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Abstract

Colon cancer is the third leading cause of cancer death globally. Although early screenings and 

advances in treatments have reduced mortality since 1970, identification of novel targets for 

therapeutic intervention is needed to address tumor heterogeneity and recurrence. Previous work 

identified aldehyde dehydrogenase 1B1 (ALDH1B1) as a critical factor in colon tumorigenesis. 

To investigate further, we utilized a human colon adenocarcinoma cell line (SW480) in which 

the ALDH1B1 protein expression has been knocked down by 80% via shRNA. Through multi-

omics (transcriptomics, proteomics, and untargeted metabolomics) analysis, we identified the 

impact of ALDH1B1 knocking down (KD) on molecular signatures in colon cancer cells. 

Suppression of ALDH1B1 expression resulted in 357 differentially expressed genes (DEGs), 

191 differentially expressed proteins (DEPs) and 891 differentially altered metabolites (DAMs). 

Functional annotation and enrichment analyses revealed that: (1) DEGs were enriched in integrin-

linked kinase (ILK) signaling and growth and development pathways; (2) DEPs were mainly 

involved in apoptosis signaling and cellular stress response pathways; and (3) DAMs were 

associated with biosynthesis, intercellular and second messenger signaling. Collectively, the 

present study provides new molecular information associated with the cellular functions of 

ALDH1B1, which helps to direct future investigation of colon cancer.
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1. Introduction

By 2030, it is expected that the global burden of colon cancer will increase by 60%, 

with 2.2 million new cases and 1.1 million deaths per year [1]. Due to improvements in 

early screening strategies and treatment, developed countries have experienced a decline in 

mortality rate and an increase in longevity of colon cancer patients [2,3]. Unfortunately, 

colon cancer incidence and death rate have steadily increased among those younger than 50 

years of age for reasons unknown [1]. In addition, colon cancer patients who initially benefit 

from established treatments can develop resistance and relapse [4] In general, patients with 

colon cancer have a low 5-year survival rate (64%) compared to other cancers, such as 

prostate (98%) or breast (91%) [5,6]. Colon cancer is a highly heterogeneous and complex 

disease that involves changes in multiple biochemical pathways driven by various mutations 

[7–10]. The diversity of factors that promote colon cancer development is a major challenge 

for effectively treating colon cancer [11,12]. Colon cancer represents an important public 

health concern and while treatments have improved, they remain sub-optimal relative to 

other cancer treatments.

ALDHs are a family of enzymes that detoxify exogenous and endogenous aldehydes 

[13,14]. These enzymes have been implicated in the regulation of several important 

physiological processes, including cellular maintenance, differentiation, and proliferation 

[13]. Increased expression of ALDH enzymes is observed in various cancers and utilized 

as a marker of cancer cells and cancer stem cells (CSCs) [15–18]. Evidence suggests 

that increased expression of ALDH isozymes ALDH1A1, ALDH1A3, and ALDH1B1 
promote tumorigenesis and therapeutic resistance in colon cancers [19–24]. As such, ALDH 

represents an interesting new therapeutic target for the treatment of colon cancer. Studies 

from our group have indicated that ALDH1B1 is the sole ALDH isozyme consistently 

overexpressed in colorectal cancer tissues at both mRNA and protein levels, making 

it a potential biomarker of colon cancer [25]. Overexpression of ALDH1B1 in human 

colorectal adenocarcinoma (HT29) cells is associated with alterations in cell morphology 

and cell cycle, increased chemoresistance and migratory potential [26]. Suppression of 
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ALDH1B1 expression in other human colorectal adenocarcinoma (SW480) cells inhibited 

spheroid formation in vitro and xenograft tumor growth in vivo, and downregulated cellular 

Wnt/β-catenin, Notch and PI3K/Akt-signaling pathways [23]. ALDH1B1 promoter activity 

is observed in SW480 colon cancer cells that exhibit the high expression of ALDH1B1 
mRNA. Observations from human colon cancer patient-explants and numerous colon cancer 

cell lines both show increased promoter activity [23]. Collectively, these results support 

a functional role of ALDH1B1 in colon tumorigenesis. The molecular details of the role 

ALDH1B1 plays, however, remain to be elucidated.

The present study used a comprehensive multi-omics (transcriptomics, proteomics, and 

untargeted metabolomics) approach coupled with canonical pathway analysis to identify 

cellular pathways influenced by ALDH1B1 by suppressing ALDH1B1 in SW480 cells, a 

colon cancer cell line that exhibits high constitutive expression of ALDH1B1 [21]. Our 

multi-omics cellular profiling identified cellular signatures of ALDH1B1 functioning in 

colon cancer cells. With a multi-omics approach, we were able to identify several pathways, 

genes, and proteins with known associations with colon cancer as well as some that have yet 

to be implicated.

2. Materials and Methods

2.1 Cell Culturing and Sample Preparation

Scramble (ALDH1B1SC) and ALDH1B1 shRNA-transfected (ALDH1B1KD) SW480 cell 

lines were generated and reported previously [23]. Cells at passage 4 (P4) were grown in a 

150 mm Corning dish (Corning, NY, USA) in RPMI-1640 medium (Life Technologies, 

Carlsbad, CA, USA) containing 10% fetal bovine serum, 1% Antibiotic-Antimycotic 

(Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA), and 20 μg/mL puromycin 

for constant selection. P4 cells were grown to ~80% confluency and split at a 1:3 ratio 

to P5 cells and sequentially to P6 cells. The atmosphere was humidified with 5% CO2 

and maintained at 37 °C. Cell medium containing puromycin was replaced every two days 

until cell harvesting. At ~ 90% confluency, one aliquot of P6 cells from each P5 dish at 

splitting was harvested, flash frozen in liquid nitrogen and stored in −80 °C for western 

immunoblotting analysis of ALDH1B1, as shown in Fig 1A. Briefly, one set of 3 × 150 

mm dishes of P6 cells derived from the same dish of P5 cells were harvested using cell 

scrapers and the resultant cell pellets were flash frozen in liquid nitrogen and stored in −80 

°C for metabolomics. The remaining two sets of P6 cells in 150 mm dishes were harvested, 

respectively, using 0.25% trypsin-EDTA (Gibco, Thermo Fisher Scientific Inc., Waltham, 

MA, USA) and brought to a final concentration of 106 cells/ml in cell medium. Cell pellets 

containing 106 cells from each dish were collected, flash frozen in liquid nitrogen and stored 

in −80 °C for proteomics and RNASeq analyses. All cell suspensions were centrifuged at 

2,000 RPM for 5 mins at 4 °C to collect cell pellets.

2.2 Western Immunoblotting (WB)

WB was conducted exactly as described previously to measure ALDH1B1 expression levels 

in SW480 cells [23]. Briefly, frozen cell pellets were resuspended and lysed in RIPA buffer 

(150 mM NaCl, 1% TritonX-100, 0.25% sodium deoxycholate, 0.1% SDS, 50 mM Tris, 1 
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mM EDTA, 1 mM PMSF, protease inhibitor cocktail, pH 7.4), followed by centrifugation at 

11,000 RPM for 10 mins at 4 °C. The supernatants were collected and measured for total 

protein quantification using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific 

Inc., Waltham, MA, USA) according to the manufacturer’s protocol. Cell lysates containing 

50 μg total proteins per sample and 2 ug of recombinant human ALDH1B1 protein 

were used for SDS-PAGE. Primary antibody was freshly made using an in-house rabbit 

polyclonal anti-ALDH1B1 antibody at a dilution of 1:5000. Expression of GAPDH protein 

was measured for protein loading control using anti-GAPDH antibody (Abcam, USA, # 

ab9485) at a dilution of 1:2500 [27]. Horseradish peroxide-conjugated goat anti-rabbit 

secondary antibody (Sigma, Burlington, MA) were used at a dilution of 1:5000. Quantitation 

of protein band density was conducted using NIH ImageJ software (version 1.52; NIH). 

The protein level of ALDH1B1 was normalized by the protein level of GAPDH for each 

sample. Relative ALDH1B1 expression in ALDH1B1KD cells was reported as the % of that 

in ALDH1B1SC cells.

2.3 RNASeq

Triplicate samples per cell line were processed for RNASeq analysis by the Yale Center 

for Genome Analyses previously described [28]. mRNA (about 500 ng) was isolated using 

oligo-dT beads and sheared by heating at 94 °C. The second strand synthesis was conducted 

using dUTP to generate strand-specific sequencing libraries. The cDNA library was then 

end-repaired, A-tailed adapters were ligated, and second-strand digestion was performed 

using uracil-DNA-glycosylase. The indexed libraries that met appropriate cut-offs were 

quantified and insert size distribution was determined. The samples were normalized and 

loaded onto Illumina flow cells at a concentration that yielded 150–250 million passing filter 

clusters per lane. Samples were sequenced using 75 bp single or paired-end sequencing on 

an Illumina HiSeq 2000 (Illumina Inc., San Diego, CA, USA), and the 6-bp index was read 

during an additional sequencing read. Genome peak alignment, quality assurance, quality 

control, expression quantification and annotation were carried out for RNAseq analysis 

using the Partek® Flow platform (Partek, St. Louis, MO, USA). Raw fastq files were 

trimmed (quality score >20 and read length >25) and aligned to the reference genome list 

(human genome hg38) following the Bowtie algorithm [29]. The reads per million (RPM) 

values of genes were normalized and used for downstream analyses. RNASeq data was 

deposited in NCBI’s Gene Expression Omnibus and is accessible through GEO Series 

accession number GSE231706.

2.4 Label-free Quantitative (LFQ) Proteomics

LFQ proteomic analysis was performed by the Keck MS and Proteomics Resource at the 

Yale School of Medicine as previously described [30]. Briefly, cell pellets were reconstituted 

and then centrifuged at 14,000 RPM for 10 min at 4 °C. 100 μL of the supernatant was 

mixed with chloroform: methanol: water (1:4:3, v/v/v), followed by another centrifugation 

at 14,000 RPM for 1 minute at 4 °C. The supernatant was removed, and the pellets 

were reconstituted in 400 mL of methanol for an additional wash. The samples were 

centrifuged under the same conditions once again and then dried down under speed vac. 

Protein pellets were then resuspended in 25 μL RapiGest™ SF surfactant solution (Waters 

Corporation, Milford, MA, USA), 50 mM NH4HCO3, 5 μL dithiothreitol (45 mM) and 5 
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μL iodoacetamide (100 mM) solution. The mixture was then digested by dual enzymatic 

LysC and trypsin at room temperature overnight, followed by quenching with 0.1% formic 

acid (FA). A 2 μL aliquot of the digest solution was mixed with 3.2 μL Pierce Retention 

Time Calibration (Thermo Fisher Scientific Inc., Waltham, MA, USA, Cat#88321). Liquid 

chromatography (LC) separation was performed on a nanoACQUITY (Waters Corporation, 

Milford, MA, USA) system. Samples were injected in a randomized order of 5 μL injections 

followed by three blank solvent injections. The LC system was connected on-line to an 

Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). 

Intact mass spectra (MS) were collected in positive profile mode at resolution 120,000 

@ m/z 400. Fragment spectra (MS/MS) were collected in positive centroid mode at a 

resolution of 60,000 @ m/z 400. Progenesis QI Proteomics software (Version 4.2, Nonlinear 

Dynamics, Waters Corporation, Milford, MA, USA) was used to process raw data dependent 

LC-MS/MS acquired proteomics data. MS spectral data were aligned based on peptide 

retention time prior to peak picking. Picked MS scan features were then filtered using 

MS/MS fragmentation scans to exclude MS/MS scans with spectral ranking value of 10 

or higher. This was to ensure that the highest quality (top 10) MS/MS spectral data are 

utilized for subsequent protein database search and peptide assignments. The top 10 MS/MS 

fragments for each unique features from each comparison set were then exported as an 

“.mgf” (Mascot generic file) file for Mascot database searching [31,32]. An .xml file of the 

Mascot search result was created, and then imported into the Progenesis QI software, where 

search hits (peptides ID) were assigned to corresponding features, and protein quantitation 

were then calculated by the using a non-conflicting peptide assignment feature in the 

Progenesis QI software. Proteins with two or more unique quantifiable peptides were filtered 

and used in downstream analyses. The MS proteomics data have been deposited in the 

ProteomeXchange Consortium via the PRIDE partner repository with the identified number 

PXD011197.

2.5 Untargeted Metabolomics

Triplicate samples per cell line were processed in house for untargeted metabolomics 

analyses following an established protocol [28]. Briefly, frozen cell pellets were resuspended 

in 1 ml ice-cold acetonitrile:methanol:water (2:2:1 %v/v/v). Cells were then lysed through 

three snap-freeze and thaw cycles, followed by centrifugation at 15,000 RPM for 10 min at 

4 °C. The supernatants containing soluble metabolites were transferred to clean Eppendorf 

tubes and evaporated in a vacuum concentrator (SPD111V Savant, Thermo Fisher Scientific, 

Waltham, MA, USA). The remaining pellets were processed for total protein quantification 

using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, 

USA). Each dried metabolite sample was then resuspended in appropriate volume of 

isopropanol/acetonitrile/water (40%:40%:20%) mixture to make it equivalent to 5 mg 

protein/mL, and 100 uL of this final solution was spiked with 2 μL TruQuant Yeast Extract 

Semi-targeted QC Workflow Kit (IROA Technologies, Ann Arbor, Michigan, USA) as a 

reference standard and used for metabolomics analysis. A pooled sample was prepared using 

10 μL aliquots from each sample. All samples were stored at −80 °C. Chromatographic 

separation was performed as in our previous work, using an Acquity UPLC BEH C18 

column (particle size, 1.7 μm; 50 mm [length] × 2.1 mm [i.d.]) (Waters Corporation) for 

RPLC-MS [28]. An Acquity BEH Amide column (particle size, 1.7 μm; 100 mm [length] × 
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2.1 mm [i.d.]) (Waters Corporation, Milford, Massachusetts) was used for chromatographic 

separation for HILIC-MS. The mobile phase for RPLC-MS analysis consisted of A (0.1% 

formic acid in water) and B (0.1% formic acid in acetonitrile) delivered at a flow rate 

of 0.5 ml/min with column temperature at 35¼. The linear gradient elution started at 

1% B (0–1 min), 1%–100% B (1–8 min), 100% B (8–10 min), 100%–1% B (10.0–10.1 

min) and continued at 1% B (10.1–12.0 min). The mobile phase for HILIC-MS analysis 

consisted of A (25 mM ammonium hydroxide and 25 mM ammonium acetate in water) 

and B (acetonitrile) delivered at a flow rate of 0.5 ml/min. The linear gradient elution 

started at 95% B (0–0.5 min), 95%–65% B (0.5–7 min), 65%–40% B (7–8 min), 40% B 

(8–9 min), 40%–95% B (9–9.1 min) and continuing at 95% B (9.1–12.0 min) with column 

temperature at 25¼. The injection volume for all samples and standard solutions was 3 μL. 

Positive and negative mode electrospray ionization was performed on-line with a Waters 

quadrupole time-of-flight mass spectrometry (QTOF-MS, Milford, MA, USA). The pooled 

sample was injected after every five sample injections for quality control. ProteoWizard 

MSConvert (Version 3.0.6150, Palo Alto, CA, USA) was used to convert raw MS data 

into .mzML files. The data was filtered by removing peaks with a missing rate greater than 

30%. Truncated peaks were then normalized, and missing values were imputed using the 

k-nearest neighbor method with k = 5. A generalized log transformation was applied to the 

data. Principal component analysis (PCA) was used to identify variables and the Wilcoxon 

rank sum test, combined with FDR correction (α= 5%), was used for univariate analysis 

across groups. The Mummichog algorithm was applied for metabolite annotation based 

on accurate mass m/z, to predict pathways based on the human metabolic network. All 

parameters and thresholds, and analysis steps were repeated as described previously [28]. 

Metabolomics data are available at the NIH Metabolomics workbench (DataTrack ID 3910, 

http://www.metabolomicsworkbench.org/).

2.6 Statistical and bioinformatics analyses

Statistical analyses and heatmap visualization were performed using the Qlucore Omics 

Explorer platform (Qlucore AB, Lund, Sweden). The differential expression of genes 

(DEGs) or proteins (DEPs) and differentially altered metabolites (DAMs) in ALDH1B1KD 

relative to ALDH1B1SC cells was expressed as fold-change (FC), which was calculated 

based on the ALDH1B1KD/ALDH1B1SC ratio of normalized TPMs for genes or of 

normalized peptides abundance for proteins or normalized metabolite peaks. 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) [30]. Therefore, the FCs of up‐regulated genes, proteins 

or metabolites are positive numbers, whereas the FCs of down‐regulated genes, proteins or 

metabolites are negative numbers. The cut-off criteria were FC ≥ ± 2 for DEGs, FC ≥ ± 

1.5 for DEPs and DAMs, and a Benjamini-Hochberg False Discovery Rate (FDR) adjusted 

p-value < 0.05 by a two-tailed Student’s unpaired t-test.

Bioinformatic analyses of DEGs, DEPs and DAMs were performed by the Ingenuity 

Pathway Analysis software (IPA, version 01–20-04, Qiagen, CA). Individual omics data 

lists were imported into IPA and z-scores were automatically calculated based on our omics 

dataset and the IPA knowledge database. A z-score reflects the likelihood that a particular 

biological pathway is affected in our experiments, such that the magnitude of the z-score 
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represents the significance and strength of the pathway activation with a positive z-score or 

pathway inhibition with a negative z-score [33]. Fisher’s exact test and Benjamin-Hochberg 

(B-H) FDR were used to determine the levels of significance of generated pathways.

3. Results

3.1 Quantification of ALDH Genes and Proteins Differentially Expressed

Western blot analyses revealed an approximately 80% reduction in ALDH1B1 expression 

in ALDH1B1KD cells relative to ALDH1B1SC control cells (Fig. 1B and 1C). In SC and 

KD cells, seventeen ALDH genes were detected by RNASeq and ranked based on mRNA 

abundance in control SC cells (Fig. 2A). A total of ten ALDH proteins were detected by 

LFQ proteomics in both SC and KD cells, corresponding to the top ten ranked in mRNA 

abundance (Fig. 2B). Of these, seven of the seventeen ALDH genes and three of the ten 

ALDH proteins were expressed differently in the two cell populations. As expected, the 

largest differences occurred for ALDH1B1 where the gene and protein were suppressed 

by 50% and 70% in KD cells (Figs. 2A, B). Decrease in gene expression in KD cells 

was observed for ALDH18A1, ALDH9A1, ALDH6A1, and ALDH4A1 (Fig. 2A). By 

contrast, there were no differences in the protein expression for any of these isozymes 

except for ALDH18A1 which was increased in KD cells (Fig. 2B). Although increases 

in gene expression occurred for ALDH3B1 and ALDH3A1 in KD cells (Fig. 2A), the 

corresponding proteins were not detected in either SC or KC cells (Fig. 2B). While ALDH2 
gene expression was no different in KD cells than in SC cells, the levels of ALDH2 protein 

were higher in KD cells (Figs. 2A, B).

3.2 Multi-omics Profiling Overview of ALDH1B1KD cells versus ALDH1B1SC cells

The -omics data sets were analyzed individually, and each data set was curated to identify 

differences in genes, proteins, metabolites, and pathways that distinguished ALDH1B1KD 

versus ALDH1B1SC cells. A total of 22,233 transcripts, 3,772 proteins and 3,753 

metabolomic features were detected. Among these, 357 DEGs (FC ≥ ± 2, FDR q < 0.05), 

191 DEPs (FC ≥ ± 1.5, FDR q < 0.05) and 891 DAMs (FC ≥ ± 1.5, FDR q < 0.05) 

were identified as being significantly different between the two cell lines. The heatmaps in 

Figs. 3A and 4A show the relative differences in mRNA abundance of DEGs and protein 

abundance of DEPs, respectively.

3.3 Canonical Pathways and Cellular Functions Enriched by DEGs, DEPs and DAMs

To understand the potential functional impact of the identified 357 DEGs, 191 DEPs and 

891 DAMs, IPA canonical pathway analyses were performed. IPA provides a platform that 

allows us to do pathway analysis on all three -omics data sets. IPA performed several 

analyses of the data, but we investigated the direct pathways identified (Tables S1, S2, and 

S3), upstream regulators, and casual network analysis [33]. Figs. 3A, 4A, 5A bubble charts 

graph functional class categories (y-axis) of identified canonical pathways (bubbles) based 

on –log(p-values). In Figs. 3B, 4B and 5B, 10 canonical pathways identified in the analysis 

were extracted due to their strong connection to colon cancer in previous studies, but all 

pathways were investigated.
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IPA casual network analysis goes beyond the data’s initial pathway analysis by accounting 

for regulator molecules not directly connected to the targets initially identified. Upstream 

regulators analysis is performed by IPA and predicts behavior of upstream (pathway) 

molecules that may cause observed expression changes. One potential upstream regulator, 

beta-catenin (CTNNB1), was identified as being downregulated (activation Z-score = 

−2.795) based on observed gene activity. A network of 33 genes, identified in this study, 

that are potentially regulated by CTNNB1 are shown in Fig. 6. Lastly, IPA matched eighteen 

proteins to the corresponding genes from the DEGs and DEPs identifications. There was a 

consistent pattern of alterations in gene and protein expression of the overlapping entries, 

shown in Fig. 7 with calculated fold-changes.

4. Discussion

Through our multi-omics method, we were able to study and comprehensively characterize 

molecular changes in colon cancer SW480 cells caused by the knock-down of 

the ALDH1B1 gene for the first time. Multi-omics (transcriptomic, proteomic, and 

metabolomic) profiles were compared between SW480 control cells and ALDH1B1 

knockdown cells. In the knockdown cells, the ALDH1B1 protein expression was suppressed 

by 80% which is consistent with previous work by Singh et al. [23]. We identified 357 

DEGs, 191 DEPs, and 891 DAMs and linked them to their respective canonical pathways. 

Functional annotation and enrichment analyses revealed up- and down-regulated pathways 

at the gene, protein, and metabolite levels, which is a key advantage of our comprehensive 

multi-omics approach.

RNAseq profiling and proteomics analysis allows for unbiased determination of ALDH 

isozymes expression in ALDH1B1KD and ALDH1B1SC SW480 cells. ALDH2 is the 

closest family member to ALDH1B1, sharing 72 % homology in protein sequence and 

having overlapped substrate profiles [34]. As such, we speculate that ALDH2 upregulation 

may compensate for ALDH1B1 suppression in SW480 cells. Changes in regulation of 

ALDH2 expression and activity has been recorded in cancers [35]. Due to the known 

non-selective nature of ALDH2 expression in cancers, it is not of particular interest for 

more narrowed studies on colon cancer [36]. The downregulation of ALDH18A1 mRNA 

and upregulation in protein expression observed in ALDH1B1KD cells is an intriguing 

finding. The ALDH18A1 has been shown to be upregulated in hepatocellular carcinoma 

tumors and circulating tumor cells of prostate cancer, but further studies are needed to better 

understand its role [37]. Changes in the expressions of other ALDH genes due to ALDH1B1 

suppression caused either no alterations in protein levels (ADLH9A1, ALDH6A1, and 

ADLH4A1) or non-detectable proteins (ADLH3B1 and ALDH3A1); therefore, it is unlikely 

they have functional significance.

Previous work done in our group by Singh et. al. took a more targeted approach and focused 

on specific genes and proteins associated with three pathways, Wnt/β-catenin, Notch and 

PI3K/Akt [23]. Four genes, AXIN2, CTNNB1, cMyc, and LGR5 were measured by RT-

PCR with AXIN2 being the only gene upregulated in ALDH1B1KD cells. Additionally, 

WB analysis was performed on several proteins (active B-catenin, LEF1, C-Myc, JAG1, 

c-Notch-1, FABP5, PPAR-delta, PI3Kp85, Akt, and MMP2) involved in these pathways, 
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all of which showed to be downregulated in ALDH1B1KD cells. Our study did not target 

any of these genes or proteins specifically, but through IPA we gained insight into their 

predicted behavior. IPA upstream regulators prediction data from the RNASeq analysis gave 

many useful insights. The analysis predicted CTNNB1 (Z-score: −2.795), LEF-1 (−1.964), 

JAG-1 (−0.991), PPAR-delta (−0.552), PI3Kp85 (PI3k (family); −1.348), and Akt (−0.813) 

are all downregulated as expected. MMP2 was identified in the RNASeq IPA upstream 

casual networks and predicted to be downregulated as well (−0.745). Additionally, AXIN2 

was predicted to be downregulated (−1.000) from the IPA upstream casual networks data in 

the proteomics dataset. C-Myc (MYC) activity was observed and/or predicted in all three 

datasets but varied, making any conclusions difficult to determine. We were unable to find 

any supporting data for LGR5, c-Notch-1 and FABP5 activity to make any predictions.

The IPA pathway predictions based on raw data identifications gave results opposite to 

that of what was expected. Specifically, the Wnt/β-catenin pathway was predicted to be 

upregulated (Z-score = 2.000) based on the identification of 5 genes within the pathway, 

shown in Fig 3B. Of these, four are downregulated and predicted to downregulate the 

pathway. CDH1 encodes E-cadherin proteins that are calcium-dependent cell-cell adhesion 

proteins in epithelial cells that take part in the Wnt/β-catenin pathway [38]. The CDH1 
gene has been studied extensively over decades due to its potential role in carcinogenesis 

[39]. Mutations and loss of function of the CDH1 gene have been linked to an increased 

risk in the development of certain cancers, such as gastric, breast, and colon by increasing 

proliferation, invasion and/or metastasis during cancer progression [40]. Increased activity of 

the CDH1 would negatively correlate with the activity of ALDH1B1 and the Wnt/β-catenin 

pathway, which aligns with previous SW480 ALDH1B1KD studies and is contrary to the IPA 

prediction from this study [23]. The CDH1 gene was also implicated in another pathway, 

the pulmonary fibrosis idiopathic signaling pathway, to be downregulated, which indicates 

potential misassignments or false positives. Similarly, the PI3K/Akt pathway was predicted 

to be upregulated (Z-score = 1) even though both the PI3K and Akt genes were predicted 

to be downregulated. We were unable to make any strong observations regarding the Notch 

pathway and its activity.

It is well-established that CTNNB1 plays a critical oncogenic role in colon cancer. The 

CTNNB1 gene encodes β-catenin (CTNNB1) protein that regulates and coordinates cell-cell 

adhesion and gene transcription [41]. Additionally, CTNNB1 plays a critical role as a 

major mediator of the Wnt signaling pathway that ignites transcription of Wnt-specific 

genes [42]. In the current study, various regulatory activities of CTNNB1 were observed. 

Thirty-three DEGs were predicted to be regulated by CTNNB1 and showed an expression 

profile in consistency with a decreased activity of CTNNB1 in ALDH1B1KD cells (Fig. 

6). However, the protein expression of CTNNB1 by proteomics analysis showed to be 

upregulated by 1.9-fold in ALDH1B1KD cells. Note that the abundance of CTNNB1 total 

protein does not necessarily correspond to the level of transcriptionally active CTNNB1, 

which is dephosphorylated form at specific serine/threonine residues [43]. Future studies 

are warranted to validate the level of active CTNNB1 using phosphorylation-specific 

immunoblotting or proteomics. Nevertheless, the RNASeq results in this study indicate that 

ALDH1B1 may promote CTNNB1 transcriptional activity in colon cancer cells and thereby 

colon tumorigenesis. This important finding may serve to direct treatment of colon cancers 
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featured with high ALDH1B1 expression given that some novel inhibitors of CTNNB1 have 

already been identified [44,45].

Downregulation of ILK signaling was predicted for the ALDH1B1KD cells (DEGs; Z-score 

= −0.82) and this is supported by previous studies [46]. The ILK pathway is responsible for 

several cellular processes such as proliferation, survival, and invasion. ILK has been shown 

to be overexpressed in colon cancer and a driver of tumorigenesis of the colon [47]. The 

exact mechanistic role of ILK signaling in colon cancer has yet to be determined, but the 

gene’s linked by IPA provide specific targets for future studies. Several other pathways and 

molecules stood out due to their significance (p-values) and known associations. Pathways 

involving the biosynthesis and degradation of melatonin were identified in all three datasets. 

This high and varying activity of melatonin associated molecules may allude to a potential 

influential role of melatonin and ALDH1B1 in colon cancer. Previous studies have shown 

that melatonin plays an anti-cancer role but has not been linked to ALDH1B1 and needs 

further investigation.[48] Dopamine, Rho Family GTPases, and amino acid-related pathways 

(I.e., Histidine Degradation III pathway) also showed varying activity across the analyses 

and should be further investigated for their potential connection to ALDH1B1 and role in 

colon cancer.

Eighteen molecules, as shown in Fig 7, were identified in both the DEGs and DEPs data. 

Several of the genes and proteins have been previously found in colon cancer studies 

as playing a potential role in disease progression. PODXL, ANXA1, and MARCKS all 

show to be upregulated in colon cancer tumors with increased ALDH1B1 activity [49–51]. 

NT5E, VIL1, CFL2, CD74, S100A3, CSRP2, CADM1, CKB, and DPYSL3 (also known 

as CRMP4) have all been connected to colon cancer through numerous studies but more 

extensive studies are needed for better comparison [52–59]. Limited experimental research 

has been done to investigate the role these molecules play in cancer and more specifically 

colon cancer. The behavior of these molecules, as observed by multi-omics, provides 

evidence that their role in colon cancer is potentially significant and therefore needs to 

be further studied. Lastly, TXNDC12, NPC2, ARG2, EPS8L3, RAB3B, and FSCN1 have all 

been associated with cancers, with some showing to be non-specific cancer markers [60–64].

Among the identified DAMs (Fig. 5B and Tables S1), some are aldehyde metabolites, a 

majority of which show elevations in ALDH1B1KD relative to control ALDH1B1SC SW480 

cells. These aldehydes represent intermediate metabolites of numerous metabolic pathways 

and have been implicated as endogenous substrates of different ALDH isozymes. For 

example, 3,4-dihydroxyphenylacetaldehyde, 3-methoxy-4-hydroxyphenylglycolaldehyde 

and 3,4-dihydroxymandelaldehyde are metabolites of dopamine, noradrenaline, and 

adrenaline degradations; metabolism of these aldehyde metabolites has been associated 

with the dehydrogenase activities of ALDH1A1, ALDH2 and ALDH3B1 [65]. (S)-

methylmalonate semialdehyde, a metabolite of valine degradation, is the substrate of 

ALDH6A1 [66]. Glutamic acid gamma-semialdehyde is an intermediate metabolite of 

proline metabolism, which involves ALDH18A1 in proline synthesis and ALDH4A1 in 

proline degradation [67,68]. In the current study, the observation of increased expression 

of ALDH18A1 protein, along with elevations in glutamic acid gamma-semialdehyde, 

(S)-1-pyrroline-5-carboxylic acid and L-proline, supports enhanced proline biosynthesis 
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in ALDH1B1KD SW480 cells. Given the proposed role of proline in tumor growth and 

metastasis [69], this metabolic alteration may be linked to the phenotypic change in 

the tumorigenicity of SW480 cells resulting from ALDH1B1 knockdown. Nevertheless, 

the findings from this multi-omics high-throughput investigation should be perceived 

as informative but not conclusive, since: (i) the catalytic activities of identified ALDH 

isoenzymes, including ALDH1B1, have not been examined to be related to their protein 

expression levels, and (ii) metabolite quantitation has not been validated via targeted 

metabolomics. Future studies are warranted to address these potential caveats.

5. Conclusions

Our findings suggest that ALDH1B1 plays a regulatory role in pathways involved in 

cellular stress, injury, growth, and proliferation. The Wnt/β-catenin pathway results provided 

insight into additional genes of the pathway that may play a critical role in colon cancer. 

CTNNB1 activity was particularly interesting and when considering other published studies, 

it shows itself to be a promising cancer therapeutic target. Additionally, we speculate that the 

molecular features mechanistically linked to ALDH1B1 could further serve as evidence that 

ALDH1B1 is a valuable therapeutic target in colon cancer treatments.

The multi-omics approach used in this study provides key insights into molecular features 

associated with ALDH1B1 and colon cancer cells. It also serves as a screening method that 

can identify many potential genes, proteins, metabolites, and pathway candidates for future 

more focused studies. Additionally, the number of genes and proteins that have already been 

connected to pathways in IPA is significantly greater than the number of metabolites. The 

hope is that with the move to multi-omics approaches, we can expand current metabolomics 

databases and better integrate that data with gene and protein data.
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Highlights:

• Suppression of ALDH1B1 in SW480 cells resulted in 357 DEGs, 191 DEPs 

and 891 DAMs.

• DEGs were enriched in pathways of ILK signaling and growth and 

development.

• DEPs were enriched in pathways of apoptosis signaling and cellular stress 

response.

• DAMs were associated with biosynthesis, intercellular and second messenger 

signaling.
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Figure 1. Multi-omics Workflow and ADLDH1B1 Expression. (A)
Flow chart of the ALDH1B1SC and ALDH1B1KD SW480 sample preparation used for 

the multi-omics approach (metabolomics, proteomics, and transcriptomics). (B) Image of 

Western blot analysis of ALDH1B1 protein extracted from ALDH1B1SC and ALDH1B1KD 

SW480 cells. GAPDH serves as a loading control and recombinant human ALDH1B1 

(rALDH1B1) was used as a positive control. The intensity of the ALDH1B1 bands were 

normalized to the intensity of the GAPDH bands and the control group was set as 100%. (C) 
Bar graph of the ALDH1B1 protein expression in ALDH1B1SC and ALDH1B1KD SW480 

cells (*p<0.05).
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Figure 2. Expression of ALDH isozymes in ALDH1B1SC and ALDH1B1KD SW480 cells.
(A) Normalized abundance of transcripts of the seventeen ALDH genes detected by 

RNASeq profiling in ALDH1B1SC (black) and ALDH1B1KD (grey) SW480 cells. (B) 
Peptides normalized abundance of the ten ALDH isozymes detected by proteomics profiling 

in ALDH1B1SC (black bar) and ALDH1B1KD (grey bar) SW480 cells. Data are presented 

as the mean and associated standard deviation from triplicate measurements (*P < 0.05, 

unpaired student t-test) for both graphs.
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Figure 3. RNASeq profiling in ALDH1B1SC and ALDH1B1KD SW480 cells.
(A) A bubble chart of all canonical pathways identified (represented by bubbles) grouped 

into functional categories (y-axis) by IPA and graphed based on −log(p-value). The legend 

on the right, provided by IPA, explains bubble (pathway) coloring and sizing. On the 

top-right corner, a heat map of the relative mRNA abundance of 357 differentially expressed 

genes (DEGs) in ALDH1B1SC and ALDH1B1KD SW480 cells based on RNASeq analysis 

is shown. The hierarchical heat map scale of Z-scores ranges from −2 (blue) to 2 (red) with 

a midpoint of 0 (white) is included. The intensity of color reflects the Z-score of protein 

expression. (B) Ten pathways enriched by IPA analysis based on DEGs with calculated 

z-scores and −log(p-values). The font colors of the DEGs indicate the fold change, with red 

indicating up-regulation and blue indicating down-regulation.
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Figure 4. Proteomics profiling in ALDH1B1SC and ALDH1B1KD SW480 cells.
(A) A bubble chart of all canonical pathways identified (represented by bubbles) grouped 

into functional categories (y-axis) by IPA and graphed based on –log(p-value). The 

legend on the right, provided by IPA, explains bubble (pathway) coloring and sizing. On 

the top-right corner, a heat map of the relative protein abundance of 191 differentially 

expressed proteins (DEPs) in ALDH1B1SC SW480 and ALDH1B1KD SW480 cells based 

on proteomics analysis. Hierarchical clustering was constructed using Qlucore software with 

unsupervised hierarchical classification. 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. (B) Ten pathways enriched by IPA analysis based on DEPs 

with calculated z-scores and −log(p-values). The font colors of the DEPs indicate the fold 

change, with red indicating up-regulation and blue indicating down-regulation.

Wang et al. Page 21

Chem Biol Interact. Author manuscript; available in PMC 2024 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Untargeted metabolomics profiling of ALDH1B1SC and ALDH1B1KD SW480 cells.
(A) A bubble chart of all canonical pathways identified (represented by bubbles) grouped 

into functional categories (y-axis) by IPA and graphed based on −log(p-value). The legend 

on the right, provided by IPA, explains bubbles (pathway) coloring and sizing. (B) A table of 

ten pathways enriched by IPA analysis based on DAMs results with calculated z-scores and 

– log(p-values). The font colors of the DAMs indicate the fold change, with red indicating 

upregulation and blue indicating downregulation.
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Figure 6. RNASeq Upstream Regulator: CTNNB1.
IPA results identified CTNNB1 as a key upstream transcriptional regulator of the DEGs 

based on the genes identified through RNASeq. IPA predicts how upstream regulators affect 

the activity of genes identified (predicted relationship lines/arrows) and compares it to 

measured data (red/green). The cellular location of gene expression is indicated on the left.
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Figure 7. Overlap of DEGs and DEPs.
Of 358 DEGs and 191 DEPs identified, eighteen molecules were detected in both data sets. 

The heatmap shows the expression levels of shared molecules identified (left y-axis) in the 

two data sets. The color scale indicates the fold change of expression levels (−5 to 10). Red 

indicates upregulation and blue indicates downregulation.
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