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Abstract. DEAH (Asp-Glu-Ala-His) box helicase 15 (DHX15)
is amember of the DEAD box RNA helicase family that carries
out a key role in innate immunity against viral infections. It
is involved in tumorigenesis as a tumor-promoting factor in
various types of cancer, but it has also been suggested to act as
a tumor suppressor. However, the role of DHX15 in colorectal
cancer (CRC) remains largely unknown. In the present study,
we examined the role of DHX15 in CRC. Immunostaining of
clinical samples from patients with CRC identified DHX15
proteins in the cell nuclei of both tumor and adjacent normal
tissues. DHX15 overexpression was revealed to reduce the
cell number of various CRC cell lines, as well as the number
of Ki67-positive proliferating cells. However, the number of
AC3-positive apoptotic cells was comparable between the
control and DHX15-overexpressing cells. The possible down-
stream mechanisms of DHX15 were further examined which
revealed that activation of the Wnt/B-catenin and NF-xB
signaling pathways were not affected by DHX15 expression.
However, DHX15 overexpression resulted in fewer LC3
puncta in HCT116 and DLDI cells. Taken together, DHX15
may negatively affect CRC cell proliferation, and autophagy
may potentially be involved in the downstream mechanism of
DHX15.
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Introduction

DEAH box helicase 15 (DHX15), which is a member of
the DEAH box RNA helicase family (1), is involved in
several cellular processes, such as splicing and ribosome
biogenesis and facilitates remodeling of large RNA-protein
complexes (2-4). DHX15 was shown to carry out a role in
antiviral immune response in vivo (5). In RNA virus-induced
intestinal inflammation, DHX15 carries out a pivotal
role in controlling inflammation by sensing IFN-§ and
other cytokines produced by RNA viruses (6). Moreover,
DHX15 is reported to be involved in tumorigenesis as a
tumor-promoting factor in acute lymphoblastic leukemia and
cancer of the lung, prostate or breast (7-10), but it also acts as
a tumor suppressor in hepatocellular carcinoma and gastric
cancer (11,12). Using gain- and loss-of-function analyses, we
previously revealed that DHX15 suppressed the proliferation
of glioma cell lines (13).

Colorectal cancer (CRC) is the third most common type
of cancer, with ~2 million cases diagnosed worldwide in
2020, and the second most common cause of cancer-related
mortality, according to the International Agency for Research
on Cancer of the World Health Organization (14). Repeat
analyses of public single-cell sequence and bulk transcriptome
data revealed consistent upregulation of DHX15 expres-
sion in patients with CRC (15-17). Analysis of the clinical
pathological features of CRC samples from the Cancer Gene
Atlas and the Clinical Proteomic Tumor Analysis Consortium
revealed that reduced expression of DHXI5 mRNA and
DHX15 protein associated with poor CRC prognosis in terms
of survival, metastasis and recurrence (16). Furthermore, the
overall survival positively associated with DHX15 expression
levels in CRC (18). Conversely, in a case report of a patient
with CRC harboring a KRAS p.G12D mutation, DHX15
was implicated as a critical mediator of microbiota-driven
pathogenesis of CRC. Specifically, DHX15 was found to be
highly expressed and functioned as a receptor on tumor cells,
facilitating the invasion of Fusobacterium nucleatum into the
nuclei of intestinal epithelial cells (IECs), thereby promoting
tumorigenesis (19). The present study examined the effects of
DHX15 overexpression using CRC cell lines with different
characteristics, including KRAS mutations (19).
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Materials and methods

Human clinical samples. Huoman CRC samples and adja-
cent normal tissues were obtained by surgical resection
from ten patients with CRC; five male, average age 60 years
(51-65 years), five female, average age 75.6 years (60-91 years)
at Juntendo University Hospital (Tokyo, Japan) between April
2022-August 2025 and embedded in paraffin. The diagnoses
of the ten patients were based on clinical and pathological
examinations (Table I). Cancer staging was carried out in
accordance with the Union for International Cancer Control
TNM classification (20). All human tissues were obtained
with written informed consent and approval from the medical
ethical committee of Juntendo University Hospital (Tokyo,
Japan; approval no. E22-0079).

Reagents, CRC cell lines, transfection and cell sorting.
Porcupine inhibitor C59 (cat. no. S7037) was obtained from
Selleck Chemicals and the NF-xB inhibitor IMD-0354
(cat. no. HY-10172) was obtained from MedChemExpress.
The human CRC cell lines HCT116 (21), SW480 (22)
and Caco2 (23) (provided by Dr Akira Orimo, Juntendo
University, Tokyo, Japan) were cultured in low glucose
DMEM (Nacalai Tesque, Inc.) and DLDI cells (24) (provided
by Dr Akira Orimo, Juntendo University, Tokyo, Japan) were
cultured in RPMI1640 (Nacalai Tesque, Inc.); both culture
media were supplemented with 10% FBS (MilliporeSigma)
and penicillin-streptomycin (MilliporeSigma). The char-
acteristics of the four CRC cell lines are summarized in
(Table SI) (25).

HCT116, SW480, Caco2 and DLDI cells (1.5x10° cells)
were seeded on 10-cm plates (Nippon Gene Co., Ltd.)
and transfected using GenelJuice Transfection Reagent
(Cat. no. 70967-3CN; Merck KGaA) with a combination of
the plasmids pMXs-IP (control vector) or pMX-DHX15 and
EGFP expression (pCAG-EGFP), at DNA amounts of 0.03 ug
for pCAG-EGFP and 0.21 ug for pMXs-IP or pMX-DHX15
per well. The cells were harvested at 37°C after 12 h of culture
and EGFP-positive cells were collected using a cell sorter
(FACS ARIA 111, BD Biosciences). Total RNA was purified
using Trizol® reagent (Thermo Fisher Scientific, Inc.).

Quantitative reverse transcription PCR (RT-gPCR). RT-qPCR
was carried out as previously described (26). The expression
levels of the transcripts of interest were normalized using
GAPDH and ACTB values. The respective forward and reverse
primer sequences were as follows: human ACTB: 5'-GAA
GGAGATCACTGCCCTGG-3' and 5'-ACTCCTGCTTGC
TGATCCAC-3'; GAPDH: 5-ATTGCCCTCAACGACCAC
TT-3" and 5"TGGTCCAGGGGTCTTACTCC-3'; DHX15:
5"TGCTGAACGTCTACCATGCTT-3' and 5-ATTCGAGAT
AGCTGCTGGCG-3% IRFI: 5-"AAGGGGTGTGGCCTTTTT
AGA-3" and 5'-TGTCCCTGTTCACCCCAAAG-3"; IRF3:
5-CCTGCACATTTCCAACAGCC-3' and 5-AATCCATGC
CCTCCACCAAG-3" IRF7: 5-GCTCCCCACGCTATACCA
TC-3" and 5'-CAGGGAAGACACACCCTCAC-3'; NFKBI:
5-GTGAAGACCACCTCTCAGGC-3' and 5-CTGTCGCAG
ACACTGTCACT-3"; NFKB2: 5'-ACGCCTCTTGACCTC
ACTTG-3' and 5-GTGGCTCCATGGTGTTCTGA-3'; RELA:
5-GGACATGGACTTCTCAGCCC-3' and 5-AAAGTTGGG

GGCAGTTGGAA-3"; and REL: 5“TCCTTAGCCCAGCCA
TCTCT-3' and 5-GGCAGTCTCCGCTCATCTTT-3".

Immunohistochemistry. DHX15 protein expression in human
clinical samples was examined by immunohistochemistry
using an anti-DDX15 antibody (H-4, 1:500; Santa Cruz
Biotechnology; cat. no. sc-271686). Paraffin-embedded
3-um sections were first deparaffinized with EZ Prep
(cat. no. 950-102) and subjected to antigen retrieval using Cell
Conditioner #2 (pH 9.0; cat. no. 950-223) on a BenchMark
Ultra automated stainer (Roche Tissue Diagnostics). After
antigen retrieval, the sections were incubated with the primary
anti-DDX15 antibody at 37°C for 1 h.

Primary antibody signals were then detected using the
UltraView Universal DAB Detection Kit (Roche Tissue
Diagnostics, cat. no. 760-500) under standard BenchMark
Ultra settings, including an 8-min incubation with the
HRP-conjugated multimer reagent, followed by DAB chro-
mogen visualization. Counterstaining was performed with
Hematoxylin II for 8 min and Bluing Reagent for 4 min at 37°C.
Stained sections were observed using a Zeiss Axio Imager
M2 fluorescence microscope (Zeiss GmbH), and images were
acquired using ZEN software (version 3.12; Zeiss GmbH).

Stained samples were observed using Zeiss Axio Imager
M2 fluorescence microscope (Zeiss GmbH) and images were
acquired using ZEN software (ZEN3.12; Zeiss GmbH). For
quantification of DHX15 positive signals, we used ImageJ
(version 1.54p; National Institutes of Health). The images were
imported to ImageJ and DAB signals were isolated using the
color deconvolution command of ImageJ. DAB images were
converted to gray scale binary images, and doublet cells were
separated by the Watershed command and positive and nega-
tive cells were counted. To quantify intensity of the signals, the
log10 value of mean of sample ROI vs. mean of background
ROI by using 8-bit index color was calculated.

Immunohistochemistry of the cultured cells was carried
out as described previously (27). The primary antibodies
used were mouse monoclonal antibodies against Ki67 (1:250;
cat. no. 55060; BD); LC3 (1:2,000; cat. no. M152-3; MEDICAL
& BIOLOGICAL LABORATORIES CO., LTD.); rabbit
polyclonal antibody against active Caspase-3 (AC3; 1:250;
cat. no. 9664S; Promega Corporation); and chicken polyclonal
antibody against GFP (1:2,000; cat. no. ab13970; Abcam).
Appropriate secondary antibodies conjugated with Alexa Fluor
488 (1:500; cat. no. A11039; Thermo Fisher Scientific, Inc.)
or Alexa Fluor 594 (1:500; cat. no. C10639; Thermo Fisher
Scientific, Inc.) were used. The nuclei were visualized using
DAPI. Stained cells were observed using Zeiss Axio Imager
I fluorescence microscope (Zeiss GmbH) and images were
acquired using ZEN software (version, 3.12; Zeiss GmbH).

Luciferase reporter assay for Wnt/f3-catenin and NF-kB
signaling pathways. Luciferase reporter assays for the
Wnt/B-catenin and NF-xB signaling pathways were performed
using TCF-luc (IFN minimal promoter with 7x TCF-binding
sites driving firefly luciferase) and NFkB-luc (SV40 early
promoter with 8x NF-kB-binding sites driving firefly lucif-
erase) (28). These plasmids were kindly provided by Dr.
K. Shimotono (Kyoto University, Kyoto, Japan) and Dr. R.
Tsuruta (University of Tokyo, Tokyo, Japan), respectively.
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Table I. DHX15 expression in human CRC tissues and clinicopathological factors of the patients with CRC.
DHX15 immuno-
Histochemical
staining
Age Histological Adjacent

Patient (years) Sex Location Stage T N M type v Ly tissue Cancer

1 75 w C IIIc 4a 2b 0 por 0 lc 48 58

2 62 M A IIIb 3 la 0 tub2 Ic 0 34 56

3 82 Y A IIIb 3 2a 0 tub2 la lc 17 74

4 60 Y T 11Ib 3 1b 0 tubl 0 la 47 76

5 51 M T I 3 0 0 tubl 0 la 35 49

6 91 A\ S IIIb 3 la 0 tub2 1b la 36 77

7 65 M S IIlc 4a 3 0 tub2 0 la 21 59

8 60 M S I 3 0 0 tubl la 0 14 48

9 62 M RS IIa 3 0 0 tubl 0 0 29 57
10 70 Y RS I 3 0 0 tub2 lc la 49 69

V, vascular invasion; Ly, lymphatic invasion; A. ascending colon; T, transverse colon; S, sigmoid colon; RS, rectal sigmoid colon; Tub1, well
differentiated adenocarcinoma; Tub2, moderate differentiated adenocarcinoma; Tub1, Por, poorly differentiated adenocarcinoma; W, women;

M, male; DHX15, DEAH (Asp-Glu-Ala-His) box helicase 15.

No 3' UTR reporter constructs and no miRNA mimics or
inhibitors were used in this study. Cells were transfected
with the reporter plasmids using GeneJuice Transfection
Reagent (cat. no. 70967-3CN; MilliporeSigma) according
to the manufacturer's instructions. Luciferase activity was
measured 18 h after transfection using a luminometer (Lumat
LB9507; Titertek-Berthold) and the Luciferase Assay System
(Promega, cat. no. E1500). Because only firefly luciferase
reporters were used, luciferase activity was analyzed without
Renilla luciferase normalization.

Cell proliferation assay. SW480 (1x10*cell/well), Caco2
(1x10* cell/well), HCT116 (2x10* cells) and DLD1 (2x10* cells)
cells were plated on 48-well plates (Corning, Inc.) and then
transfected with a combination of plasmids pMXs-IP (control
vector) or pMX-DHX15 and pCAG-EGFP using Geneluice
(cat. no. 70967-3CN; MilliporeSigma). After 1 h of incubation,
the plate was set on IncuCyte ZOOM (Sartorius AG). Live-cell
images were captured every 8 h and analyzed using IncuCyte
Live-Cell Imaging Software (v2024B).

To evaluate the time-dependent changes in the number of
GFP-positive cells after transfection, cells were monitored
using an Incucyte live-cell imaging system under standard
culture conditions (37°C; 5% CO,) at 8-h intervals immediately
after plating.

Cell proliferation was examined by incorporating 5-ethynyl
2'-deoxyuridine (EdU) using Click-iT EdU Alexa Fluor 594
Imaging kit (Thermo Fisher Scientific, Inc.). After transfecting
the cells as aforementioned, EAU was added to the culture at a
final concentration of 10 M and incubated for 2 h at 37°C. For
inhibitor experiments, cells were treated with the Wnt inhibitor
C59 (10 uM) or the NF-kB inhibitor IMD-0354 (5 uM) at 37°C
for 2 h prior to EdU addition. The incorporated EdU signals
were visualized by immunostaining with a chicken polyclonal

antibody against GFP (cat. no. ab13970; 1:2,000; Abcam) at
room temperature overnight and a secondary antibody conju-
gated with Alexa Fluor 488 at room temperature for 30 min
(1:500; Thermo Fisher Scientific, Inc.). EGFP was immunos-
tained with an anti-GFP antibody (1:2,000; cat. no. ab13970;
Abcam). Nuclei were stained with DAPI. Stained cells were
observed using Zeiss Axio Imager I (Zeiss GmbH) and images
were acquired using ZEN software (Zeiss GmbH).

Western blotting. Cell lysates were collected from cell lines
(2x10° cells) and analyzed by western blotting, as previously
described (29). Protein was extracted using RIPA buffer
(Nacalai Tesque, Inc.), containing 50 mM Tris-HCI (pH 7.4),
150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate and
0.1% SDS, supplemented with protease inhibitor cocktail
(Nacalai Tesque, Inc.).

Protein concentration was determined using the BCA
assay (Nacalai Tesque, Inc..) according to the manufac-
turer's protocol. Equal amounts of protein (3 ug per lane)
were mixed with 4x Laemmli sample buffer (Nacalai Tesque,
Inc.) and boiled at 98°C for 5 min before electrophoresis.
Proteins were separated on 10% SDS-PAGE gels. Proteins
were transferred onto PVDF membranes. Membranes were
blocked in 5% non-fat dry milk (Bio-Rad) in TBS-Tween
(0.1%) at room temperature for 1 h. Membranes were incu-
bated with primary antibodies at 4°C overnight, followed
by incubation with HRP-conjugated secondary antibodies
for 1 h at room temperature. Signals were detected using
Chemi-Lumi One Super (Nacalai Tesque, Inc.). The primary
antibodies used were mouse monoclonal antibodies against
ACTIN (1:1,000; cat. no. A4700; MilliporeSigma) and DDX15
(1:1,000; cat. no. sc-271686; Santa Cruz Biotechnology, Inc.).
The secondary antibody used was HRP-linked secondary
antibodies (1:5,000; cat. no. NA931; Cytiva).
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Figure 1. DHX15 immunohistochemistry of human CRC clinical samples. (A) Representative images of tumor and adjacent normal tissue. DHX15 expres-
sion in tumor and adjacent non-tumor tissues was examined by immunohistochemistry. Evaluation of expression strength was carried out using ImageJ and
percentage of positive signals are shown in the bottom of the panel. (B) Average of DHX15 signal-positive nuclei population of normal and tumor tissues of
10 samples. (C) Representative images of examination of intensity of DHX15 staining signals. Left panels are imuunostained patterns and right panels are
converted to 8-bit color index. (D) Signal intensity of adjacent normal tissues and tumor tissues of the 10 samples. (E) Average DHX15 signal intensity of
normal and tumor tissues of 10 samples. Scale bars represent 100 zm in A and C. "P<0.01; “P<0.01. DHX15, DEAH (Asp-Glu-Ala-His) box helicase 15.

Statistical analysis. Statistical significance was calculated by
an unpaired Student's t test (two tailed). P<0.05 was consid-
ered to indicate a statistically significant difference; "P<0.05,
"P<0.01. Experiments were conducted in triplicate. Data are
shown as mean =+ standard deviation)

Results

DHXI5 expression in human CRC tissues. On examination
of the clinical samples, DHX15 protein was detectable in the
cell nuclei in both tumor and adjacent normal tissues of all
10 patients (Fig. 1A). The evaluation values of DHX15 expres-
sion strength for all 10 samples are summarized (Table I). The
average positive nuclei staining of DHX15 in the ten tumor

samples was increased compared with that of adjacent tissue
(Fig. 1B). Among the CRC tissues, four showed >60% of
DHX15 positive signals in tumor tissues, but there was no corre-
lation between clinicopathological factors and DHX15 staining
intensity (Table I). Heat-map (Fig. 1C) represents intensity of
DHX15 immunostaining of adjacent normal tissue and tumor
tissue (Fig. 1D). Again, clear association between pathological
observation and signal intensity was not found, but the average
DHX15 expression intensity in the tumor region was increased
compared with that in adjacent tissue (Fig. 1E).

Effects of DHX15 overexpression on the proliferation of CRC
cell lines. DHX15 protein expression levels were first examined
in the CRC cell lines HCT116, SW480, Caco2 and DLDI1 using
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Figure 2. Effects of DHX15 overexpression on the proliferation of various CRC cell lines. The CRC cell lines HCT116, SW480, Caco2 and DLD1 were
transfected with DHX15-expressing or empty vector with EGFP-expressing vector. The cells were incubated in IncuCyte ZOOM, and live-cell images were
captured every 8 h. (A) The population of EGFP positive cells was analyzed using IncuCyte Live-Cell Imaging Software. The captured images of HCT116 of
control and DHX15 overexpressed cells at 0, 16, 32 and 48 h after transfection. (B) Transition of number of EGFP positive cells from 0 to 48 h after transfection
of empty vector or DHX15 overexpression vector. Cell proliferation was examined by Ki67 immunostaining. Transfected cells were cultured for 24 h, followed
by immunostaining with an anti-Ki67 antibody. (C) Representative images, DAPI (blue) shows nucleus. (D) Population of Ki67 positive cells in total EGFP
positive cells in the 4 cell lines. Scale bar, 100 ym in A and C. Data are average of 3 independent samples with SEM. Statistical significance was calculated by
Student's t test (two tailed). “P<0.01; *"P<0.01. DHX15, DEAH (Asp-Glu-Ala-His) box helicase 15; CRC, colorectal cancer.

western blotting of whole protein. All cell lines express DHX15
with expected size (Fig. S1A; upper bands). Subsequently, the
cells were co-transfected with DHX15-expression vector or
empty control vector together with EGFP-expression plasmid
and EGFP positive cells were purified by a cell sorter after
12 h of culture. Overexpression of DHX15 transcripts was
confirmed by RT-qPCR in all four cell lines (Fig. S1B).

To examine the effects of DHX15 overexpression on prolif-
eration, the cells were cotransfected with DHX15-expressing
vector or empty control vector with EGFP-expression plasmid.

The transfected cells were cultured for 2 days, and the number
of EGFP-positive cells was counted over time using IncuCyte
live-cell imaging. The number of EGFP-positive cells is shown
on Fig. 2A and B. Compared with the control samples, samples
with DHX15 overexpression had a significantly reduced cell
number in all the examined CRC cell lines (Fig. 2B). These
results suggested that DHX15 suppressed cell proliferation.
The number of Ki67-positive proliferating HCT116, SW480
and DLDI cells was significantly reduced after transfection
with DHX15 and EGFP-expression plasmid (Fig. 2C and D).
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Figure 3. Effects of DHX15 overexpression on CRC cells line apoptosis. Apoptosis of the DHX15-overexpressing CRC cell lines was examined using active
Caspase-3 (AC3) immunostaining. Transfected cells were cultured 24 h and immunostaining with anti-AC3 antibody was carried out. DAPI (blue) shows
nucleus. (A) Representative images of each sample. (B) Population of AC3 positive cells in total EGFP positive cells in the 4 cell lines. Scale bar, 100 ym in
A. Data are average of 3 independent samples with SEM. Statistical significance was calculated by Student's t test (two tailed), all comparison were P>0.05

(B). DHX15, DEAH (Asp-Glu-Ala-His) box helicase 15; CRC, colorectal cancer.

The EdU incorporation assay revealed that DHX15 overex-
pression significantly reduced the number of EdU-positive
cells in all four CRC cell lines (Fig. S2A and B). These results
suggested that DHX15 suppressed the proliferation of CRC
cell lines.

Next, the DHX15-overexpressing CRC cell lines were
investigated using the immunohistochemistry apoptosis
marker AC3. The cells were cotransfected with either the empty
control or DHX15-expressing vector with EGFP-expression
plasmid and immunostaining was carried out after 2 days
of culture. The number of AC3-positive apoptotic cells was
comparable between the control and DHX15-transfected cells
in the four CRC cell lines, except HCT116, which showed slight

decrease in AC3-positive cells in the DHX15 overexpression
group, although this was not significant (Fig. 3A and B). These
results indicated that DHX15 overexpression may not affect
apoptosis in the CRC cell lines.

Examination of the possible involvement of Wnt, NF-xB and
autophagy in DHX15-overexpressing cells. To investigate the
potential mechanisms underlying this finding, the involvement
of the Wnt and NF-kB signaling pathways were examined,
as well as autophagy, in DHX15-overexpressing cells. These
pathways have previously been reported to play key roles
in the regulation of cell proliferation (11,30,31). Analysis
revealed that DHX15 overexpression significantly induced
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Figure 4. Effects of DHX15 overexpression on the activation of Wnt, NF-kB and autophagy. CRC cell lines were transfected with DHX15 or vector control with
luciferase reporter plasmids to detect Wnt and NF-«B activities and then harvested after 18 h of incubation. CRC cell lines were transfected with DHX15 or
vector control with EGFP-expression plasmids and then immunostained with anti-LC3 antibody after 8 h of culture. Luciferase activities of each (A) TCF-luc
or (B) NF-«B-luc cell line. (C) The number of LC3-positive puncta signals among all EGFP-positive cell lines. Data are average of 3 independent samples
with SEM. Statistical significance was calculated by Student's t test (two tailed). “P<0.01; “P<0.01. DHX15, DEAH (Asp-Glu-Ala-His) box helicase 15; CRC,

colorectal cancer.

luciferase activities that were dependent on the TCF-binding
motif in all examined CRC cells (Fig. 4A). The effects of the
Wnt signaling inhibitor C59 on the proliferation of CRC cell
lines with overexpressed DHX15 were investigated using
EdU incorporation assay. Analysis revealed a tendency for
higher EdU incorporation in HCT116 and SW480 cells when
compared with control cells (Fig. S3A and B).

On examination of NF-xB signaling using a NF-«xB
target site-dependent luciferase assay, DHX15 overexpression

enhanced luciferase activity in HCT116 and SW480 cells;
however, in Caco2 and DLDI cells, luciferase activity was
similar between the control and DHX15-overexpressing cells
(Fig. 4B). On examination of NF-kB-related gene expres-
sion by RT-qPCR in HCT116 and SW480 cells, the control
and DHX15-overexpressing cells revealed similar transcript
levels of genes, except for IRF3 and REL in SW480 cells
(Fig. S4). Examination of the effects of the NF-kB inhibitor
IMD-0354 revealed that the number of EdU-positive cells
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was not significantly different between DHX15-transfected
and IMD-0354 treated cells in all four CRC cell lines
(Fig. S5A and B).

The expression pattern of LC3 puncta, which is an
autophagy marker (32), was subsequently examined. Upon
counting the LC3-positive puncta in the nuclei of control and
DHX15-overexpressing cells, DHX15 overexpression led to a
reduced number of LC3-positive signals in HCT116 and DLD1
cells but not in SW480 and Caco?2 cells (Figs. 4C and S6).

Discussion

The present study investigated the role of DHX15 in CRC by
examining DHX15 expression levels in clinical samples and
changes in DHX15 levels in CRC cell lines. In the clinical
samples from 10 patients with CRC, DHX15 expression levels
varied. The absence of a clear association between clinico-
pathological factors and intensity of DHX15 expression was
likely attributable to the small sample size (n=10 patients).
Further analysis of DHX15 expression using additional clinical
samples may help clarify its relationship with clinicopatho-
logical factors. Although the relationship between DHX15
expression levels and tumor malignancy remains inconclusive,
the quantification of its expression may provide a potential
prognostic indicator, such as recurrence or reduced survival
in cases with low DHX15 expression. At present, to the best
of our knowledge, no association has been observed between
DHX15 expression and tumor stage. In addition, we hypoth-
esize that there is a possibility that the DHX15 expression
patterns and levels are associated with disease progression
which may be revealed by monitoring the condition of patients
continuously and carefully. Conversely, analysis revealed that
DHX15 upregulation hampered the proliferation activity of all
examined CRC cell lines. This result is consistent with a recent
study which revealed that DHX15 inhibits CRC progression,
invasion and metastasis (18). In the present study, all CRC
cell lines examined exhibited endogenous DHX15 expression.
Therefore, further forced overexpression of DHX15 may have
exceeded the physiological threshold, leading to cytotoxicity.
Such supraphysiological expression levels could disrupt
essential cellular processes, ultimately resulting in growth
suppression. Mutation in the well-known protooncogene
KRAS is found in HCT116, SW480 and DLDI1 cell lines but not
in Caco2 cells; therefore, the DHX15 effects observed in the
present study were likely not associated with KRAS mutation.
However, evaluation of DHX15 protein expression patterns
and their relationship with clinicopathological factors in
hepatocellular carcinoma revealed that DHX15 was markedly
upregulated, and its high expression associated with poor
prognosis (33). Taken together with the reports of other types
of cancer, we hypothesize that the effects on DHX15 expres-
sion levels to cancer prognosis depend on the types of cancer.

Among the various mechanisms of DHX15 activity, Wnt
involvement has been reported in different model systems.
In one study that analyzed the role of DHX15 in antibacte-
rial responses in IECs, mice with DHX15 deletion in IECs
were susceptible to infection with enteric bacteria because of
low levels of a defensin, which is an antimicrobial peptide;
considering that o defensin is induced by the TLR/Wnt path-
ways this study suggested that DHX15 regulates TLR/Wnt

signals (34). Another study revealed that DHX15 regulates
zebrafish intestinal development through the Wnt signaling
pathway (35). The present study revealed that DHX15 over-
expression significantly induced Wnt signaling in the four
CRC cell lines; however, inhibition of Wnt signaling did not
prevent the suppressed proliferation of DHX15-overexpressing
cells. Furthermore, given its well-known contribution to the
development and progression of various tumors (36,37), Wnt
signaling was less likely to participate in the suppression of
cell proliferation by DHX15. However, other physiological
processes, such as metastasis, were not analyzed in the present
study and requires in vivo clarification in future research.

DHX15 acts as an immune modulator through regula-
tion of NF-kB. Human DHX15 contributes to activation
of the NF-kB, JNK and p38 MAPK pathways in HeLa
cells in response to the synthetic double-stranded RNA
analog poly(I:C) (5). In acute myeloid leukemia, DHX15
is downregulated in disease remission or cell line differ-
entiation (7). Furthermore, knockdown of DHX15 inhibits
nuclear translocation and activation of the NF-xB subunit
P65 in leukemia cells (7). Positive feedback of NF-xB and
DHX15 was reported in breast cancer cells (10). The present
study revealed that DHX15 overexpression induced NF-xB
signaling in HCT116 and SW480 cells, but the expression
levels of known downstream target genes of the NF-xB
pathway were not upregulated. Furthermore, NF-xB inhi-
bition by the IMD-0354 did not affect cell proliferation,
suggesting the need to clarify the signaling pathways and
biological roles of DHX15 using cell lines in the future.

Involvement of autophagy in cancer progression has been
reported in various types of cancer (38-41). DHX15 negatively
regulates autophagy in association with mTORCI activation
in hepatoma cells (11). There have been several reports on
KRAS-activating mutations and autophagy. KRAS-activating
mutations increase autophagy and contribute to the survival
of CRC cells under starvation conditions (42). In addition,
autophagy was induced to different degrees, depending
on mutations of the KRAS allele (42). In the present study,
given the decreased number of LC3 puncta in HCT116 and
DLD1 cells, which have a KRASS'*P" mutation, a relation-
ship between KRAS mutation and autophagy was suspected.
However, the contribution of this pathway to cell proliferation
remains unclear. The effects of other signaling pathway inhibi-
tors were also explored using this experimental model (data
not shown). Preliminary experiments were performed with
various inhibitor concentrations, and cell proliferation was
assessed by EdU immunostaining. No significant differences
were observed between the groups. However, because the effi-
cacy of the inhibitor itself was not fully confirmed, these data
are not included in the present study. Experiments in which
knockdown of DHX15 is achieved by siRNA oligonucleotide
are planned as future work.

Although the present study did not yield fully conclusive
mechanistic results, it provides novel evidence that DHX15
overexpression suppresses colorectal cancer cell prolifera-
tion and highlights DHX15 as a previously under-recognized
regulator of tumor biology. These findings offer a founda-
tion for future mechanistic studies and suggest that DHX15
may serve as a potential biomarker or therapeutic target in
colorectal cancer.
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