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ABSTRACT: Colorectal cancer (CRC) remains a significant health
burden globally, necessitating a deeper understanding of its
molecular intricacies for effective therapeutic interventions. Elevated
monoamine oxidase-A (MAO-A) expression has been consistently
observed in CRC tissues, correlating with advanced disease stages
and a poorer prognosis. This research explores the systems biology
effects of MAO-A inhibition with small molecule inhibitor clorgyline
regarding CRC. The applied systems biology approach starts with a
chemocentric informatics approach to derive high-confidence
hypotheses regarding the antiproliferative effects of MAO-A
inhibitors and ends with experimental validation. Our computa-
tional results emphasized the anticancer effects of MAO-A
inhibition and the chemogenomics similarities between clorgyline
and structurally diverse groups of apoptosis inducers in addition to highlighting apoptotic, DNA-damage, and microRNAs in cancer
pathways. Experimental validation results revealed that MAO inhibition results in antiproliferative antimigratory activities in addition
to synergistic effects with doxorubicin. Moreover, the results demonstrated a putative role of MAO-A inhibition in commencing
CRC cellular death by potentially mediating the induction of apoptosis.

1. INTRODUCTION
Colorectal cancer stands as one of the most prevalent
malignancies globally, with an estimated 1.9 million new
cases reported in 2020 alone.1 Despite advancements in
treatment modalities, its survival rates vary widely, highlighting
the need for continued investigation into factors influencing
prognosis and therapeutic efficacy.2

Reactive oxygen species (ROS) play a pivotal role in the
complex landscape of cancer development.3 The relationship
between Monoamine Oxidase (MAO) and ROS highlights a
vital connection within the complex world of cell functions,
where MAO’s actions modulate ROS levels, potentially
impacting our well-being and diseases, such as cancer.3

Monoamine oxidase MAO enzyme is located within the
outer membrane of the mitochondria with two isoforms,
MAO-A isoenzyme and MAO-B isoenzyme, both of which are
encoded in the X chromosome genes (Xp11.23−11.4).4,5 The
MAO enzymes have a flavin adenine dinucleotide (FAD) that
is covalently attached to a cysteine residue through an 8α-(S-
cysteinyl)-riboflavin bond,6 hence, their roles as oxygen
oxidoreductase (deaminating). MAO isoforms differ in
specificity for substrates, sensitivity to inhibitors, tissue
distribution, and immunological properties.7 MAO-A, in the
human body, is abundant in the intestine, heart, and placenta,

while MAO-B is abundant in platelets, liver cells, and brain
glial cells.8−11

Surprisingly, in addition to the numerous studies discussing
the brain functions affected by MAO-A and MAO-B, recent
studies emphasized that MAO enzyme contributes important
roles in tumorigenesis, obesity, diabetes, and cardiovascular
diseases.12−15 Interestingly, evidence is emerging to support
the role of MAO-A isoenzyme in the progression and
metastasis of many cancer types including prostate cancer,
hepatocellular carcinoma, and lung cancer.16−18

On the other hand, other studies suggested that MAO-A
may promote apoptosis in different types of cancer such as
neuroblastoma,19 hepatocellular carcinoma,20 and differenti-
ated prostate tumorigenesis.16 Earlier studies demonstrated
that MAO-A-induced ROS participates in suppressing cancer
progression.21,22 Besides, MAO-A-induced ROS stimulates
mitochondrial dysfunction via the activation of mitophagy
through p53 and p21 induction.23 The activity of MAO-A in
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HCT116 was explored by investigating how IL-13 and
13(S)HpODE contribute to cancer cell apoptosis.21 It was
concluded that 13(S)HpODE stimulates HCT116 apoptosis
by upregulation of p53 and p21 expression. An in vivo colon
cancer tumorigenic study was used to validate the observations.
The results confirmed that 13(S)HpODE significantly
decreases solid tumor growth by triggering apoptosis.21

Several studies have investigated MAOIs for their potential
anticancer activity, however, their effects against cancer are
discrete24 with more emphasis on the nonclinical irreversible
MAO-A inhibitor, clorgyline.25,26 Indeed, the inhibition of
MAO-A was demonstrated to be essential for chemo-
therapeutics to achieve their substantial benefits in prostate
cancer, glioma, breast cancer, and classical Hodgkin
lymphoma.26−28 In addition, dual MMP-9/MAO-A inhibitors
were designed and evaluated in HCT116 colorectal cancer
cells.22 Their anticancer activities were reported as potent
antiproliferative agents against HCT116 (IC50; 6−9 nM).22
Considering the collective evidence of the critical role of

MAO-A in the human body, it is expected to affect the biology
of cancer; and as limited data are available regarding the MAO-
A enzyme-specific role in CRC proliferation, tumorigenesis,
metastasis, and prognosis, this research aims to establish such
relationships and provide a mechanistic insight into the
anticancer activity of MAO-A inhibitors by applying a
comprehensive integrative informatics approach backed by
both theoretical and experimental evidence.

2. MATERIALS AND METHODS
2.1. Computational Methods. 2.1.1. Integrative Chem-

ical Biology Informatics Workflow. We applied an integrative
informatics workflow to study the network pharmacology of
MAO inhibitors based on the methods developed by Hajjo et
al.29−32 to formulate testable hypotheses regarding the putative
anticancer mechanisms of MAO inhibitors in general and for
clorgyline in particular. This workflow incorporates three
major components: (1) a module for deriving gene signatures
representative of the chemical compound’s biological action;
(2) a network-mining module to identify genetic perturbations
that result in gene expression profiles resembling the
compound’s gene signature; and (3) a pathway enrichment
module to elucidate the biological processes involved in the
mechanism of action of the chemical compound in a specific
condition.
2.1.2. Gene Signatures for Clorgyline and Other MAO

Inhibitors. We examined the gene expression omnibus (GEO)
for transcriptional studies conducted in response to treatment
with MAO inhibitors and identified GSE1716733 tran-
scriptomics data for clorgyline. Clorgyline gene expression
profiles obtained from GSE17167 were derived in response to
treating the primary cultures of human prostatic cancer cells E-
CA-88 and E-CA-90 with clorgyline and all raw data files are
deposited in the Gene Expression Omnibus (GEO)34 of the
National Center for Biotechnology Information (NCBI). The
prioritized gene signature GS for clorgyline consisted of
differentially expressed genes (DEGs) that passed our selection
thresholds for fold changes and false discovery rates (FDRs).
All DEGs in the gene signature had log2FC of ≥2 or ≤−2, and
FDR of ≤0.05.
2.1.3. Connectivity Map (CMap). The CMap is a computa-

tional tool and a chemogenomics database that constitutes a
cornerstone of the chemocentric informatics workflow
developed by Hajjo et al.29,30 It lists 1.3 million profiles of

transcriptional responses of human cells to chemical and
genetic perturbations. Now, there are 27927 perturbagens
(19911 small molecules, and 7494 genetic perturbagens)
generating 476251 expression signatures in 9 human cell lines:
PC3, VCAP, A375, A459, HA1E, HCC515, HT29, MCF7, and
HEPG2. This database uses the L1000 platform,35 which is a
high-throughput gene expression assay that assesses the mRNA
transcript abundance of 978 “landmark” genes from human
cells. The CMap approach enables researchers to identify
biological similarities based on chemogenomic effects (i.e., the
gene expression profiles in response to the treatment of cancer
cell lines with chemical compounds). The CMap was searched
using a gene signature for clorgyline prioritized from
GSE17167 described in the previous section.
2.1.4. Enrichment Analysis. Pathway enrichment analyses

were conducted in the Key Pathway Advisor36 to interpret the
consequences of vaccine-induced differential gene expression
on biological processes. The significance of the enrichment was
assessed by calculating hypergeometric p-values 110. All
ontology terms were ranked according to their calculated p-
values. Terms with p-values below the threshold of 0.05 were
classified as statistically significant and relevant to the gene list
under investigation.
2.1.5. Causal Reasoning. Causal Reasoning37 was used to

identify upstream regulators (transcription factors, RNA
molecules, kinases, phosphatases, and other proteins) that
could explain the observed gene expression changes in
transcriptomics experiments in response to treatment with
clorgyline. We relied on MetaCore’s37 database (MetaBase) as
an interactions database, and the causal reasoning algorithm
implemented in Clarivate’s Key Pathway Advisor. Further
details about this method were published previously.38

2.1.6. Signaling Pathway Impact Analysis (SPIA). The
SPIA39 was carried out to analyze the impact of DEGs in
clorgyline’s gene signature on the activity of the enriched
pathways. This method helps in identifying the most
biologically relevant pathways and candidate causal genes. In
this study, we identified perturbed pathways in response to
clorgyline treatment by conducting enrichment analyses on
DEGs and the union gene list consisting of the experimentally
derived DEGs and predicted key hubs (e.g., activated or
inhibited proteins) using causal reasoning.
2.1.7. Protein−Protein Interactions. A systematic search for

MAO-A nearest neighbor (NN) genes/proteins was conducted
in Cytoscape,40 version 3.10.1, using the STRING41 protein
query application. All retrieved protein−protein interactions
(PPIs), including both physical and functional interactions,
were retrieved, and then the Network building tools in
Cytoscape were used to generate MAO-A’s PPI network.

2.2. Experimental Methods. 2.2.1. Cell Lines and Cell
Maintenance. Colorectal cancer cell lines HCT116, Caco2,
SW480, SW620, and HT-29 cells were all supplied by the
American Type Culture Collection (ATCC, USA). Fibroblast
cells (dermal origin) were used as models for normal human
tissue, also purchased from ATCC. Cells were all well
maintained in DMEM high glucose culture medium with
supplemented 10% FBS, 2 mM L-glutamine, 100 U/mL
penicillin, and 0.1 mg/mL streptomycin. Cells were routinely
cultured in 75 cm2 flasks and incubated into a humidified
controlled temperature incubator set at 37 °C, 95% humidity,
and 5% CO2.
2.2.2. Cell Viability Assay. 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay was implied to
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evaluate cell proliferation as previously noted.42 All experi-
ments were run in triplicate wells and were repeated at least
two times independently. The percentage of the relative cell
viability of treated cells versus the untreated cells (negative
controls) was calculated using the following formula in eq 1
(cell viability calculation):

= ×cell viability(%)
optical density of treated cells

optical density of untreated cells
100

(1)

Optical density data is retrieved using the MTT assay.
2.2.3. Drug Combination Assay with Doxorubicin. CRC

cell lines were seeded duplicates per group in 96-well plates, in
accordance with factors explained in a previous table
considering three time points 24, 48, and 72 h. To investigate
the combined effect of MAOIs on doxorubicin, cells were
treated with various concentrations of Clorgyline and
doxorubicin, alone and in combination. The ratio of GI50 for
each drug alone guided the selection of the appropriate
combination ratio. The combination ratio of Doxorubicin with
Clorgyline was 1:100 with a doubling increment in
concentrations (range from 0.0625:6.25 μM - 4:400 μM).
After treatment time elapsed, an MTT assay was conducted to
assess cell viability, as previously explained. The combination
index (CI) was then calculated using CompuSyn software,
which is based on Chou-Talalay’s Combination Index
Theorem, explained in eq 2.

= +CI
(D)1

(Dx)1
(D)2

(Dx)2 (2)

where (Dx)1 = dose of drug 1 to produce 50% cell kill alone
and (D)1 = dose of drug 1 to produce 50% cell kill in
combination with (D)2. (Dx)2 = dose of drug 2 to produce
50% cell kill alone and (D)2 = dose of drug 2 to produce 50%
cell kill in combination with (D)1.
2.2.4. Migration Assay. Human CRC cells (HCT116, and

HT29) were seeded in inserts on a 24-well plate at a
concentration of 20000 cells per insert side for HCT116 and
30000 cells per insert side for HT29 cells, each in 75 μL of
fresh complete medium and incubated at room temperature to
reach 85−90% confluency for almost 24 h. Afterward, inserts
were removed, and cells were incubated for 1 h with 10 μg/mL
of mitomycin C to pause cell proliferation, the medium was
discarded and cells were washed with fresh media three times
before treatment with around GI50 concentrations of clorgy-
line. Images were captured at zero, and 24 h using an EVOS
XL Core imaging system at 4× magnification. Digital images
were analyzed for wound area using ImageJ software, ver.
1.53e.43

2.2.5. Annexin V-FITC/Propidium Iodide Apoptosis Assay.
Colorectal cancer cells were plated in 6-well plates at a seeding
density of 3 × 105 cells per well for HCT116 and 4 × 105 cells
per well for Caco2 cell lines, both in duplicates and to a final
volume of 5 mL of media per well. Then it was allowed to
attach for 24 h in the humidified controlled temperature
incubator set at 37 °C, 95% humidity, and 5% CO2. Afterward,
cells were then treated with double GI50 concentration of
clorgyline for 24 h, while doxorubicin was used as a positive
control. Wells with only fresh full medium were used as the
negative control. After 24 h of incubation with treatment,
floating cells were collected in 5 mL flow tubes, and the
adherent cells were harvested using 500 μL of trypsin, both

floating and adherent cells were collected in the 5 mL flow
tube and centrifuged according to the manufacturer protocol at
1400 rpm, 4 °C for 10 min. The supernatant was discarded,
and resuspension of the cell pellet was conducted in 500 μL
cold PBS and again centrifuged for washing any residual media.
The pellets were resuspended in 200 μL of 1× binding buffer
per tube. Cells then were stained with 5 μL Annexin V-FITC
and allowed 5 min of incubation at room temperature,
followed by the addition of propidium iodide (50 μg/mL) to
each tube and analyzed immediately using BD FACSCanto II
flow cytometer (BD Biosciences, USA). The analysis was
performed using BD FACSDiva software.
2.2.6. Real-Time Polymerase Chain Reaction. Human

CRC cells (HCT116) were seeded in a Petri dish at a density
of 3 × 105 cells per dish, while fibroblasts were seeded in a
Petri dish at a density of 1 × 106 cells per dish, and both
allowed for incubation overnight to ensure adherence to
confluency. HCT116 cells were treated around GI50 of
clorgyline for 24, and 48 h: both in duplicates. Fibroblasts
were not treated and only used as a baseline for normal cells,
while as well an untreated HCT116 control was accounted for.
After each treatment time elapsed, the total RNA of cells was
extracted and purified using Direct-zol RNA Miniprep Plus kit
according to manufacturer protocol, moreover, nanodrop was
used to assess the purity and concentration of RNA produced.
Afterward, the reverse-transcription reaction solution was
carried out on ice by adding 2 μL of 5× PrimeScript RT
Master Mix, 500 ng of total RNA, and completed with RNase
Free dH2O up to 10 μL. Afterward, a reverse-transcription
reaction was performed at 37 °C for 15 min, followed by 85 °C
for 5 s for reverse transcriptase heat inactivation and then at 4
°C to allow first-strand cDNA synthesis, which was also
confirmed for purity and quantity using nanodrop. Quantita-
tive real-time PCR was conducted using SYBR Green Real-
time PCR Master Mix through a 7900 real-time PCR detection
system (Applied Biosystems, USA). Primer sequences and
their optimized annealing temperatures (Ta) are shown in
Table 1
Using 20 μL of sample volume per reaction, recommended

thermal cycling included one initial denaturation cycle at 95 °C
for 15 min, followed by 45 cycles of 95 °C for 15 s, Ta °C for
30 s, and 72 °C for 30 s. The MAO elongation step was carried
out at 72 °C for 55 s. Changes of expression were normalized

Table 1. Primers’ Forward and Reverse Sequences with
Their Optimized Annealing Temperaturea

primer primer sequence
Ta
(°C)

MAOA forward:
5-GCCAAGATTCACTTCAGACCAGAG-3

59

reverse: 5-TGCTCCTCACACCAGTTCTTCTC-3
Bcl-2 forward:

5-TTGTGGCCTTCTTTGAGTTCGGTG-3
59

reverse:
5-GGTGCCGGTTCAGGTACTCAGTCA-3

VEGF forward: 5-CTACCTCCACCATGCCAAGT-3 59
reverse: 5-GCAGTAGCTGCGCTGATAGA-3

GAPDH forward: 5-ACAACTTTGGTATCGTGGAAGG-3 58
reverse: 5-GCCATCACGCCACAGTTTC-3

aTa: annealing temperature; MAOA: gene for monoamine oxidase-A
enzyme; Bcl-2: gene for B-cell lymphoma 2; VEGF: gene for vascular
endothelial growth factor; GAPDH: gene for glyceraldehyde 3-
phosphate dehydrogenase.
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against the GAPDH housekeeping gene using ΔΔCt method
described in eq 3 (ΔΔCt method to assess relative fold
difference in gene expression).44

= =

= =

CTE Ct Ct Ct CTE CTC

CTC Ct Ct fold difference 2TC

(TC) (HC)

( ) (HC)
Ct

(3)

where TE is gene being tested experimental, TC is gene being
tested control, HE is housekeeping gene experimental, and HC
is housekeeping gene control. ΔCt values for the experimental
(ΔCTE) and control (ΔCTC) conditions, respectively.
2(−ΔΔCt) is the expression fold change.
2.3. Statistical Methods to Analyze Experimental

Data. Data analysis was performed using GraphPad Prism
software (GraphPad Prism version 9.0.0 for Windows,
GraphPad Software, San Diego, California USA) and a
statistical package for the social sciences software (IBM
Corp. Released 2016. IBM SPSS Statistics for Windows,
Version 24.0. Armonk, NY, IBM Corp.). Differences between
treatment groups were analyzed using independent sample t
tests, one-way ANOVA, or two-way ANOVA as appropriate.
Paired sample t tests were employed to evaluate cell viability at
different time points. Data are presented as mean ± SD, with p
< 0.05 considered statistically significant. A nonlinear
regression analysis was used to calculate GI50 values. The
combination index (CI) was calculated using CompuSyn
software (Combosyn Inc., Paramus, NJ, USA), which is based
on Chou-Talalay’s Combination Index Theorem. The wound
area was measured using ImageJ software, Ver 1.53e.43

3. RESULTS
3.1. Computational Results. In this work, we relied on an

informatics systems biology workflow to formulate testable
hypotheses regarding the putative anticancer effects of MAO-A
inhibitor clorgyline. This workflow relied on the methods
developed by Hajjo et al.29−32 and tweaked to study the
systems biology effects of MAO-A inhibitors considering
available transcriptomics data for MAO-A inhibitors, in
general, and clorgyline, in particular, as shown in Figure 1.
3.1.1. Clorgyline Gene Signature (GS). The process of

deriving a transcriptional gene signature (GS) for clorgyline
was described in the Materials and Methods section. The
derived GS consisted of 304 DEGs (263 upregulated genes and
41 downregulated genes) that passed the filtration criteria of

log2FC of ≥2 or ≤−2 and FDR ≤ 0.05. This gene signature
was then used to query chemogenomics and systems biology
databases to identify chemical compounds and genetic
perturbations that resemble the effects of chlorogene on
gene transcription. Clorgyline’s gene signature can be found in
Supporting Information, Table 1.
3.1.2. Similar Chemical and Genetic Perturbations

Predicted from the CMap. Clorgyline GS consisting of 307
DEGs was used to query the CMap to identify chemical
compounds and genetic perturbations capable of inducing
transcriptomic effects similar to those induced by clorgyline in
treated cancer cell lines. Our results indicated that there is 41
positive connectivity (i.e., transcriptionally similar) compound
hits to clorgyline with CMap scores ≥90%. The top ten scoring
compound hits are shown in Table 2 and six of them are
apoptotic simulants. Mining the biomedical literature for
potential links between compound hits and apoptosis indicated
that all top 10 compound hits, with a positive connectivity
score, are linked to apoptosis.
The CMap analysis also revealed genes that upon over-

expression (oe) or knockdown (kd) led to transcriptional
effects similar to those of clorgyline. The top 10 genetic
positive connectivity perturbagens to clorgyline are shown in
Table 3. Further analysis indicated that all top 10 genetic
perturbagens are implicated in apoptosis and/or cancer
according to experimental evidence published in the
biomedical literature.
3.1.3. Upstream Causal Reasoning Hubs. Upstream

analysis was performed using the DEGs in clorgyline’s GS.
About 675 activated and 544 inactivated upstream regulators
including transcription factors, kinases, phosphatases, and
microRNAs (Supporting Information, Table 2) were success-
fully predicted. All prioritized upstream regulators have
prediction activities with p-values ≤ 0.05 and a calculation
distance = 1−3. The prioritized upstream regulators have rank
scores based on the number of differentially expressed genes
that can be reached via the shortest paths and the correctness
of the regulation. The accuracy of activity predictions is
evaluated based on the activation and inhibition edges along
the pathways and the alignment between the expected and
observed directionality of fold changes in the DEGs. It is
important to note that the calculation distance is a crucial
parameter for distinguishing direct regulatory effects from
indirect ones. For instance, a calculation distance of 1 indicates
that the upstream regulator is directly one step from the

Figure 1. Workflow for studying the systems biology effects of MAO-A inhibitor clorgyline. GS is the gene signature; CMap is the connectivity
map.
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Table 2. Chemical Perturbagens with the Top Positive CMap Connectivity Scores to Clorgyline

aScore refers to the CMap score. It represents the level of similarity between transcriptional effects induced by clorgyline and each of the
compound perturbagens shown in the table. bValidation refers to the presence of any supporting evidence from the biomedical literature that the
predicted clorgyline mimics have anticancer effects.
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transcriptional event, signifying that the regulation is direct.
Table 4 shows the top 10 causal reasoning hubs for clorgyline’s
DEGs.
3.1.4. Downstream Pathway Enrichment. Downstream

enrichment analysis was performed using clorgyline’s GS (i.e.,
DEGs) as a query to MetaCore and employing the enrichment
analysis workflow. The top 10 highest confidence enriched
pathways are shown in Table 5. Each pathway has three p-
values: (1) the p-value resulting from genes in clorgyline’s GS
(i.e., DEGs that passed the default setting for gene expression

and p-value), (2) the p-value resulting from predicted causal
hubs, and (3) the union p-value resulting from genes in the GS
plus causal hubs. Hypotheses are ranked based on their union
p-values (Table 5).
Furthermore, we explored MAO-A’s nearest neighbor

protein−protein interactions network which was generated
using Cytoscape40 based on STRING interactions. The derived
interaction network was then used as a query to perform
enrichment analysis of network genes/proteins in Cytoscape.
Results indicated that the genes/proteins in MAO-A’s nearest

Table 3. Genetic Perturbagens with the Top Positive CMap Connectivity Scores to Clorgyline

No. gene scorea type description validationb

1 GAMT 99.82 kd methyltransferase apoptosis61

2 PDX1 99.49 kd homeoboxes/ANTP class; HOXL subclass regulates pancreatic ductal adenocarcinoma initiation and maintenance62

3 ATG12 99.45 kd autophagy-related 12 cancer prognosis63

4 G6PD 99.42 kd glucose-6-phosphate dehydrogenase cancer growth64

5 FYN 99.37 kd Src family cancer growth, metastasis, apoptosis, migration, chemotherapy resistance65

6 ANXA1 99.26 kd annexins tumorigenesis biomarker66

7 NRBP2 99.08 kd NRBP family tumor suppressor67

8 TSPAN8 98.89 kd tetraspanins cancer cell stemness, chemotherapy resistance68

9 CDX1 98.89 kd homeoboxes/ANTP class: HOXL subclass tumor suppressors69

10 FST 98.79 kd follistatin (FST) is a secretory glycoprotein tumorigenesis, metastasis, angiogenesis of solid tumors70

aScore refer to the CMap score. It represents the level of similarity between transcriptional effects induced by clorgyline and each of the compound
perturbagens shown in the table. bValidation refers to the presence of any supporting evidence from the biomedical literature that the predicted
positive gene connections to clorgyline have anticancer effects.

Table 4. Top 10 Causal Reasoning Hubs for Clorgyline’s GS

No.
molecular
entity gene

predicted
activity

activity
prediction p-

value distance validation

1 OTUD1 OTUD1 − 6.64 × 10−12 3 Exacerbates colon cancer progression.71

2 GHET1 GHET1 + 8.48 × 10−12 3 Knockdown of long noncoding RNA GHET1 inhibits cell proliferation and invasion
of colorectal cancer.72

3 miR-24-3p MIR24-1 − 8.89 × 10−12 2 miR-24-3p promotes colon cancer progression by targeting ING1.73

MIR24-2
4 RNF12 RLIM − 8.89 × 10−12 3 Ring finger protein 2 promotes colorectal cancer progression by suppressing early

growth response 1.74

5 PSMA3 PSMA3 + 2.09 × 10−11 3 PSMA3-AS1, is an antisense RNA molecule that is transcribed from the opposite
DNA strand of the PSMA3 gene, and it regulates PSMA3. PSMA3-AS1 promotes
colorectal cancer cell migration and invasion via regulating miR-4429.75

6 MALAT1 MALAT1 + 2.58 × 10−11 2 MALAT1 expression is associated with CRC cell proliferation, tumorigenicity, and
metastasis.76

7 tubulin
alpha-1B

TUBA1B − 2.74 × 10−11 3 Has oncogenic role in some human cancers.

8 endophilin
A2

SH3GL1 + 2.87 × 10−11 3 Has oncogenic role in some human cancers.

9 miR-24-3p MIR24-1 − 3.00 × 10−11 3 miR-24-3p promotes colon cancer progression by targeting ING1.73

MIR24-2
10 miR-572 MIR572 + 4.48 × 10−11 3 Contributes to CRC progression.77

Table 5. Top 10 Pathway Maps Enriched with Clorgyline’s DEGs

No. pathway map union p-value DEG p-value key hubs p-value direction

1 ligand-independent activation of androgen receptor in prostate cancer 4.91 × 10−10 5.68 × 10−04 4.34 × 10−07 NA
2 role of microRNAs in cell proliferation in colorectal cancer 1.37 × 10−08 3.66 × 10−02 2.06 × 10−07 NA
3 development_androgen receptor in reproductive system development 4.67 × 10−08 7.75 × 10−03 3.02 × 10−06 −
4 WNT signaling in the progression of lung cancer 5.89 × 10−08 8.11 × 10−03 3.59 × 10−06 NA
5 DNA damage_double-strand break repair via homologous recombination 6.40 × 10−08 2.37 × 10−04 1.30 × 10−05 +
6 TGF-beta signaling via kinase cascades in breast cancer 1.50 × 10−07 2.26 × 10−02 5.85 × 10−07 NA
7 regulation of GSK3 beta in bipolar disorder 1.74 × 10−07 1.14 × 10−02 8.40 × 10−06 NA
8 signal transduction_S1P1 receptor signaling 3.27 × 10−07 2.71 × 10−02 5.72 × 10−06 NA
9 DNA damage_ATM activation by DNA damage 3.69 × 10−07 7.48 × 10−04 1.24 × 10−04 NA
10 role of inhibition of WNT signaling in the progression of lung cancer 8.35 × 10−07 4.13 × 10−02 1.24 × 10−05 NA
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neighbor network are enriched in several cancer pathways
including prostate cancer and proteoglycans in cancer.

Furthermore, several pathways pivotal to tumorigenesis and
cancer progression were involved including MAPK signaling,

Figure 2. Pathway enrichment and genomic alterations for MAO-A and five colon cancer cell lines. (A) Pathways analysis for the MAO-A protein−
protein interaction network. (B) MAO-A genomic alterations in cancer were determined using cBioPortal. (C) Affected cancer pathways were
across five different colon cancer cell lines. The affected cancer pathways are shown on the x-axis. The number of affected genes in each pathway is
shown on the y-axis. The NRF2 pathway is not shown because it was not perturbed in any of the analyzed colon cancer cell lines.
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TNF signaling and RAS signaling pathways with different levels
of alterations (Figure 2A,B).
3.1.6. Comparison of Colon Cancer Cell Lines. Five colon

cancer cell lines maintained in our lab were compared based on

the affected genes across 10 cancer pathways monitored by the
cBioPortal project:78 cell cycle, HIPPO, MYC, NOTCH,
NRF2, PI3K, RTK-RAS, TGF-Beta, TP53, and WNT. The
results of this analysis are shown in Figure 2C.

Table 6. Micromolar (μM) GI50 Values for MAO-A Inhibitor Clorgyline in Five CRC Cell Lines at Three Incubation Times

time (h) HCT116 Caco2 SW480 SW620 HT29

24 230.1 ± 3.2 237.8 ± 0.7 256.6 ± 0.8 248.8 ± 1.0 212.3 ± 0.9
48 84.5 ± 6.1 150.3 ± 6.2 132.7 ± 6.7 118.5 ± 1.7 132.6 ± 5.2
72 66.9 ± 7.1 108.1 ± 4.0 85.8 ± 4.0 103.1 ± 1.9 83.1 ± 4.4

Figure 3. (A) Time-dependent inhibition of HCT116, Caco2, SW480, SW620, and HT-29 colorectal cancer cells at 24, 48, and 72 h treatment
duration with clorgyline. The data shown represent the GI50 ± SD. GI50 was calculated by using Prism software. Each experiment was performed in
triplicate and repeated at least twice independently. P-value < 0.05 indicates statistical significance in comparison to GI50 at 24 h treatment, while
asterisk: ns (not significant) P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 (according to GraphPad prism 9). μM: micromolar.
(B) Effects of doxorubicin alone and in combination with MAO-A inhibitor clorgyline treatment in HCT116, Caco2, SW620, and HT-29 colorectal
cancer cells. The data shown represent mean percentages of cell viability ± SD. Each experiment was performed in duplicate in three independent
trials (n = 6). P-value < 0.05 expresses significantly different from respective doxorubicin treatment; asterisk: ns (not significant) P > 0.05; *P ≤
0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 (according to GraphPad prism 9). μM: micromolar.
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3.1.7. Integrating Results and Hypothesis Generation.
CMap compound hits highlight apoptosis and cancer path-
ways. CMap gene hits highlighted cancer involvement. Causal
reasoning gene/protein hits hubs involved in cancer and
microRNAs in cancer. Enriched pathway maps highlighted
microRNAs in CRC, WNT, DNA-damage, TGF-beta, WNT,
ATM signaling, and GSK3-beta. MAO-A network biology
highlighted MAPK, TNF, AGE-RAGE, toll-like receptor, C-
type lectin receptor, proteoglycans, cAMP signaling, neuro-
trophen, and RAS signaling.
3.3. Experimental Results. 3.3.1. Effects of MAO-A

Inhibitor on the Viability of CRC Cell Lines. Five human
cancer cell lines (HCT116, Caco2, SW480, SW620, and HT-
29) representing different molecular subtypes of CRC were
used to investigate the effects of MAO-A inhibition by
clorgyline on cellular viability and proliferation by using the
MTT assay. Normal dermal fibroblasts were used as a control.
All cells were exposed to increasing concentrations of
clorgyline for 24, 48, and 72 h. Clorgyline has shown
antiproliferative activity, as treated CRC cells had reduced
cellular viability compared to untreated CRC cells. GI50 values,
which describe 50% inhibitory concentration, for MAO-A
inhibitors treatment against tested human CRC cell lines
ranged from 66.9−256.6 μM (Table 6). The analysis of the
statistical significance is shown in Figure 3A. Moreover,
clorgyline did not affect the viability of normal dermal
fibroblasts at the same range of concentrations used against
the human CRC cell lines.
Clorgyline’s micromolar GI50 is reported in the table as

(mean ± SD). Experiments were conducted for treatment
durations of 24, 48, and 72 h. All experiments were run in
triplicate for at least three independent trials (n = 6). SD:
standard deviation; h: hour.
3.3.2. Effects of MAO-A Inhibitor and Doxorubicin

Combination on the Viability of CRC Cell Lines. The
anticancer effects of combining MAO-A inhibitor clorgyline
and doxorubicin on CRC cancer cell lines were determined by
treating HCT116, Caco2, SW480, SW620, and HT-29 cells
with doxorubicin and clorgyline at a combination ratio of
1:100 (doxorubicin: clorgyline) for 24, 48, and 72 h. Results
shown in Figure 3B indicated that this combination
significantly decreased cell survival (i.e., in terms of GI50 fold
reduction) when compared with the respective doxorubicin
single treatments. The combination doxorubicin-clorgyline has
significantly reduced the GI50 of doxorubicin at 24 h for
HCT116 (3.8 folds), Caco2 (110.4 folds), SW620 (8.5 folds),
and HT29 (1.9-fold), as shown in Table 7. The combination
index (CI) values for doxorubicin-clorgyline are listed in Table
8. Treatment with a combination of MAO-A inhibitor
clorgyline with doxorubicin resulted in a synergistic effect
(i.e., CI < 1) in all treated cell lines and at most tested times, as
shown in Table 8.

3.3.3. Effects of MAO-A Inhibition on the Migration of
CRC Cell Lines. To assess the effects of MAO-A inhibition on
the 2D migration of CRC cell lines, a wound healing assay was
conducted using sub-GI50 clorgyline treatments on HCT116
and HT29 cells, which showed the best combination indices at
all three tested times (24, 48, and 72 h). Complete or almost
complete closure of wounds (i.e., total or partial closure) in the
untreated samples was observed after 24 h as shown in Figure
4A. In contrast, clorgyline treatment for 24 h led to inhibition
of cell migration. Treatment with clorgyline resulted in
approximately 70% inhibition of wound closure at sub-GI50
concentrations for both cell lines used (HCT116 and HT29),
as shown in Figure 4B.
3.3.4. Effects of MAO-A Inhibition on Apoptosis of CRC

Cell Lines. The annexin V-FITC/PI double staining assay was
performed to examine whether the cellular viability effects of
clorgyline were mediated through apoptosis and/or necrosis.
Our results indicated that treatment of HCT116 and Caco2
cells with clorgyline at double GI50 concentrations led to a
significant increase in early (Q4) and late (Q2) apoptosis in
CRC cell lines as indicated by the Q2 + Q4 regions of the dot
plots shown in Figure 5A. Clorgyline had significantly induced
apoptosis in HCT116 (52.9%) and Caco2 (55%) cells
compared to untreated controls of both cell lines (7.8% and
4.2%), respectively. A quantitative comparison of each cell
phase (healthy, apoptotic, and necrotic) was performed and is
shown in Figure 5B.
3.3.7. Clorgyline’s Effects on Gene Expression in CRC Cell

Lines. The gene expression levels of MAO-A, Bcl-2, and VEGF
(i.e., the most sensitive cell line after 48 h) were determined
using qPCR in HCT116 and fibroblasts (i.e., control) with and
without MAO-A inhibitor treatment. Our results indicated that
MAO-A, Bcl-2, and VEGF were overexpressed in HCT116
relative to fibroblasts as shown in Figure 6A,B corresponding
to untreated cells and clorgyline-treated, respectively. Sub-GI50
concentrations of clorgyline were used to determine the

Table 7. Micromolar (μM) GI50 Values for Doxorubicin Alone and in Combination with a MAO-A Inhibitor Clorgyline
Treatment in Colorectal Cancer Cell Linesa

HCT116 Caco2 SW480 SW620 HT29

time (h) Doxo Comb Doxo Comb Doxo Comb Doxo Comb Doxo Comb

24 4.92 1.29 352.26 3.19 NA NA 17.37 2.04 2.80 1.50
48 0.15 0.15 42.77 2.29 NA NA 0.28 0.27 0.43 0.41
72 0.14 0.12 1.79 0.65 NA NA 0.11 0.07 0.28 0.27

aSD is not reported here since none exceeded 5%. h: hour; Doxo: doxorubicin; Comb: combination of doxorubicin and clorgyline [1:100] GI50
(μM).

Table 8. Combination Indices for Doxorubicin and MAO-A
Inhibitor Clorgyline in CRC Cell Linesa

time (h) HCT116 Caco2 SW620 HT29

24 0.73 0.86 0.80 0.94
48 0.94 0.51 0.98 0.91
72 0.89 0.68 0.67 1.05

aThe data shown represent the combination index for different
colorectal cancer cell lines and their respective mean ± SD. Cells were
cultured and allowed to attach overnight. The next day, cells were
treated with different concentrations of Doxorubicin alone and in
combination with clorgyline at a constant combination ratio (1:100)
for 24, 48, and 72 h. After that, the cell viability was determined using
the MTT assay. All experiments were performed in duplicates, in
three independent trials (n = 6). h: hour.
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changes in gene expression in clorgyline-treated HCT116 cells,
at 24 and 48 h, in comparison to untreated HCT116. Figure
6B shows that clorgyline treatment resulted in slightly
increased RNA levels of MAO-A and VEGF over time, while
the expression level of Bcl-2 was reduced.

4. DISCUSSION
The integration of computational results has brought to light
several biological processes and pathways implicated in the
mechanism of action of MAO-A inhibitors in cancer. An
informatics approach centered on ligands, employing CMap,
causal reasoning, and pathway enrichments, emphasized
apoptosis and other cancer pathways. The top 10 CMap
positive compound connections with clorgyline’s GS primarily
comprised apoptosis stimulators, underscoring the significance
of apoptosis in the analysis. Upstream causal reasoning hubs,
for clorgyline’s GS, highlighted important proteins and
microRNAs involved in cancer progression with validated
roles in colorectal cancers. Downstream analysis results

indicated that clorgyline’s GS is enriched in several cancer
pathways including microRNAs in colorectal cancer, WNT
signaling, DNA damage, and TGF-beta.
Furthermore, a protein/gene-based informatics approach

focusing on the MAO-A nearest-neighbor protein−protein
interactions network highlighted MAPK, TNF, IL-17, cMAP,
and RAS signaling pathways. Additionally, proteoglycans in
cancer were highlighted in this analysis. The integration of
these computational results pointed to an anticancer
therapeutic potential of MAO-A inhibition using small
molecule inhibitors such as clorgyline.
Few reports have demonstrated the overexpression of MAO-

A in cancer. Herein, we report an increased relative expression
of MAO-A isoenzyme in the human CRC cell line, HCT116,
compared to that of normal dermal fibroblasts. About a 3-fold
increased expression was detected using RT-PCR in the
HCT116 cell line. Our experimental results validated the
predicted antiproliferative and apoptotic activities of clorgyline
in colorectal cancer cell lines (HCT116, Caco2, SW480,
SW620, and HT-29). Treatment of CRC cell lines with the
MAO-A inhibitor clorgyline inhibited the growth of colorectal
cancer cell lines in a time- and concentration-dependent
manner in comparison to untreated cells. Furthermore, our
results indicated that HCT116 cells exhibited the highest
responsiveness to clorgyline among all tested CRC cell lines,
while Caco2 cells were the least responsive.
The results have also demonstrated synergistic effects for the

combination of MAO-A inhibitor clorgyline with doxorubicin
in most cell lines. Doxorubicin is a cytotoxic drug that acts
primarily through the inhibition of topoisomerase II and the
generation of free radicals. Despite its limited use in colorectal
cancer (CRC) treatments, due to reduced organ selectivity
and/or increased tumor resistance,79 doxorubicin remains a
universally effective chemotherapeutic agent, extensively
employed across various cancers, including lung, multiple
myeloma, and thyroid cancers. Herein, we highlighted the
advantage of combining MAO-A inhibitor with doxorubicin by
amplifying the antiproliferative effects, thus enabling the
administration of lower drug doses while preserving or
enhancing therapeutic effectiveness. The combination index
for clorgyline-doxorubicin, despite being majorly synergistic,
fluctuated and was dependent on treatment duration, cell line
type, combination ratio, and concentration range. These results
suggest that the effects of combining MAO-A inhibitors with
other anticancer drugs such as doxorubicin could be variable
and may be affected by the cancer microenvironment and the
combined anticancer agents and their mechanisms of action
and/or resistance.
Interestingly, the results of the two-dimension model

(wound healing, or scratch assay demonstrated that clorgyline
inhibits wound closure in HCT116, and HT29 cell lines at sub-
GI50 concentrations due to inhibiting cell migration. In
HCT116 cells, clorgyline exhibited a pronounced antimigra-
tory effect, indicating a probable concentration dependence, as
evidenced by noticeable differences in migration inhibition
between treatments of 100 μM and 125 μM under identical
conditions. Interestingly, our antimigratory results of clorgyline
against HCT116 cells are consistent with other cancer types
previously reported such as the study of Satram-Maharaj, T. et
al. using MDA-MB-231 breast cancer cell line revealing how
Clorgyline could inhibit the cancer cell proliferation and
growth in anchorage-independent.27

Figure 4. Effects of MAO-A inhibitor clorgyline on cellular migration
of HCT116 and HT29. (A) Wound pictures at 0 time and 24 h post-
treatment captured at 10× magnification using EVOS XL Core
imaging system. NA: not applicable; h: hour; μM: micromolar. (B)
Quantitative comparison of HCT116 and HT29 cells. Each
experiment was performed in duplicate in three independent trials
(n = 6). P-value < 0.05 express significantly different from respective
untreated condition; while asterisk: ns (not significant) P > 0.05; *P
≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 (according to
GraphPad prism 9). μM: micromolar.
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In contrast, clorgyline has significantly induced apoptosis in
HCT116, and Caco2 CRC cell lines when compared with the
respective untreated control cells, whereas necrosis was not
affected. This result validated the computational hypothesis
regarding the apoptotic effects of clorgyline.
The Wnt/β-catenin pathway can upregulate Bcl-2 expression

by stabilizing β-catenin, which then translocates to the nucleus
and acts as a transcriptional coactivator for TCF/LEF
transcription factors that promote Bcl-2 gene expression.80 In
addition, β-catenin, when stabilized and translocated to the
nucleus, can also promote VEGF expression by binding to the

promoter regions of VEGF genes. This contributes to
angiogenesis, a key process in tumor growth and metastasis.81

On the other hand, activation of RTK leads to downstream
signaling through the RAS-RAF-MEK-ERK pathway, which
can enhance the transcription of Bcl-2 and VEGF. Addition-
ally, the PI3K-Akt pathway, activated by RTKs, promotes Bcl-2
expression, by inhibiting pro-apoptotic factors and supporting
cell survival, and increases VEGF expression by promoting the
transcription and stability of HIF-1α, a key regulator of VEGF
under hypoxic conditions.82,83

Figure 5. Apoptotic and necrotic effects of clorgyline on HCT116 and Caco2. (A) Dot plot for annexin V-FITC/PI staining expressing the effect of
MAO-A inhibitor, clorgyline 400 μM for 24 h (double GI50) treatment on apoptosis of colorectal cancer cell lines, HCT116 and Caco2. Q3 shows
healthy viable cells, Q1 necrotic cells, Q2 late apoptotic, and Q4 early apoptotic cells. The experiment was performed in duplicate and repeated in
two independent trials (n = 4). h: hour; μM: micromolar. (B) Percentages of healthy, apoptotic, and necrotic cells expressed as mean ± SD
expressing the effect of MAO-A inhibitor, clorgyline 400 μM for 24 h (double GI50) treatment on apoptosis of colorectal cancer cell lines, HCT116
and Caco2. The experiment was performed in duplicate and repeated in two independent trials (n = 4). P-value < 0.05 express significantly different
from respective untreated cells’ status; while asterisk: ns (not-significant) P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001
(according to GraphPad prism 9).
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This study involved an evaluation of the concentration- and
time-dependent effects of the MAO-A inhibitor, clorgyline, on
the expression of MAOA, Bcl-2, and VEGF genes using the
HCT116 cell line. Clorgyline did not significantly affect
MAOA gene expression at sub-GI50 concentrations for both 24
and 48 h; however, a slight increase in MAOA expression was
noted after 48 h of treatment, possibly due to positive feedback
resulting from the irreversible inhibition of MAO-A enzyme
activity by clorgyline. Additionally, there was a significant
increase in VEGF gene expression over time, likely associated
with the hypoxic stress environment of the cells and their
stimulation of angiogenesis.84,85 This finding is consistent with
a previous study where clorgyline-mediated suppression of
MAO-A promoted tumor angiogenesis and invasion in a
hypoxic breast cancer environment.86

The Bcl-2 gene, widely recognized as a key regulator of
apoptosis, exhibited a consistent decrease in gene expression

over time following exposure to sub-GI50 concentrations of
clorgyline for 24 and 48 h. This decline in Bcl-2 expression
aligns with its established role as an antiapoptotic oncogene,
acting through various mechanisms.87,88 On the other hand,
increased expression of the VEGF gene was observed over time
following exposure to sub-GI50 concentrations of clorgyline for
24 and 48 h. Further experimentation is warranted to
understand the role of MAO-A inhibition in the regulation
of VGEF expression in cancer.

5. CONCLUSIONS
This study applied an integrative informatics approach to
prioritize a high-confidence hypothesis regarding the anti-
cancer effects of MAO-A inhibition using the small molecule
inhibitor clorgyline through inducing apoptosis in CRC cell
lines. Our computational findings were then validated by in
vitro experimental assays, which revealed the antiproliferative
and antimigratory activities in addition to synergistic effects
with other anticancer agents such as doxorubicin. Experimental
validation results also revealed that clorgyline is an apoptosis
inducer; pointing to a putative role of MAO-A inhibitors in
commencing human colorectal cancer death by potentially
mediating the induction of apoptosis, tumor hypoxia, and
oxidative stress. Additionally, this study provides robust
evidence of several relative gene expressions in human
colorectal cancer compared with normal cells. Remarkably,
this study offers compelling and consistent evidence high-
lighting the time-, concentration-, and cell-line-dependent
activity of MAO-A inhibitors in colorectal cancer.
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