). There were no other differences between the 

two cell populations regarding the expression of the other lower abundance isozymes, i.e., 

ALDH18A1, ALDH6A1, ALDH7A1, ALDH9A1, ALDH3A2 and ALDH4A1 (Fig. 2B).

1.3 Functional enrichment analyses revealed four canonical pathways enriched by DEPs.

The 229 DEPs were subjected to Ingenuity Canonical Pathway analysis to elucidate the 

pathways and biological functions related to the proteome data. Four canonical pathways 

were identified to be significantly enriched by 30 of the DEPs in ALDHhigh cells, i.e., 

the pathways of mitochondrial dysfunction (FDR q =3.16E-7), sirtuin signaling (FDR q 

=3.16E-7), oxidative phosphorylation (OXPHOS) (FDR q = 2.81E-04), and nucleotide 

excision repair (NER) (FDR q = 0.01). Cytoscape was used to visualize the network 

connecting the DEPs and the pathways (Fig. 3A). This revealed clusters of proteins involved 

in the top three pathways, including NADH-ubiquinone oxidoreductase subunits (NDUFB1, 

NDUFB5, NDUFB6, NDUFS3, NDUFS8 and ATP5F1C), voltage dependent anion channel 

proteins (VDAC1 and VDAC3) and cytochrome c oxidase subunits (COX5A and COX15) 

(Fig. 3A). Meanwhile, xeroderma pigmentosum complementation group C (XPC) connected 

sirtuin and NER pathway (Fig. 3A). The majority of the proteins involved in these pathways 

were down-regulated, except for COX5A, translocase of inner mitochondrial membrane 

9 (TIMM9) and 13 (TIMM13), and DNA polymerase epsilon 3 (POLE3) which were up-

regulated in the ALDHhigh cells. Using Z-score calculations, the sirtuin signaling pathway 

was predicted to be activated (Z-score = 1.414), whereas the OXPHOS (Z-score = −2.828) 

and the NER (Z-score = −2.449) pathways were predicted to be inhibited in the ALDHhigh 

cells; no prediction was available from IPA for mitochondrial dysfunction pathway. Based 

on the protein annotation from Gene Ontology, all identified pathway proteins were located 

in mitochondrial or nucleus (Fig. 3B).

2. Discussion

In the present study, we compared the proteomic profiles of COLO320DM cells exhibiting 

high (ALDHhigh) and low (ALDHlow) ALDH enzymatic activity. Globally, 229 proteins 

were found to be differentially expressed in the two populations of COLO320DM cells. 

Of these, ≈80% were expressed to a lesser extent in ALDHhigh cells. Among the nine 

detectable ALDH isozymes, ALDH1A1 was the most highly expressed, with the expression 

level in ALDHhigh cells being ≈20% higher than in ALDHlow cells. The canonical pathways 

enriched by DEPs include mitochondrial dysfunction, sirtuin signaling, OXPHOS and NER 

pathways. This study is the first report of molecular features at the proteome level in 

COLO320DM cells possessing high ALDH activity.

The ALDH activity measured using the Aldefluor™ assay reflects the combined activity of 

multiple ALDH isozymes and the contribution of each isozyme can vary depending on the 

tissue of origin and cancer type [20, 32–34]. The present study shows that ALDH1A1 is the 

key ALDH isozyme contributing to ALDH enzymatic activity in ALDHhigh COLO320DM 

cells because it was the only isozyme that was expressed to a greater extent in ALDHhigh 

cells. This finding is consistent with a previous report implicating ALDH1A1 as the 

main isozyme responsible for Aldefluor™ activity in CRC cell lines [17]. Other isozymes 
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that have been reported as contributors to Aldefluor™ activity in other cancer cell types 

were either not detected (i.e., ALDH1A2 and ALDH1A3) [24, 25] or showed no change 

at the protein level (i.e., ALDH2 and ALDH1B1) [26–28] after Aldefluor™-based cell 

sorting. A failure to show any differences in the expression of ALDH18A1, ALDH6A1, 

ALDH7A1, ALDH4A1 and ALDH9A1 in ALDHhigh cells may have been predicted, given 

that these isozymes show no enzymatic activity in the Aldefluor™ assay [20]. ALDH3A2 

had been detected in both subgroups and sustained a comparable low expression in two 

subpopulations of COLO320DM cells, which is consistent with previous finding that 

ALDH3A2 is one of the minority ALDH isozymes which is poorly affected by DEAB 

inhibition [20].

Using three aldehyde substrates to determine specific enzymatic activities of ALDH1A1 

(propionaldehyde), ALDH1B1 and ALDH2 (acetaldehyde), and ALDH3A1 (benzaldehyde), 

a previous study showed that the expression levels of ALDH1A1 protein (measured by 

Western blot) correlated well with ALDH1A1 enzymatic activities in COLO320DM cells 

[23]. An interesting observation in the present study was that a modest (≈20%) increase 

in ALDH1A1 protein abundance was associated with a disproportionately large (≈80%) 

change in enzymatic activity (i.e., the increased Aldefluor™ signal in ALDHhigh cells). 

This apparent disparity between protein levels and activity may be due to the ALDH 

isozymes in ALDHhigh cells being more enzymatically active than that in ALDHlow 

cells, possibly due to post-translational modifications of ALDH protein(s) [35, 36] or 

differences in the availability of cofactors in ALDHhigh cells. Alternatively, there may be 

subpopulation of ALDHhigh cells (e.g., CD44+ cells) that disproportionately contribute to 

the ALDH enzymatic activity [23]. It is also possible that UPLC-MS/MS analysis may 

have underestimated the magnitude of the change in ALDH1A1 protein. While it would 

be valuable to confirm the relative expression of ALDH1A1 protein and the ALDH1A1-

specific enzymatic activity in ALDHhigh and ALDHlow cells using Western blot analysis 

and proprionaldehyde oxidation, respectively, such approaches are challenging to conduct 

due to the limited yield of ALDHhigh cells from the COLO320DM population. These 

considerations notwithstanding, additional studies will be needed to discern the processes 

underlying the observed results.

The Aldefluor™ assay has been widely used to identify stem or progenitor cells (e.g., CSCs) 

in numerous cancerous tissues [32, 37, 38]. The function of high ALDH enzymatic activity 

in these cells remains to be established. In the present study, ALDHhigh COLO320DM cells 

differentially expressed proteins involved in three cellular pathways, the changes in which 

would be predicted positively influence CSC function. First, the OXPHOS pathway was 

predicted to be inhibited in ALDHhigh cells based on down-regulation of mitochondrial 

electron transport chain proteins and VDAC3 (a mitochondrial outer membrane protein that 

acts as a global regulator of mitochondrial metabolism) [39–41]. Decreases in the expression 

of these proteins have been shown to trigger a metabolic shift from OXPHOS to glycolysis 

[41–44]. Such a metabolic transition has been documented in cancer cells and stem cells 

[45]. It promotes self-renewal of cancer stem cells [42, 43]. All-trans retinoic acid, a product 

derived all-trans retinaldehyde, has been shown to redirect cellular production of ATP from 

the OXPHOS pathway to the aerobic glycolysis pathway in leukemia cells [46]. Given that 

ALDH1A1 metabolizes all-trans retinaldehyde to all-trans retinoic acid [47], it is possible 
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that the higher ALDH1A1 levels in CSCs to further drive metabolism to the glycolytic 

pathway. In addition, it has been shown that ALDH1A1 promotes glucose uptake by uterine 

endometrial cancer stem cells by increasing expression of the glucose transporter GLUT1 

[48]. As such, ALDH1A1 may enhance the effectiveness of the metabolic shift by increasing 

available substrates. Second, the NER pathway, the most versatile repair mechanism for 

carcinogen-induced DNA damage [49], was predicted to be inhibited in ALDHhigh cells 

based on the down-regulation of a panel of nuclear proteins that function in DNA damage 

repair, including ERCC2, LIG3, POLR2A, POLD2, XAB2 and XPC. ALDH enzymes 

play an important role in the metabolism of endogenous and exogenous aldehydes and 

thereby mitigate cellular oxidative or electrophilic stress [50]. It is possible that inhibition 

of the NER pathway in ALDHhigh cells may result from a declining cellular need for DNA 

repair due to accelerated clearance of genotoxic metabolites by high ALDH1A1 expression. 

In addition, reduced expression of XPC, a damage recognition protein that initiates the 

NER pathway [51], has been found to be associated with poor differentiation of cancerous 

tissues while XPC overexpression significantly increases the susceptibility of colon cancer 

cells to chemotherapy and radiation [52]. Thus, reduced capacity of the NER pathway 

may alter cellular behavior and promote survival of CSCs, i.e., ALDHhigh cells. Through 

such mechanisms, ALDH1A1 may promote CSC survival. Third, the sirtuin signaling 

pathway was predicted to be activated in ALDHhigh cells. As members of class III histone 

deacetylase family, sirtuins play diverse roles in carcinogenesis by affecting the response 

to genomic instability, regulating cancer-associated metabolism, and modifying the tumor 

microenvironment [53–56]. Mounting evidence suggests that sirtuins can function either 

as oncoproteins or tumor suppressors, depending on the genetic background or presence/

absence of specific coexisting biochemical defects [57]. It is noteworthy that ALDH1A1 is 

a target of lysine acetylation [58]. Furthermore, Sirt2 induction has been shown to activate 

ALDH1A1 activity through deacetylation, which promoted the self-renewal of breast cancer 

stem cells [35]. It is conceivable that activation of the sirtuin pathway may be involved in the 

induction of ALDH1A1 enzymatic activity in ALDHhigh cells. Whether ALDH1A1 impacts 

the sirtuin pathway remains to be elucidated. Collectively, the pathway changes associated 

with high ALDH activity may impact cellular metabolism and behavior that would favor 

CSC survival and self-renewal. Given that cancers rely on the existence and persistence of 

CSCs [59], ALDH1A1 may play a critical role in the development of colon cancers.

3. Conclusions

Taken together, the current proteomics study utilizing ALDHhigh and ALDHlow 

COLO320DM cells has provided valuable insights into the molecular features associated 

with high ALDH activity in colon cancer cells, a widely used marker for cancer stem cells. 

Our results provide evidence that high ALDH enzymatic activity is associated with altered 

expression of proteins that participate in oxidative phosphorylation, DNA damage repair, 

and sirtuin signaling. We speculate that these molecular features are mechanistically linked 

to the stemness properties of ALDHhigh COLO320DM cells by promoting a metabolic 

switch and survival of these cancer cells. The present results lend further support to 

the targeting of ALDH1A1 in colon cancer stem cells as a novel colon cancer therapy. 
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Additional studies are warranted to further define the function(s) of ALDH1A1 in the colon 

cancer stem cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Quantitative proteomic profiling in ALDHhigh and ALDHlow COLO320DM cells.
(A) Flow cytometry profiles of COLO320DM cells isolated by Aldefluor™ assay. ALDHhigh 

cells were distinguished from ALDHlow cells using fluorescence-activated cell sorting. Cells 

treated with the ALDH inhibitor, diethylaminobenzaldehyde (DEAB), served as a negative 

control, and cells without DEAB treatment were the sample group. The distribution of 

ALDHlow (pink dots) and ALDHhigh (green dots) cells are shown. Their corresponding 

proportion of thetotal cells population are indicated as percentages in the box. (B) Heat 

map of the relative abundance of 229 differentially expressed proteins (DEPs) in ALDHhigh 

and ALDHlow cells based on proteomic analysis. Hierarchical clustering and distance trees 

were constructed using Qlucore software with unsupervised hierarchical classification. Cell 

samples are shown in columns and DEPs are shown in rows. The hierarchical heat map scale 

of Z-scores ranges from −2 (blue) to 2 (red) with a midpoint of 0 (white). The intensity of 

color reflects the Z-score of protein expression. (C) Functional classifications of DEPs. The 

distribution of the 229 DEPs among different general functional categories.
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Figure 2. Expression of ALDH isozymes in ALDHhigh and ALDHlow COLO320DM cells.
(A) Protein abundance of the nine ALDH isozymes detected by proteomics profiling in 

ALDHhigh (red bars) and ALDHlow (blue bars) COLO320DM cells. Data are presented 

as the mean and associated standard deviation from triplicate measurements. **** P< 

0.0001, Welch’s t-test. (B) The percentage distribution of the ALDH isozymes identified 

in ALDHhigh and ALDHlow cells.
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Figure 3. Functional enrichment analysis of DEPs.
(A) Network of four canonical pathways significantly enriched by DEPs in ALDHhigh cells. 

Significant canonical pathways were identified by IPA functional enrichment analysis and a 

network was generated by Cytoscape using DEPs shared by the pathways. The fold changes 

of proteins in ALDHhigh cells (relative to in ALDHlow cells) are depicted by the intensity of 

the color code, with red representing up-regulation and green representing down-regulation. 

Light blue shaded nodes represent canonical pathways. (B) Subcellular localization of DEPs 

involved in the four identified pathways. Annotations of protein subcellular localization 
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were based on Gene Ontology. A full list of abbreviations is provided in supplemental Table 

2.
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