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ARTICLE INFO ABSTRACT

Received: 2025/06/1 Colorectal cancer (CRC) is a malignancy with a significant global disease

Revised: 2025/08/2 burden.Trimethylamine N-oxide (TMAO), a gut microbiota-derived metabolite, has been

Accepted: 2025/09/3 implicated in tumorigenesis. The oncogenic long non-coding RNA highly upregulated in
liver cancer (HULC) plays a pivotal role in CRC progression. However, the exact
molecular mechanism of HULC and its correlation with TMAO in CRC pathogenesis has
remained unclear. This study tested whether TMAO regulates HULC and whether HULC
mediates changes in selected mMiRNAs relevant to CRC.
Caco-2 cells were treated with TMAO (300 puM, 24 h) and HULC expression was
quantified by RT-gPCR. HULC was transiently silenced using CRISPR/Cas13 (CasRXx)
and the expression of candidate downstream miRNAs (miR-21-5p, miR-200a-3p and
miR-34a-5p) was measured by stem-loop RT-gPCR. Data are presented as mean + SD of
at least three independent biological replicates. Group differences were analyzed by
ANOVA with appropriate post-hoc testing.
TMAO treatment significantly increased HULC expression in Caco-2 cells. TMAO also
elevated miR-21-5p and miR-200a-3p levels; these increases were attenuated when
HULC was silenced. miR-34a-5p expression was not significantly affected by TMAO or
by HULC knockdown.
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Introduction

Colorectal cancer (CRC) is one of the most
common and aggressive human malignancies
worldwide. In addition, it is the third most prevalent
cancer in both men and women and the second leading
cause of cancer-related death worldwide (1-3). Despite
considerable advances in the diagnosis and treatment
of CRC, the overall mortality rate of CRC remains
high, because the tumor is often well-advanced and
rapidly progressed at the time of diagnosis (4). Cell
proliferation, apoptosis, differentiation, and metastasis
are all involved in the initiation and progression of
epithelial cell cancers (5, 6). Therefore, a thorough
understanding of CRC pathogenesis at the molecular
level will be required to develop better approaches for
CRC prevention and early diagnosis.

Trimethylamine N-oxide (TMAO) is a gut
microbiota-derived metabolite that is generated from
the metabolism of dietary choline, phosphatidylcholine
(PC), betaine, and L-carnitine (7). It has been linked to
the pathogenesis of inflammation in various diseases
such as atherosclerosis, non-alcoholic fatty liver
disease, diabetes, obesity, multiple sclerosis, and CRC
(8, 9). TMAO is involved in CRC progression, and
metastasis through different mechanisms, such as
inflammation, DNA damage, and activating cancer-
causing signaling pathways (10). TMAO can cause
inflammation by activating the p38MAPK pathway, a
vital signaling pathway in inflammation, which is
activated by different stimuli such as cytokines, growth
factors, and stress signals (11).

The human genome contains approximately 2% of
protein-coding genes and several non-coding RNAs
(ncRNAs) (12). Long non-coding RNAs (IncRNASs)
are a class of ncRNAs (>200 nucleotides in length) that
are not translated into proteins, but can modulate gene
expression through various mechanisms at both
transcriptional and post-transcriptional levels. They
have been reported to play key roles in various cellular
processes, including proliferation, differentiation,
migration, apoptosis, and invasion (13-15).
Additionally, the dysregulation of various INCRNAs
has been observed in the tumorigenesis of several
human malignancies, including CRC, and they have
been shown to have either oncogenic or tumor-
suppressive functions (16, 17). Highly up-regulated in
liver cancer (HULC) is a IncRNA that is up-regulated
in CRC, pancreatic cancer, hepatocellular carcinoma,
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and osteosarcoma, which may function as an oncogene
by targeting different miRNAs (18-20). However, the
biological roles and underlying molecular mechanisms
of HULC in CRC tumorigenesis remain unclear.
HULC might increase to published evidence, HULC
tightly regulates P38MAPK pathway both at mRNA
and protein level(21).

MicroRNAs (miRNAs) have been recognized as
important regulators of mRNA processing. However,
their involvement in disease processes has only
recently been extensively studied, with a growing body
of research highlighting their roles in carcinogenesis,
chemoresistance, metastasis, and epithelial-to-
mesenchymal transition (EMT) regulation, and with
Colorectal Cancer: Risk Factors, Novel Approaches in
Molecular Screening and Treatment (22-24). The
overexpression of miR-21-5p has been observed in
both tumor tissues and cell lines of CRC patients (25).

It plays a crucial role in regulating tight junction
(TJ) proteins like occludin and ZO-1 which maintain
the integrity of the intestinal epithelial barrier, thereby
influencing its permeability and function (26). It has
been shown that miR-21 regulates the p38 MAPK
pathway during inflammatory responses following
myocardial infarction and viral infections (27, 28).
MiR-200a-3p is markedly elevated in CRC, acting as
an oncogene by direct inhibition of PTEN, a crucial
regulator of the p38 MAPK signaling pathway, to
enhance cell proliferation, migration, and invasion,
underscoring its pivotal involvement in CRC
tumorigenesis (29). miR-34a-5p, a tumor suppressor, is
downregulated in CRC, influencing p38 activity and
downstream processes such as EMT, apoptosis, and
senescence via both p53-dependent and independent
mechanism (30, 31).

We hypothesized that TMAO may induce HULC
expression, which in turn could influence expression of
miR-21-5p and miR-200a-3p. To test this, we
examined the effects of TMAO on HULC and these
miRNAs in Caco-2 cells and assessed the impact of
HULC knockdown on TMAO-mediated miRNA
regulation

Methods

Cell culture and treatments

Caco-2 cells were obtained from the Pasteur
Institute  (Iran) and cultured in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM)
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supplemented with 10% fetal bovine serum (FBS;
Gibco), 2 mM L-Glutamine, 100 U/mL penicillin
(Gibco), and 100 U/mL streptomycin (Gibco). Cells
were maintained in a humidified incubator at 37 °C
with 5% CO, . For all experiments, cells between
passage 4 and 15 were used. Cells were grown to 70-
90% confluency, harvested, and seeded at a density of
1.0 x 10° cells/well in a 24-well plate for 24 hours.
Trimethylamine N-oxide (TMAO) [Sigma Aldrich,
CAS Number 1184-78-7) stock was prepared in sterile
water and diluted in culture medium to a final
concentration of 300 uM. Vehicle controls received an
equivalent volume of sterile water added to fresh
medium.

The culture media was then removed and replaced
with media containing 300 uM TMAO for 24 hours.
This concentration was selected based on our previous
published research, where we demonstrated that
TMAO exerts significant biological effects in various
cancer cell lines within this dose range(32, 33). Using
a concentration with a proven record of inducing a
molecular response allowed us to reliably investigate
the novel downstream cascade involving HULC and its
miRNA targets in the Caco-2 model. Then the RNA
was extracted from the cells and stored at -70°C until
PCR analysis.

Measurement of cell viability

MTT assay was used to measure the viability of
TMAQO treated cells. Briefly, cells were seeded in a 96-
well plate at a density of 5 x 10° cells per well in 100
pL of DMEM and incubated at 37°C for 24 hours. The
cells were then treated with TMAO for 24 hours. After
treatment, 100 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (Sigma-
Aldrich) at a final concentration of (0.5 mg/mL) was
added to each well and incubated for an additional 4
hours. The culture medium was then removed, and the
insoluble formazan crystals were dissolved by adding
100 pL of DMSO to each well. Finally, the absorbance
was measured at 570 nm using a Synergy HT
microplate reader (BioTek, Winooski, VT, USA) to
determine cell viability. Experiments for cell viability
were conducted using at least three independent
biological replicates.

HULC-/- knockdown using CRISPR/Cas13 system:
The CRISPR/Casl3 system was designed to
specifically target HULC mRNA for degradation. To
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validate the technical efficacy of this system, we
included two critical controls: a non-targeting gRNA to
assess non-specific effects, and a gRNA targeting
Annexin A4 (ANXA4) as a technical positive control.

ANXA4 was specifically chosen for this purpose
for two key reasons. First, ANXA4 is a gene that is
robustly and constitutively expressed in Caco-2 cells,
providing a high baseline transcript level that allows
for the reliable and easily quantifiable measurement of
knockdown efficiency via RT-gPCR. Second, this
specific gRNA targeting ANXA4 was validated in our
laboratory to consistently yield efficient knockdown,
thereby confirming that our entire experimental
pipeline—from plasmid transfection to CasRx-
mediated MRNA cleavage—was functioning as
expected.(34, 35). The guide RNAs (gRNAs) were
designed using the sgRNA design tool available
at https://crispr.mit.edu/ and were synthesized by
Pishgam company (Tehran, Iran).

The sgRNA was cloned CasRX pre-gRNA
cloning backbone (Addgene 109054) that was
linearized with Bbsl restriction enzyme(36). Moreover,
a green fluorescent protein (GFP) reporter was co-
expressed from the CasRx plasmid (pcDNA3-EFla-
CasRx-2A-EGFP; Addgene 109049). The efficiency of
plasmid delivery was qualitatively validated prior to
downstream experiments by confirming widespread
GFP expression throughout the cell culture via
fluorescence microscopy. The gRNA sequences used
in constructing vectors were illustrated in Tablel.
Plasmids containing sgRNA were transfected into
Caco-2 cells with lipofectamine 3000 (Invitrogen,
USA) according to the manufacturer’s instructions.
After transfection, the transfected cells were treated
with TMAO (300uM), for 24 hours in different groups.

RNA Extraction and cDNA Synthesis:

The Total RNA Extraction Kit (Cat. No.:
A101231, Parstous; Iran) was used to extract RNA
from the cells. Briefly, the cells were transferred to a
microcentrifuge tube and 750 pL of RL solution was
added and mixed well by pipetting. After incubating
for 3 minutes at 37°C, 200 uL of chloroform was
added. Following centrifugation, the supernatant was
transferred to a new microcentrifuge tube and 400 pL
of 70% ethanol was added and mixed well by
vortexing. The mixture was then placed in a spin
column and washed twice. Finally, 50 pL of DEPC-
treated water was added to the membrane center of the
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spin column, and the column was centrifuged at high
speed to elute the RNA. The purified RNA was stored
at -70°C for further processing. The cDNA for HULC
expression analysis was synthesized using a cDNA
Synthesis Kit (Cat No: YT4500). In summary, 500 ng
isolated RNA and 1uL random hexamer were mixed in
13.5uL DEPC-treated water and incubated for 5
minutes at 70°C. Subsequently, a mixture containing
5x first-strand buffer (4 pL), dNTPs (10 mM; 1 pL),
RNasin (40 U/uL; 0.5 uL), and M-MLV (1 pL) was
added and incubated at 37° C for 60 minutes.
Ultimately, synthesized cDNA was stored at -20°C.To
synthesize cDNA for miRNA expression analysis, the
BON Stem High Sensitivity MicroRNA 1st Strand
cDNA Synthesis kit (Cat.BON001027SL) was utilized,
which employs a poly(A) tailing and universal adaptor
ligation method. In brief, 500 ng of total RNA and 1
pL of BON-RT adaptor (1 uM) were combined, and
RNase-free water was added to a final volume of 13.5
ML. This mixture was incubated at 75°C for 5 minutes,
then immediately placed on ice. Subsequently, 1 puL of
RT enzyme (1000 U), 2 pL of dNTP (10 mM), and 4
pL of RT buffer were added. The thermal cycling
conditions specified in the manufacturer’s protocol
were then followed.

RT-gPCR

For the RT-qPCR assay, primers were designed by
Gene Runner software (Table 2). Gene expression
analysis was performed on cDNA synthesized from
RNA isolated from each independent biological
replicate. For each biological replicate, RT-gPCR was
run in technical triplicates. Master Mix 2X HRM (Lot
N0:148022362) was used in RT-gPCR. A total 20uL
volume of the final reaction was comprised of 2xqPCR

Mastermix (10uL), 1uL of forward and reverse primer
(10uM), 2uL cDNA (10 or 50 ng) and 6uL ddH20.
The reactions were run on a Corbett RG-6000 machine
(Australia) Real-Time PCR System. The thermal
cycling protocol was as follows: an initial enzyme
activation at 95 °C for 10 minutes; followed by 40
cycles of denaturation at 95 °C for 15 seconds and a
combined annealing and extension step at 60 °C for 60
seconds. Following amplification, a melt curve
analysis was performed. The reverse primer was a
universal reverse primer provided with the BON Stem
kit, which is specific to the universal adaptor sequence
added during cDNA synthesis. To normalize the
expression levels of HULC and miRNAs, the
expression of B-actin and SNORD were respectively,
assessed in parallel with the genes of interest.
SNORDA44 was chosen as the endogenous control for
miRNA normalization due to its established stability in
Caco-2 cells and its consistent Cq values across all our
treatment groups.

Statistical analysis

Gene expression analysis was calculated using the
244C4 method (from the mean of technical replicates
for each independent biological replicate). Cell
viability data from the MTT assay were also analyzed
statistically. To compare mean values across the
multiple treatment groups a One-Way ANOVA test
was used. Following a significant ANOVA result (P <
0.05), post-hoc tests (Tukey’s Multiple were conducted
to identify specific group differences. R version 4.3.0
was used for statistical analysis and graphs were drawn
using Prism (Version 7.0.0). Significance levels were
set at P < 0.05, denoted as *, with non-significant
differences denoted as ns.

Table 1. The gRNAs used in this study

Target RNA Sequence (5'-3") Target Target Strand Sljor;fr;lg?*rgg 2
Gene 9 q Transcript ID Coordinates - y (=
mismatches)

AAACAAAGAATATTCCGGCCT .

HULC TTACTTCAGAGTT NR_004855.3 266-299 + 0 sites
AACAATTAGGCAGCCCTCATC :

ANXA4 AGTGCCGGCTCC NM_001153.5 395-425 + 0 sites

Non- AAACTCACCAGAAGCGTACCA

targeting TACTCACGAACAG NIA NIA NIA

Target coordinates are relative to the specified NCBI RefSeq transcript ID. Off-target analysis was performed using NCBI
BLASTN against the human RefSeq RNA database (refseq_rna), summarizing hits to non-target genes with two or fewer

mismatches.
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Table 2. Primer sequences for RT-gPCR

Target Name RefSeq Forward Primer Reverse Primer Amplicon | Primer EffFi)c(i:eR;\c
g Accession 1D (5'—-3" (5'-3") Size (bp) | Tm (°C) (%) y
. AGATCATTGCTC | CTAAGTCATAGTC o
B-Actin NM_001101 CTCCTGAG CGCCTAG 161 56°C 1.843
ATCTGCAAGCC | CTTGCTTGATGCT o
HULC NR_004855.3 AGGAAGAGTC TTGGTCTGT 184 58°C 1.704
ATCACTGTAAA | CCAGTCTCAGGGT o
SNORD44 NR_002750.2 ACCGTTCCA CCGAGGTATTC 44 58°C 1.802
. CGCCGTAGCTTA | CCAGTCTCAGGGT o
miR-21-5p MIMATO0000076 TCAG CCGAGGTATTCH 40 60°C 1.763
. AGGGTGGCAGT | CCAGTCTCAGGGT o
miR-34a-5p MIMATO0000255 GTCTTA CCGAGGTATTCH 39 60°C 1.763
. AACGCTAACAC | CCAGTCTCAGGGT o
miR-200a-3p | MIMATO0000519 TGTCTGGT CCGAGGTATTCH 41 60°C 1.797
Results cells within the 24-hour timeframe. Moreover,

Effect of treatments on cell viability

We assessed cytotoxicity by MTT assay after 24 h
exposure to TMAO (75 and 300 uM). As shown in
Figure 1, both concentrations caused only minor
reductions in cell viability relative to untreated
controls. The mean cell viability was reduced by 3.21
% at 75 uM TMAO and by 0.19 % at 300 uM TMAO
relative to the control. However, this reduction in cell
viability did not reach statistical significance (P >
0.05), indicating that TMAQO, at these concentrations,
does not exert a significant cytotoxic effect on Caco-2

microscopic examination of the cells revealed no
evidence of cell death or morphological changes
associated with cytotoxicity following TMAO
treatment.

Our initial cell viability experiments tested TMAO
at 75 uM and 300 pM over 24 hours, finding no
significant cytotoxicity at either concentration. Based
on these preliminary data, the 300 UM concentration
was selected for the subsequent gene expression
studies of HULC and its downstream targets to
investigate effects independent of significant cell death
or widespread toxicity.

150+
ns
! ns '
;\? e e et ST
:.? 100 — -
=
)
>
2 50+
(&)
0_

Control

1
TMAO 75 pM TMAO 300 uM
Groups

Figure 1. TMAO does not affect the viability of Caco-2 cells. Cell viability was assessed via MTT assay after
24 hours of treatment with 75 uM or 300 uM TMAO. Bars represent the mean = SD of three independent
biological replicates (n=3), with the individual data points for each replicate overlaid on the graph. Statistical

analysis was performed using a one-way ANOVA. (ns = not significant, p > 0.05). Absorbance was measured

using a Synergy HT microplate reader (BioTek). Raw data are available in Supplementary Table S1.
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HULC was successfully knocked down

We confirmed successful HULC knockdown at the
gene expression level using RT-qPCR. First,
successful transfection of desired plasmid was
controlled by visualizing GFP spot (Figure 2). Next,
HULC expression was assessed using RT-qPCR. Our
results demonstrated that HULC expression was
significantly downregulated (P value <0.05), with a
calculated mean  knockdown efficiency of
approximately 56% compared to the control group,
indicating it was successfully knocked down. TMAO
increased HULC expression in control cells (p < 0.05),
but this induction was not observed in HULC-silenced
cells, consistent with effective knockdown under
TMAO exposure (Figure 3).

In contrast, the ANXA4 group and non-targeting
control group exhibited no significant changes in
HULC expression, confirming the specificity of the
knockdown effect. Furthermore, to ensure the
selectivity of the knockdown system, the expression of
ANXA4 was evaluated across all experimental groups.

Furthermore, to ensure the selectivity of the
knockdown system, the expression of ANXA4 was
evaluated across all experimental groupsConsistent

A
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with expectations, a significant downregulation of
ANXA4 expression was observed exclusively in the
group transfected with gRNA targeting ANXA4. The
groups with gRNA for HULC and the non-targeting
control demonstrated no significant alterations in
ANXA4 expression compared to the control group
(Figure 4).

These results collectively validate the specificity
and efficacy of the HULC knockdown model in Caco-
2 cells.

HULC Expression Levels Correlate with miR-21-5p
and miR-200a-3p

In comparison with the control group, both miR-
21-5p and miR-200a-3p exhibited elevated expression
levels when cells were treated with TMAO. However,
in the HULC knockdown (KD)group, HULC
downregulation led to decreased expression of these
miRNAs. Additionally, TMAO could not change miR-
21-5p and miR-200a-3p expression in HULC(KD)
group. On the other hand, no marked changes were
found in miR-34a-5p expression among study groups
(Figure 5).

Figure 2. Qualitative validation of transfection efficiency by GFP visualization. Transfection efficiency and
GFP expression in Caco-2 cells inspected by inverted fluorescence microscope at 10x objective magnification
at 48 hours post-transfection. (A): GFP was observed in cells cultured in the plates that were transfected with
CasRX pregRNA expression vector and pcDNA3_EFla-CasRx-2A-EGFP vector, and (B): shows the same cells

with normal visible light.

International Journal of Molecular and Cellular Medicine. 2025; 14(Y): 1-20


http://ijmcmed.org/article-1-2608-fa.html

[ Downloaded from ijmecmed.org on 2025-10-04 ]

7 TMAO/HULC axis in CRC Development/ Alighardashi Z, et al

HULC
*

51 T 1
i
(o2}

c
= : 1
L
T | * 1
o 2- 1
o
Lo
0- I I
1 1
Q ) (o) O
S oF N
o X
NS
\/o\
Q~°
Groups

Figure 3. HULC Gene expression across groups. TMAO upregulates HULC expression in Caco-2 cells, an
effect that is reversed by HULC knockdown. Data are presented as linear fold change relative to the control
group. Bars represent the mean, and error bars represent the standard deviation (SD) of three independent
biological replicates (n=3). The individual data points for each replicate are overlaid on the graph. The mean
+ SD fold changes were: CTRL (1.09 + 0.51), TMAO (3.61 = 1.03), HULC(KD) (0.40 = 0.17), and
HULC(KD)+TMAO (0.60 £ 0.07). Statistical significance was determined by a one-way ANOVA followed by
post-hoc tests. (* P < 0.05). The raw data used to generate this figure are available in Supplementary file, raw
data for Figure 3.
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Figure 4. Validation of knockdown specificity for HULC and ANXAA4. The figure displays the relative
expression of HULC and ANXA4 in response to targeted knockdown of either gene. Data are presented as
linear fold change relative to the control group. Bars represent the mean, and error bars represent the
standard deviation (SD) of three independent biological replicates (n=3). The individual data points for each
replicate are overlaid on the graphs. The mean + SD fold changes were as follows: For HULC expression:
Control (1.03 £ 0.20), HULC(KD) (0.44 + 0.12), non-targeting control (0.85 + 0.42), and ANXA4(KD)
(0.18+1.02). For ANXA4 expression: Control (0.97 + 0.23), HULC(KD) (1.11 £ 0.12), non-targeting control
(1.00 £ 0.20), and ANXA4(KD) (0.04+0.5). These results confirm that the knockdown of HULC is specific and
does not affect ANXA4 expression, and vice-versa. Abbreviations: HULC(KD), HULC knockdown;
ANXA4(KD), ANXA4 knockdown. Statistical significance was determined by a one-way ANOVA followed by
post-hoc tests. (* P < 0.05). The raw data used to generate this figure are available in Supplementary file, raw
data for figure 4.
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Figure 5. TMAO-induced expression of miR-21-5p and miR-200a-3p is dependent on HULC. The figure
displays the relative expression of miR-21-5p, miR-200a-3p, and miR-34a-5p in response to TMAO and/or
HULC knockdown. Data are presented as linear fold change relative to the control group. Bars represent the
mean, and error bars represent the standard deviation (SD) of three independent biological replicates (n=3).
The individual data points for each replicate are overlaid on the graphs. The mean = SD fold changes were as
follows: For miR-21-5p: CTRL (1.02 = 0.26), TMAO (10.95 + 2.09), HULC(KD) (0.34 *+ 0.10), and
HULC(KD)+TMA. (0.21+0.55). For miR-200a-3p: CTRL (1.15 + 0.66), TMAO (13.15 + 7.50), HULC(KD)
(0.61 £ 0.55), and HULC(KD)+TMAO (0.25+0.42)..For miR-34a-5p: CTRL (1.01 + 0.14), TMAO (1.65 + 0.42),
HULC(KD) (1.56 + 0.84), and HULC(KD)+TMAO (0.89+1.01). Abbreviations: CTRL, control; HULC(KD),
HULC knockdown; TMAO, Trimethylamine N-oxide. Statistical significance was determined by a one-way
ANOVA followed by post-hoc tests. (* P < 0.05). The raw data used to generate this figure are available in

Supplementary file, raw data for Figure 5.

Discussion

The principal finding of this study is the
identification of a novel molecular axis in colorectal
cancer cells, whereby the gut microbial metabolite
TMAO upregulates the long non-coding RNA HULC.
Crucially, these molecular changes occurred in the
absence of any significant cytotoxicity, as confirmed
by MTT assay, which suggests they arise from specific
signaling events rather than a general cellular stress
response.

Our data further demonstrate that this increase in
HULC is strongly associated with the elevated
expression of the oncogenic microRNAs, miR-21-5p
and miR-200a-3p, an effect that is reversed upon
HULC knockdown. However, it is critical to interpret
these findings within the context of the study specific
limitations. First, the relationships identified are
correlational, as the direct causal mechanisms linking
HULC to miRNA expression were not investigated.
Second, these observations were made exclusively in
the Caco-2 cell line, and the generalizability of this axis
to the heterogeneous landscape of CRC requires further

validation. Finally, this work was focused on molecular
changes and did not include functional assays or in
vivo data to link this signaling axis to phenotypic
cancer progression. Therefore, this study serves as a
foundational,  hypothesis-generating  work that
uncovers a potential pathway for future mechanistic
and functional investigation. In recent years, gut
microbiota and its metabolites have captured scholars’
attention. TMAQO is a gut-liver metabolite that is linked
to CRC development. Yang et al. indicated that TMAO
causes CRC progression through increasing cell
proliferation and angiogenesis(37).

Moreover, Wu et al. demonstrated that TMAO
potentially increases cell proliferation and metastasis in
hepatocellular carcinoma(38). These findings highlight
the role of TMAO in regulatory network associated
with cancer. However, there is still little evidence to
elucidate molecular mechanisms associated with the
tumor activity of TMAO. In the current study, we
hypothesized that HULC is a key molecular component
of the cellular response to TMAO. Interestingly, our
results supported this theory, showing that TMAO
significantly elevated HULC expression. This is highly
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important because there is a body of evidence to
substantiate the oncogenic role of HULC in different
cancer types.HULC overexpression contributes to
increased cell proliferation and metastatic behavior
(EMT elevation), and inhibition of apoptosis in gastric
cancer(GC) (39). This is supported by another study
that HULC is correlated to GC progression via miR-9-
5p(40). Moreover, the upregulation of HULC is related
to inhibiting apoptosis in lung cancer through
sphingosine kinase 1(SPHK1) and its downstream
PI3K/Akt pathway(41).

Taken together, previous studies did not show a
root cause of HULC overexpression in different
cancers, and herein, the current study addressed this
issue by revealing that TMAO could increase HULC
levels significantly. It is important to place the 300 uM
TMAO concentration used in this study in its proper
physiological context. While this concentration is
higher than typical fasting systemic plasma levels in
humans, which are generally in the low micromolar
range (2-10 pM), our in vitro model is designed to
simulate the local colonic microenvironment. The
colon is the primary site of microbial production of
trimethylamine (TMA), the direct precursor to TMAO
from dietary components like choline and carnitine.
Local concentrations of these microbial metabolites
within the gut lumen, before absorption, systemic
dilution, and first-pass metabolism by the liver, can be
orders of magnitude higher than what is measured in
the blood(7, 9, 42). Therefore, using a high micromolar
concentration like 300 UM is a pathologically relevant
approach to investigate the molecular effects of high
TMAO precursor exposure on the intestinal
epithelium, as might be seen with a diet linked to
increased CRC risk.

Our analysis has identified a novel molecular axis
in CRC cells, showing that TMAO-induced HULC
expression is strongly associated with the
overexpression of miR-21-5p and miR-200a-3p. Our
analysis revealed a molecular mechanism for HULC
role in CRC cells, showing that TMAO-induced HULC
expression leads to the overexpression of miR-21-5p
and miR-200a-3p. Given that these miRNAs are
established drivers of oncogenic signaling, our findings
suggest a pathway by which TMAO could enhance the
molecular tumorigenic profile of CRC cells. miR-21
and miR-200 are two important miRNAs which based
on published studies they play remarkable roles in
cancer development, especially CRC metastasis.
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Previous studies showed that miR-21 causes cell
growth and metastasis in CRC cells through PTEN
inhibition(43). Another study highlighted miR-21 in
cancer progression via integrin-p4 (ITGp4)(44).
However, the miR-200 role in cancers is controversial.
Pichler et al. indicated that miR-200 has an anti-tumor
function by EMT inhibition in CRC cells(45). While
Humfries et al. reported that miR-200 is associated
with the metastatic activity of cancer cells(46).
miRNAs are recognized for their significant role
in regulating gene expression, primarily through their
negative impact on gene expression. However, the
regulatory mechanisms governing their own
expression are complex and multifaceted. Several
studies have shown that the expression of miR-21 can
be regulated through the NF-«B and ERK/MAPK
signaling pathways (47, 48). P Dong et al.
demonstrated that the p53 signaling pathway regulates
the expression level of the miR-200 family, notably
miR-200c, which is pivotal in controlling the EMT and
maintaining stem cell-like characteristics (49). In a
study conducted by Diez-Ricote et al., TMAO was
found to significantly upregulate miR-21-5p
expression in cellular models of liver and macrophages
(50). The molecular mechanisms governing the
expression of these miRNAs are complex. For
instance, miR-21 expression can be regulated by NF-
kB and ERK/MAPK signaling. Given the established
links in the literature between HULC and the
p38MAPK pathway, we propose a hypothetical model
where this pathway acts as a mediator of the effects we
observed. In this model, TMAO-induced HULC could
modulate p38MAPK activity, which in turn leads to the
upregulation of miR-21-5p and miR-200a.-3p
However, we must explicitly state that the
involvement of the p38MAPK pathway is speculative
and was not directly investigated in this study. Our
work demonstrates the TMAO-HULC-miRNA axis,
but direct evidence, such as western blot analysis for
phosphorylated p38 or the use of specific pathway
inhibitors, would be required to confirm this proposed
downstream mechanism. Therefore, while our data
provide the basis for this hypothesis, further research is
needed to dissect the precise intracellular signaling
cascade. In contrast to the effects on miR-21-5p and
miR-200a-3p, the expression of the tumor-suppressive
miR-34a-5p was unaffected by either TMAO or HULC
knockdown. While this finding differs from a previous
report,(51) potentially due to the use of different cell
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models, this null result is highly informative for our
study. The most compelling reason is likely cell-type
specificity. The regulation of miR-34a-5p is highly
context-dependent(52) and is famously controlled by
the p53 tumor suppressor pathway(53). Caco-2 cells
are known to have a null mutation for p53(54),
rendering this key regulatory pathway non-functional.
It is plausible that the TMAO-induced changes to miR-
34a-5p observed previously occurred in a cell model
with intact p53 signaling. Other plausible reasons relate
to experimental kinetics.

It is possible that the dose (300 uM) or timing (24
hours) used in this study, while effective for
modulating the HULC axis, was not optimal for
inducing a miR-34a-5p response in this specific cell
line. The regulation of miR-34a-5p could be a more
transient event or could follow different dose-response
kinetics. Ultimately, this null result strengthens our
study, as it provides strong evidence for the specificity
of the pathway we have uncovered, suggesting that
TMAO does not cause a global miRNA dysregulation
but acts through HULC to influence a select group of
miRNAs. miR-34 has anti-tumor properties(55, 56);
therefore, we assumed that TMAO might not result in
CRC oncogenic signaling cascade, and it might play a
dual role in cancer by elevating miR-34. Our result did
not support this point, and miR-34 was not changed
upon TMAO treatment or HULC(KD). This may be
due to the different primary cell lines used.

A critical point of this study is the distinction
between the associative relationships we have
identified and the direct causal mechanisms, which
remain to be elucidated. Our data demonstrate that
TMAO exposure is associated with increased HULC
expression, which in turn correlates with elevated
levels of miR-21-5p and miR-200a-3p. However, these
findings represent a mechanistic gap. We did not
perform experiments to prove that HULC directly
binds to these miRNAs or their promoters, nor did we
test the activity of intermediary signaling proteins like
p38 MAPK. Therefore, the primary strength of this
study is the identification of a novel, multi-component
biological axis.

Future studies employing techniques such as
luciferase reporter assays to test promoter activity,
RNA immunoprecipitation (RIP) to assess direct
binding, chromatin immunoprecipitation (ChIP) to
identify transcription factors, and the use of specific
pathway inhibitors are all essential next steps to bridge
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this mechanistic gap and establish definitive causality.
While Caco-2 cells serve as a valuable and widely used
in vitro model for studying intestinal epithelial
responses, a significant limitation of this study is the
reliance on a single colorectal cancer cell line.

Findings from a single cell line may not fully
represent the diversity of CRC and its responses to
environmental factors like TMAO. For this initial
investigation, Caco-2 provided a suitable established
system to explore the fundamental principles of the
proposed TMAO-HULC-miR-21-5p/200a-3p axis.
However, future research is crucial to validate these
findings in a panel of diverse CRC cell lines with
varying genetic profiles and differentiation states, as
well as more complex models such as patient-derived
organoids or xenografts, and ultimately, in clinical
cohorts. This broader approach will help confirm the
generalizability of our results and provide a more
comprehensive  understanding of the context-
dependent effects of TMAO and HULC in CRC
pathogenesis

Furthermore, the wuse of a single TMAO
concentration (300 pM) at a single time point (24
hours). The primary objective of this investigation was
not to perform a comprehensive kinetic analysis, but
rather to provide the first 'proof-of-concept' evidence
for the existence of a regulatory axis between TMAO
and the INcRNA HULC, and to identify its downstream
miRNA targets in colorectal cancer cells. Having
established this novel pathway, we fully agree that
future studies are now essential to characterize its
dynamics. Such work should include a comprehensive
dose-response analysis to determine the minimal
effective TMAO concentration required for HULC
induction. Additionally, a time-course experiment is
needed to elucidate the temporal dynamics of this
response. Therefore, while our study provides a
critical, foundational observation, the precise dose- and
time-dependent nature of the TMAO-HULC axis
remains a key area for future investigation.

In addition, building upon the limitation of using
a single cancer cell line to represent the heterogeneity
of CRC, it also remains to be determined whether the
observed upregulation of HULC, miR-21-5p, and miR-
200a-3p upon TMAO treatment is specific to colorectal
cancer cells or if similar effects occur in normal colon
epithelial cells. Our current findings in the Caco-2
cancer cell line, coupled with the documented roles of
HULC, miR-21-5p, and miR-200a-3p in regulatory
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network associated with cancer(57, 58), suggest that
these effects may be particularly relevant to cancer
progression. However, without evaluating TMAO’s
impact on these molecules in normal colon epithelial
cells, we cannot definitively conclude the cancer-
specificity of these regulatory events. Future studies
employing normal colon cell models are essential to
clarify whether these TMAO-induced changes are part
of a broader, non-cancer-specific response of the colon
epithelium, or if they are selectively amplified or
initiated within the cancerous state, thereby
specifically contributing to tumorigenesis.

Our study demonstrates that TMAQO upregulates
HULC, leading to altered expression of miR-21-5p and
miR-200a-3p, while the precise mechanisms
underlying this regulation remain to be fully
elucidated. Dissecting the detailed molecular cascade
responsible for TMAO-induced HULC upregulation
was beyond the immediate scope of this preliminary
study, which primarily aimed to establish the existence
of this regulatory axis.

A key finding of our study is that HULC
knockdown reverses the TMAO-induced upregulation
of miR-21-5p and miR-200a-3p. While this strongly
suggests that HULC positively influences their
expression, the precise regulatory mechanism was not
determined. It is plausible that this regulation is
indirect, occurring through HULC influence on shared
signaling pathways rather than direct binding.

We  propose several potential indirect
mechanisms. First, as a IncRNA, HULC may modulate
the activity of transcription factors that control the
expression of both miR-21-5p and miR-200a-3p.
Given the known role of the p38MAPK and NF-xB
pathways in regulating these miRNAs, HULC could be
acting upstream within this cascade. Second, HULC
could function as a molecular scaffold, enhancing the
signaling that leads to miRNA transcription. Finally,
HULC might also influence the post-transcriptional
processing of pri-miRNA into mature, functional
miRNAs. Further studies, such as chromatin
immunoprecipitation (ChIP) to assess transcription
factor binding, are needed to elucidate this specific
molecular link.

In conclusion, our in vitro study demonstrates that
TMAO upregulates HULC expression in Caco-2
colorectal cancer cells, leading to the elevated
expression of oncogenic miRNAs, miR-21-5p and
miR-200a-3p. These findings identify a novel TMAO-
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HULC-miRNA regulatory axis that may be involved in
pro-tumorigenic signaling in CRC. While these results
highlight a potential mechanism for TMAO role in
cancer, they are based on molecular changes in a single
cell line. It is crucial to emphasize that these
conclusions are drawn from a single cell line and do not
account for the known heterogeneity of CRC.
Therefore, direct functional consequences on CRC
progression require further investigation in more
complex models. Future studies should aim to validate
these findings and explore their functional impact on
cell proliferation, migration, and in vivo tumor growth.

Study Limitations and Future Directions

It is essential to interpret the findings of this study
within the context of its limitations, which frame it as
an exploratory, hypothesis-generating work. The
primary limitations are threefold. First, our
observations are derived exclusively from a single
cancer cell line (in vitro), and given the well-known
heterogeneity of CRC, these findings require validation
in a broader panel of CRC cell lines and, ideally, in
non-transformed colonic epithelium to assess cancer-
specificity. Second, our data establishes a strong
molecular association but lacks direct mechanistic
proof; the causal links between HULC, downstream
signaling pathways, and miRNA expression remain to
be definitively proven.

Third, this study did not include functional assays
to connect the observed molecular changes to a cancer
phenotype like proliferation or migration. Therefore,
any inference of in vivo or clinical relevance is
premature. Our future work will directly address these
limitations by: (i) validating this axis in diverse CRC
cell lines and patient-derived organoids; (ii)
performing mechanistic experiments to establish
causality; and (iii) conducting functional assays to
determine the biological consequences of the TMAO-
HULC axis.
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