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Abstract

Colorectal cancer (CRC) is the leading cause of cancer-related mortality worldwide, which makes it urgent to identify novel
therapeutic targets for CRC treatment. In this study, DHX9 was filtered out as the prominent proliferation promoters of CRC
by siRNA screening. Moreover, DHX9 was overexpressed in CRC cell lines, clinical CRC tissues and colitis-associated
colorectal cancer (CAC) mouse model. The upregulation of DHX9 was positively correlated with poor prognosis in patients
with CRC. Through gain- and loss-of function experiments, we found that DHX9 promoted CRC cell proliferation, colony
formation, apoptosis resistance, migration and invasion in vitro. Furthermore, a xenograft mouse model and a hepatic
metastasis mouse model were utilized to confirm that forced overexpression of DHX9 enhanced CRC outgrowth and metas-
tasis in vivo, while DHX9 ablation produced the opposite effect. Mechanistically, from one aspect, DHX9 enhances p65
phosphorylation, promotes p65 nuclear translocation to facilitate NF-kB-mediated transcriptional activity. From another
aspect, DHX9 interacts with p65 and RNA polymerase II (RNA Pol II) to enhance the downstream targets of NF-xB (e.g.,
Survivin, Snail) expression to potentiate the malignant phenotypes of CRC. Together, our results suggest that DHX9 may
be a potential therapeutic target for prevention and treatment of CRC patients.

Keywords Colorectal cancer - DHX9 - Outgrowth - Metastasis - NF-kB signaling

Introduction

Colorectal cancer (CRC) is one of the most common malig-
nant tumors worldwide with the second mortality rate and

>4 Fuhua Xie the third highest incidence rate. However, its exact pathogen-
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o . esis has not been fully clarified [1, 2]. Therefore, it is urgent
>4 Zhiping Liu to explore the molecular mechanism of CRC and unravel
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new specific cancer therapeutic targets.
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Nucleic acid sensing pattern recognition receptors (PRRs)
are a group of innate immune receptors recognizing DNA
or RNA. They mainly include some members of Toll-like
receptors (e.g., TLR3, 7, 8, 9), AIM2-like receptors (e.g.,
AIM2), cGAS, STING, RIG-I like receptors (e.g., RIG-I,
MDAS, LPG2), DExD/H box nucleic acid helicases [e.g.,
DEAH-box helicase 9 (DHX9), DEAH-box helicase 36
(DHX36) and DEAD-box helicase 21(DDX21), DEAD-box
helicase 60 (DDX60)], and Z-DNA binding protein 1(ZBP-1
or DAIJ) [3]. Some nucleic acid sensing PRRs, such as TLRs,
AIM2, and STING, have been demonstrated to be involved
in the development of various tumors [4, 5]. Among them,
DHX®9, also known as nuclear DNA helicase II or RNA
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helicase A (RHA), is a member of the DExH-box helicase
family capable of unwinding RNA and DNA duplexes, as
well as aberrant polynucleotide structures [6, 7]. It has been
demonstrated that DHX9 has a large number of interacting
partners, including protein, circular RNA, and microRNA
[8, 9]. Additionally, DHX9 has been found to play an active
role in transcription by bridging between transcriptional co-
factors and RNA polymerase II (RNA Pol II) or directly
binds to specific promoters [10]. Moreover, there is also a
strong body of evidence indicating that DHX9 plays signifi-
cant roles in translational regulation DNA replication and
maintenance of genomic stability, microRNA biogenesis and
processing, and RNA processing and transport [11].

Since DHXO9 participates in a multitude of cellular pro-
cesses, which also means its deregulation may has seri-
ous effects. Compelling evidence has shown that DHX9 is
implicated in various human diseases, including cancer, viral
infection, and autoimmune diseases [12—14]. As reported
previously, DHX9 enhanced transcription of oncogenes
to promote tumorigenesis and cancer metastasis through
interacting with EGFR or CBP/p300 [15, 16]. Further-
more, DHX9 was also found to be involved in the regula-
tion of cancer stem cells self-renewal via binding with the
long non-coding RNA HIF1A-AS2 or protein L1TDI [17,
18]. Although accumulating evidence indicates that DHX9
functions as a driver of carcinogenesis, there are also some
reports implying that it has antitumor activity. Its ability
to promote the transcription of the tumor suppressor gene
pl6INKA4A, interact with the tumor suppressor BRCA1, and
rescue IRES-mediated p53 translation, suggest that DHX9
may have tumour-suppressive properties [19-21]. Together,
the relationship between DHX9 and tumorigenesis is com-
plicated and controversial.

Increasing evidence has demonstrated that nuclear factor
kappa B (NF-kB), a proinflammatory transcription factor,
plays critical roles in the initiation and propagation of cancer
[22]. It has been reported that NF-xB activation is not only
involved in development of colitis-associated cancer (CAC),
but also in sporadic CRC [23, 24]. Constitutive NF-«xB acti-
vation results in cellular proliferation, prevents scavenger
of pre-neoplastic, and eventually cellular transformation by
increasing the anti-apoptosis proteins such as Survivin and
Bcl2 [25]. Moreover, NF-kB may contribute to the progres-
sion of CRC through mediating the expression of vital target
genes that are involved in cell proliferation (e.g., Cyclin D1,
D2 and D3) [26], angiogenesis (e.g., VEGF, COX2) [27],
and metastasis (e.g., Snail, MMPs) [28]. Of note, DHX9
was associated with p65 and RNA Pol II to enhance NF-kB-
mediated transcriptional activation of several cytokines (e.g.,
CXCLS, IFN-P and TNF) to protect host against DNA virus
infection [29, 30]. However, whether these interactions play
a role in tumorigenesis and cancer cell metastasis remains
to be elucidated.
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A study showed that inhibition of DHX9 expression
induced fatal damage to cancer cells without affecting the
function of normal cells [11], suggesting that it is a safe
and effective target for tumor therapy. Furthermore, DHX9
was overexpressed in two cell lines derived from liver
xenografts of CRC patients [31], indicating that DHX9
may have a certain promoting effect on CRC. However,
the function and mechanism of DHX9 in CRC remains
elusive.

This study is to investigate the effects of DHX9 on the
malignant phenotype of CRC and uncover the underlying
mechanism. Our results showed that DHX9 was filtered out
as the prominent proliferation promoter of CRC via siRNA
screening. Moreover, DHX9 overexpression was positively
associated with shorten overall survival and disease-free sur-
vival in patients with CRC. In addition, DHX9 was found to
be overexpressed in CRC cell lines, clinical CRC tissues and
CAC mouse model. The upregulation of DHX9 was posi-
tively correlated with the histopathological differentiation,
infiltration depth of intestinal wall and lymph node metasta-
sis in followed-up CRC patients, clinically. Ectopic expres-
sion of DHX9 promoted proliferation, colony formation,
apoptosis resistance, migration and invasion, and metastasis
of CRC cells in vitro and in vivo. However, silence DHX9
reciprocally diminished these characteristics. These effects
of DHX9 on CRC are involved in activation of NF-xB path-
way via promoting p65 translocation and interacting with
p65 and RNA Pol II. Our study identifies DHX9 as a promis-
ing treatment target for patients with CRC.

Materials and methods
siRNA screening

The human siRNA libraries used in the screens were pur-
chased from Ribobio (Guangzhou, China). Three independ-
ent siRNAs against per gene were contained in the siRNA
libraries, which were transfected into HCT116 cells in the
96 plates following the previous study [32]. After 48 h, CRC
cells were incorporated with 5-ethynyl-2'-deoxyuridine
(EdU) for 2 h according to the manufacturer’s instructions.
4% paraformaldehyde was employed to fix the HCT116 cells
following 1 pg/mL DAPI (Sigma) staining at for 10 min.
Fluorescent images and the proportion of proliferation of
CRC cells were analyzed with high-throughput screening
system (MolecularDevices, USA). In the screening system,
siRNAs that result in > 50% suppression in the prolifera-
tion rate of CRC cells were regarded as candidate targets for
inhibiting cancer. Three independent screening experiments
were performed. Sequences of siRNAs were listed in Sup-
plementary Table 1.
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Human CRC tissue samples

Fresh CRC tissues and corresponding adjacent tissues were
obtained after surgical resection. A total of 220 formalin-
fixed paraffin-embedded (FFPE) tissues (140 primary can-
cerous, 80 adjacent noncancerous tissues) were collected at
the First Affiliated Hospital of Gannan Medical University
from 2017 to 2018 after the informed consent was obtained
from each subject or each subject’s guardian according to
the institutional guidelines and the Declaration of Helsinki
principles. Cancer was diagnosed in these samples based on
histological examinations. The average age of patients was
61 years old with a range from 37 to 82.

Immunohistochemistry (IHC)

IHC analysis was performed to detect the protein expres-
sion of DHX9 in CRC patient tissues. Briefly, 4 pm FFPE
sections were deparaffinized with xylene, rehydrated in a
series of graded ethanol, and heated with citrate buffer for
antigen retrieval. After endogenous peroxidase blocking in
0.5% H,0, and unspecific binding site blocking with goat
serum for 60 min, the sections were incubated with anti-
body against DHX9 (Cat# PA5-41,259) from Invitrogen
(Carlsbad, CA, USA) with a ratio of 1:500 at 4 C over-
night, followed by incubation with secondary antibody
(MaxVison, Cat# KIT5004). The slides were stained with
DAB and counterstained with hematoxylin. To evaluate the
protein level of DHXO9, all the slides were observed, pho-
tographed and scored according to the staining intensity as
described previously [33]: O for no staining; 1 for weakly
staining; 2 for moderately staining; 3 for strongly staining.
The ratio of positive-staining cells was scored as follows: 0%
scored 0; < 10% scored 1; 41-70% scored 2;>70% scored
3. Finally, the scores of DHX9 were determined using the
multiplication intensity score and the ratio of positive cell
score, and then classified into four groups as follows: nega-
tive for a score of 0; low for a score of 1-3; medium for a
score of 4-8; and high for a score of 9-12.

CAC mouse model

4-—6-week-old male C57BL/6 mice were purchased from
Nanjing Model Animal Research Institute (Nanjing, China).
The CAC model was established as described previously
[34]. Briefly, mice were injected intraperitoneally with
10 mg/kg of AOM (Azoxymethane, Sigma), PBS was intra-
peritoneally injected as vehicle control. After 5 days, the
mice were subjected to three cycles of 3% DSS (Dextran
sodium sulfate, molecular mass 36—40 kDa; MP Biologicals)
containing in the drinking water for 6 days with a 14-day

recovery period. Mice were sacrificed on day 80 and the
intestinal tissues were collected and subjected to RT-qPCR
assay and Western blotting.

Xenograft experiments

4-—6-week-old male BALB/c nude mice were purchased
from Nanjing Model Animal Research Institute (Nanjing,
China). 1 x 10’ HCT116 cells stably overexpressing DHX9
or silencing DHX9 were subcutaneously injected into
BALB/c nude mice. The tumor volume was measured with
calipers and calculated using the formula 0.4 X axb? [35],
where a is the largest diameter and b is the smallest diameter
in millimeters. After 2 weeks, mice were euthanized and
tumors were isolated, photographed, and weighed. Tumor
tissues were fixed in formalin, embedded in paraffin, and
cut into 4 um sections followed by haematoxylin and eosin
(H&E), Ki67 (Maxim, Fuzhou, China), and active caspase-3
(Cell Signaling Technology, Beverly, MA) staining.

Liver metastasis mouse model

4-—6-week-old male BALB/c nude mice were obtained
from Nanjing Model Animal Research Institute (Nanjing,
China). 2 x 10° DHX9-overexpressed or silenced HCT116
cells resuspended in 50 pl of PBS were injected intraspleni-
cally into the nude mice. At 10 weeks after inoculation, the
mice were sacrificed after anesthetized with isoflurane and
liver were isolated, followed by fixing with Bouin’’s solu-
tion. Livers were embedded in paraffin, cut into 4 um sec-
tions, and subjected to H&E staining. All mice were bred
at the animal facility of Gannan Medical University with
controlled 40-50% humidity, 20 + 2 °C temperature and the
lighting cycle of 12-h light/darkness. All animal experiments
were approved by the Institutional Research Ethics Commit-
tees of Gannan Medical University.

Cell culture

Human normal colonic epithelial cells including HCoEpiC
and NCM460 were purchased from ScienCell (Carlsbad,
CA) and Incell Corporation (San Antonio, TX), respec-
tively. They were cultured in MEM medium supplemented
with 10% fetal bovine serum (FBS, Gibco, NY, USA) with
1% penicillin-streptomycin (Solarbio, Beijing, China). The
human CRC cell lines HCT116, HCT8 and COLO205
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA) and maintained in RPMI 1640 con-
taining 10% FBS. 293T cells from ATCC were cultured in
DMEM medium supplemented with 10% FBS.

@ Springer



8264

S.Liuetal.

Proliferation rates

= A NN
o u o O
o o© o

o

(<
o

Transcript of DHX9 per
million in colorectal cancer

o

B o o
S 'bg)?"\ AN

d
SE S o}\o’/ ¢

ob-
s SO
N $

N7
6\

GSE38832 (n=91)

—— High DHX9 (n=45)
—— Low DHX9 (n=46)
P=0.009

©
2
£
o go
S 3 60
Q
2
© 40 T ; T T
0 1000 2000 3000 4000
Time (days)
J "
0.04 —
@ 0.03
2
§ 0.02
T
3 0.01
0.00 T T
Adjacent  Tumor
L Adjacent
(2]
x %
IE
Q. 3
Eg
< [
M 0.037 —
i)
§ 0.02-
——
S
X 0.01-
Q
0.00

T
PBS+H,0 AOM+DSS

@ Springer

? TCGA (n=327) C = CPTAC (n=197)
5 <2
8.5 200 1 28 6
o O - o= e
Sg 1w 5% 4|
Q 8 150 §<’ e 2 -
236 N
Eé 100 T % g 0 - —
te 75| === of 2 _ L
25 50 s - 29 4
E= 25 T8 —
T Normal Tumor NE - Normal Tumor
(n=41) (n=286) X (n=100) (n=97)
E F
_ GSE17536 (n=177) GSE38832 (n=122)
©
21004 —— High DHX9 (n=88) © | —— High DHX9 (n=61)
E —— Low DHX9 (n=89) g 100 —— Low DHX9 (n=61)
) P=0.0045 5 P=0.035
= 751 - @
[ S 80
[ =
3 507 g8
£ 251 o
o 3
'g_" 0 - = N r % 40 T T T T
0 1000 .2000 3000 4000 1000 2000 3000 4000
Time (days) Time (days)
H |
*kk QO o g 'L‘
| rrre— 8 © 1.5 e
0.0 —_—— 8¢ = .0 —_
m 0.06 = 8 3 G 5 6' f::,
= I 2z I I O 31.0
a
x .
T 0.02 3
00075 & oo o L SO P
S ES SIS ES
RO R S FE D o
K #1 #2 #3 #4
© 6 © 6 © 5 © o £0.8
§ESESE 5 g
< F < F < F < F 208
DHX9 ‘“-—-——| 204
502
B-actin |-—... --l 0.0
Adjacent Tumor
Tumor r—
A9 2 T 5100 M High
A 32 -
2 =35 = Negative
A 8z i 03 Medium
.g g% 50 O Low
) [ %y
W S5 2
ﬁ ao& 0 T T
Adjacent Tumor
N 0.8
PBS+H,0 AOM+DSS 0.6
Mouse No. #1 #2 #3 #4 #1 #2 #3 #4

DHX9 ‘

B-actinl-‘ - D G Wy ep —l

DHX9/B-actin
o o o
o M b

PBS+H,0 AOM+DSS



DHX9 contributes to the malignant phenotypes of colorectal cancer via activating NF-kB signaling... 8265

«Fig. 1 siRNA screening identifies DHX9 as an oncogenic molecule
in colorectal cancer. A Forty-eight hours after HCT116 cells were
transfected with a negative control (NC) siRNA or siRNA against
nucleic acid sensing pattern recognition receptors (PRRs), EdU
proliferation assay was conducted with high-throughput siRNA
screening. ***P <0.001; Student’s ¢ test. (B-C) The mRNA (B) and
protein (C) levels of DHX9 in colorectal cancer (CRC) tissues and
normal adjacent tissues in TCGA and CPTAC database, respec-
tively (obtained through UALCAN; http://ualcan.path.uab.edu/index.
html). ***P <0.001; Student’s ¢ test. (D) DHX9 mRNA expression
in different CRC stages and normal tissues from the TCGA Dataset.
*#%P <0.001; Student’s ¢ test. E Relationship of DHX9 expression
with overall survival in patients with CRC in the cohort of GSE17536
database, log-rank test. F The disease-specific survival of patients
with low and high DHX9 expression obtained from GSE38832 data-
base, log-rank test. G Association of DHX9 expression with disease
free survival of CRC patients in GSE38832 dataset, log-rank test.
H The mRNA levels of DHX9 in human normal colonic epithelial
cells (HCoEpiC and NCM460) and CRC cells (HCT116, HCTS, and
COLO205) were detected by RT-qPCR analysis. ***P <(0.001; one-
way ANOVA, post hoc comparisons, Tukey’s test. (I) The protein lev-
els of DHX9 in normal colonic epithelial cells and CRC cells were
examined by Western blotting analysis and quantitative data of DHX9
protein levels were shown. ***P <(.001; one-way ANOVA, post hoc
comparisons, Tukey’s test. J The mRNA levels of DHX9 in paired
human clinical CRC tissues and corresponding adjacent colorectal
tissues (n=11). **P <0.01; Student’s 7 test. K Left, the representative
ECL images of DHX9 detected by Western blotting analysis in paired
human clinical CRC tissues and corresponding adjacent colorectal
tissues. Right, the summary data correspond to Left (n=3). *P <0.05;
Student’s ¢ test. L Left, representative IHC micrographs of DHX9
staining in paraffin embedded clinical CRC tissues and adjacent nor-
mal tissues. Scale bar, 100 pm. Right, rank sum test analysis of IHC
results of DHX9 in CRC tissue and adjacent normal tissues (n=220).
*##%P <0.001. M The difference of DHX9 mRNA levels in colorec-
tal tissues of AOM/DSS-treated mice and PBS-treated mice (n=7).
*##%P <(0.001; Student’s ¢ test. N Left, the representative ECL images
of DHX9 in AOM/DSS-treated mice and PBS-treated mice. Right,
the summary data in AOM/DSS-treated group and PBS control group
correspond to Left (n=3). ***P<0.001; Student’s ¢ test. Data were
represented as mean+SEM from three independent replicate experi-
ments in A, H, I, J, K, M and N

Generation of stable cell lines

Constructs encoding human DHX9, mutant K417R DHXO9,
specific ShRNAs targeting DHX9 or shRNAs targeting p65
were cloned into the pLVX-puro lentiviral vector [35]. Viral
supernatants were collected at 48 h and 72 h after transfec-
tion with 293 T cells utilizing pPCMV-dR8.2 (packing con-
struct) and the pCMV-VSVG (envelope construct) as previ-
ously described [36]. HCT116, HCTS, and COLO205 cell
were then infected with lentiviral supernatants 2—3 rounds
followed by selection with 1.0 ug/mL puromycin for 1 week.

Reverse-trascription quantitative PCR (RT-qPCR)

Total RNA was extracted from colon tissues or CRC cells
using Trizol reagent according to the manufacturer’s instruc-
tions. Then, 0.5 pg of total RNA was used to reverse-tran-
scribed into cDNA with ImProm-II™ Reverse Transcription

System (Promega, Madison, WI, USA). 10 ng cDNA was
used for real-time quantitative PCR with the SYBR™ Green
gPCR SuperMix-UDG (Invitrogen, Carlsbad, CA, USA).
The primers were synthesized by Sangon Biotech (Shanghai,
China) and listed in Supplementary Table 2.

Cell growth curve

Stable DHX9-overexpressed or -silenced CRC cells were
seeded in 24-well plate at 1 x 10* per well and allowed grow-
ing for 24, 48, 72, and 96 h. Cell numbers in triple wells
were determined with trypan blue staining.

Anchorage-independent growth assay

Soft agar assay was performed as previously described [36].
Briefly, 5000 CRC cells each well mixed with 0.5% aga-
rose (Invitrogen, Guangzhou, China) medium containing
10% FBS were plated on a bottom layer of solidified 1%
agar in 24-well plates. After theses plates were incubated
in a humidified atmosphere containing 5% CO, at 37 C
for 2 weeks, and the colonies consisting of > 50 cells were
examined by microscope counting.

Western blotting analysis

Total cellular proteins were extracted by RIPA buffer con-
taining protease inhibitors (Beyotime, Shanghai, China).
Nuclear and cytoplasmic proteins for detection of subcel-
lular distribution of p65 were extracted with Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai,
China). The proteins were boiled with SDS loading buffer
at 100 °C for 10 min and then separated by 10% SDS-PAGE.
The protein bands were transferred to polyvinylidene dif-
luoride (PVDF) membrane, blocked in 5% milk and probed
with primary antibodies overnight at 4 °C, followed by the
corresponding HRP-conjugated secondary antibody against
mouse (Cat# 62-6520) and against rabbit (Cat# PA1-28,761)
from Invitrogen (Carlsbad, CA, USA). Antibodies against
Bcl-X; (Cat# sc-634), p65 (Cat# sc-81622) and Survivin
(Cat# sc-17779) were obtained from Santa Cruz Biotech
(Santa Cruz, CA). Antibody against DHX9 (Cat# PAS-
41,259) was purchased from Invitrogen (Carlsbad, CA,
USA). Antibody against cyclin D1 (Cat# ab40754) was
purchased from Abcam (Cambridge, MA, USA). Antibod-
ies against phospho-IkBa (S32) (Cat# 2859S), phospho-
p65 (S536) (Cat# 3033S), IkBa (Cat# 4814S), Snail (Cat#
3879S), Slug (Cat# 9585S), c-Myc (Cat# 18583S), OCT4
(Cat# 2750S), PTEN (Cat# 9188S) and p-catenin (Cat#
8480S) were from Cell Signaling Technology (Beverly,
MA). Antibodies against Bcl-2 (Cat# 551,051) and XIAP
(Cat# 610,782) were from BD Biosciences (San Jose, CA).
Anti-RNA pol II (Cat# A300-653A) was obtained from
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«Fig.2 DHX9 promotes the proliferation of colorectal cancer cells
in vitro. A CRC cells with untreated (Control), lentiviral vector-trans-
fected (pLVX), stably expressing DHX9-encoding constructs (pLVX-
DHX9) or shRNAs against DHX9 (pLVX-shDHX9) were subjected
to DHX9 expression analysis by RT-qPCR assay. ns, not significant;
*#%P <(0.001. B Western blotting assay to analyze DHX9 transfection
efficiency in CRC cells. Left, the representative ECL images detected
by Western blotting analysis. Right, the summary data in CRC cells
correspond to Left (n=3). ns, not significant; *P <0.05; **, P<0.01;
##%  P<0.001. C ODyyp,, values of CRC cells with untreated,
vector-transfected, stably expressing DHX9-encoding constructs
or shRNAs against DHX9 for indicated time. ns, not significant;
*#%P <(0.001. D DHX9-overexpressed and -silenced CRC cells were
subjected to trypan blue exclusion assay. ***P <0.001. E The mRNA
levels of MKI67 encoding Ki67 in CRC cells with untreated, vector-
transfected, stably expressing DHX9-encoding constructs or shRNAs
against DHX9 were detected by RT-qPCR analysis. F Anchorage-
independent colony growth of CRC cells with untreated, vector-trans-
fected, stably expressing DHX9-encoding constructs or shRNAs
against DHX9 were determined. ns, not significant; ***P <0.001. All
data in bar graphs were shown as mean +SEM from three independ-
ent experiments and assessed by one-way ANOVA, post hoc inter-
group comparisons, Tukey’s test

Bethyl (Montgomery, TX). Antibody against p-actin (Cat#
A1978) was from Sigma-Aldrich (Shanghai, China). Protein
bands were visualized by ECL chemiluminescence (Milli-
pore) and analyzed by Image Pro Plus software.

MTS assay

Cell viability was determined by MTS assays. Briefly, 5000
cells were seeded in 96-well plates. After incubation for 0,
24,48, 72, and 96 h, cells were incubated with MTS (5 mg/
ml, 20 pL, Promega) for 4 h. The absorbance was measured
at 490 nm using a spectrophotometer (Thermo Fisher Sci-
entific, USA).

Caspase activity assay

The activity of caspase-3, caspase-8, and caspase-9 were
detected with caspase-3, caspase-8, and caspase-9 assay Kkit,
respectively (Beyotime, Shanghai, China). According to the
manufacturer’s instructions, cells were incubated with lysis
on ice for 15 min and subjected to centrifugation. 10 pl sub-
strate of caspase-3, caspase-8 or caspase-9 was added to the
supernatant for incubation 1 h at 37 °C, and then absorbance
was measured at 405 nm.

Wound healing assay

The wound healing assay was performed according to the
previous study [37]. In short, 3 x 10° CRC cells each well
were seeded into six-well plates and grown to 100% con-
fluence. 200 pL sterile pipette tip was employed to scratch
straight lines and then cells were replaced with culture

medium containing 1% FBS. Images at indicated time were
photographed with a phase contrast microscope.

Transwell assays

The ability of CRC cell migration and invasion was detected
using transwell chamber (BD Biosciences). For migration
assay, 5% 10* cells were suspended in 200 uL serum-free
RPMI-1640 medium and seeded into the upper chamber.
Then, 600 uL of medium containing 10% FBS was added
in the lower chamber. After incubation for 48 h, cells on
the upper chamber were removed, and the cells in the lower
chamber were fixed and stained for 10 min in 0.1% Crystal
Violet. For cell invasion assay, it was performed as migra-
tion assay with an exception. The chambers were uniformly
pre-coated with 30% matrigel (BD Biosciences, USA) and
incubated at 37 °C for 2 h. Migrated or invaded cells in three
random fields were captured and counted under a light
microscope at 10X.

Apoptosis analysis by flow cytometry

Cells were collected by centrifugation and suspended
to 1x10° cells/ml. Cells were double stained with 0.3%
Annexin V (Keygen, China) for 30 min at room temperature
in dark. PI was added just before subject to flow cytometry
analysis (BD Biosciences, San Jose, CA, USA).

RNA sequencing (RNA-Seq)

Total RNA was extracted from vector-transfected or DHX9-
silenced HCT116 cells utilizing RNeasy Mini kit (QIA-
GEN). The RNA library was constructed by TruSeq RNA
sample prep kit (Illumina) following the previous study [38].
Gene set enrichment analysis (GSEA) was performed with
standalone desktop program. Gene Ontology analysis (GO)
was conducted using the default settings of the DAVID tool
V6.8 (https://david.ncifcrf.gov).

Co-immunoprecipitation (Co-IP)

CRC cells were washed three times with cold PBS and then
lysed on ice in IP lysis buffer [20 mM Tris—HCI (pH 8.0),
100 mM NaCl, 10 mM EDTA, 0.5 NP-40] containing pro-
tease inhibitor cocktail [39]. Cell lysate was centrifuged
at 12,000 rpm for 10 min and the supernatants were col-
lected to incubate with the antibodies against DHX9 (Cat#
A300-855A, Invitrogen), IgG (Cat# 2729S, Cell Signaling
Technology) or p65 (Cat# sc-81622, Santa Cruz Biotech-
nology) overnight at 4 ‘C. Protein A/G agarose beads (Cat#
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«Fig. 3 DHX9 depletion induces apoptosis and inhibits outgrowth of
xenografted colorectal cancer cells in nude mice. A Annexin V/PI
apoptotic assay was performed in CRC cells with untreated, vector-
transfected, stably expressing DHX9-encoding constructs or shRNAs
against DHXO. Representative flow cytometry dot plots for HCT116,
HCT8, and COLO205 cells and corresponding quantitative analysis
from three independent experiments were shown. ns, not significant;
*P<0.05; *P<0. 01; ***P <0.001. B The activity of Caspase-3/8/9
were measured in DHX9-overexpressed or -depleted CRC cells and
quantitative data were obtained from three independent experiments.
ns, not significant;*** P <0.001. C Xenograft model of tumor growth
was used to evaluate the tumorigenesis ability of stable DHX9-
overexpressed or -depleted HCT116 cells (n=6 each group). Tumor
growth curve over time was plotted in the nude mice. ***P <(.001.
D Representative images of tumors dissected from mice were pre-
sented (n=7 each group). (E) Weights of tumors in each group
were shown (n=7). F H&E staining and THC analysis of Ki67 and
active caspase-3 in tumor sections from each group were shown.
Scale bar, 100 pm. G Quantitative analysis of Ki67 positive cells in
tumor sections from each group. n=3 mice per condition. *P <0.05;
*#%P <(0.001. All data in bar graphs were shown as mean+SEM and
analyzed by one-way ANOVA, post hoc intergroup comparisons,
Tukey’s test

sc-2003, Santa Cruz Biotechnology) were used to harvest
the immune complexes, and then the proteins were washed
with lysis buffer, boiled and subjected to Western blotting
analysis.

Immunofluorescence staining

Stable vector-transfected, DHX9-overexpressed or -depleted
HCTI116 cells were seeded on the coverslips of six-well
plates. After 24 h, cells were stimulated with LPS (1 p1/ml,
dissolved in PBS) or PBS for 15 min and then fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100,
and blocked using 5% bovine serum albumin. Cells were
washed with PBS three times and exposed to anti-p65 (Cat#
69568, Cell Signaling Technology) with the ratio of 1:100 at
4 °C overnight followed by the Alexa Fluor 488 conjugated
secondary antibody (Cat# A0423, Beyotime) for 60 min
at room temperature. DAPI was used to stain nucleus for
15 min and images were captured with confocal microscope
(LSM 880, Carl-Zeiss).

Luciferase reporter

2x 10° stable vector-transfected, DHX9-overexpressed or
-depleted HCT116 cells per well in the 24-well plates were
co-transfected with 10 ng Renilla luciferase reporter plas-
mid and 0.5 pg NF-xkB-TATA-Luc reporter plasmid utilizing
polyethylenimine. 36 h after transfection, cells were treated
with LPS (200 ng/ml) for 8 h and examined by a Luciferase
Assay System (Promega). Renilla expression plasmid was
used as an internal control.

Chromatin immunoprecipitation (ChiIP)

EZ-ChIP Kit (EMD Millipore) was used for ChIP assay
and performed according to the manufacturer’s instruc-
tions. Brief, 1x 107 CRC cells were crosslinked in 1% for-
maldehyde for 10 min at room temperature and quenched
unreacted formaldehyde with glycine. The cell lysates were
sonicated to shear DNA to sizes of 200-500 bp and centri-
fuged at 12,000 g at 4 °C for 10 min. To preclear the chro-
matin, 60 uL of protein G agarose was added to each tube
before immunoprecipitated with 5 pu g anti-p65 (Cat# 69568,
Cell Signaling Technology), anti-DHX9 (Cat# A300-855A,
Invitrogen), anti-RNA pol II (Cat# A300-653A) or normal
rabbit IgG (Cat# 27298, Cell Signaling Technology) over-
night at 4 °C with rotation. The protein-DNA complexes
were reverse crosslinks overnight. RNase A and Protein-
ase K were used to digest RNA and protein, respectively.
The DNA fragments enriched by indicated antibodies were
employed for qPCR reaction using specific primers listed in
Supplementary Table 3.

Statistical analysis

Statistical analysis was performed by SPSS 23.0 (SPSS, Inc.,
Chicago, IL) and GraphPad Prism 8 (GraphPad, Inc., La
Jolla, CA, USA). All data were represented by mean + SEM.
Statistical significance was assessed using Student’s  test
for independent groups or one-way analysis of variance for
multiple groups. P <0.05 was considered as statistically
significant.

Results

siRNA screening identifies DHX9 with candidate
oncogenic properties in CRC

Inflammation is frequently initiated by activation of nucleic
acid sensing PRRs which could lead to CRC development
[40]. In our previous study, we identified a list of nucleic
acid sensing PRRs which were differentially expressed in
CRC animal models or patients [4]. To further study their
functions, we investigated whether targeting these recep-
tors could suppress tumorigenesis. The overview of high-
throughput siRNA screening was displayed in Supplemen-
tary Fig. 1A. siRNAs that restricted the EAU proliferation
rates of CRC cells by >50% compared with the ratio of cells
infected with non-targeting siRNA (NC) were regarded as
candidate targets for CRC inhibition. siRNAs against DHX9
and TLR7 were identified as possible targets for CRC inhibi-
tion (Fig. 1A and Supplementary Fig. 1B).
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«Fig.4 DHX9 increases the capability of migration and invasion
in colorectal cancer cells. A-B Representative photographs of the
wound healing scratch assay from stable DHX9-overexpression
or -silenced HCT116 (A) and HCTS8 (B) cells (The culture proper-
ties of COLO205 cells are mixed, adherent and suspension, which
were difficult for wound healing scratch assay). Scale bar, 100 pm.
C-E CRC cells with untreated, vector-transfected, stably expressing
DHX9-encoding constructs or shRNAs against DHX9 were subjected
to transwell chamber assays. Representative images for HCT116,
HCTS, and COLO205 cells and quantitative analysis from three ran-
dom microscopic fields were shown in C, D, E, respectively. Scale
bar, 100 pm. ns, not significant; ***P <0.001. F-H Control, vector-
transfected, stably expressing DHX9-encoding constructs or shRNAs
against DHX9 CRC cells were underwent matrigel invasion chamber
assays. Representative images for HCT116, HCT8, and COLO205
cells and quantitative analysis from three random microscopic fields
were shown in F, G, H, respectively. Scale bar, 100 pm. ns, not sig-
nificant; ***P <0.001. Data in all bar graphs were represented as
mean+SEM and were assessed by one-way ANOVA, post hoc inter-
group comparisons, Tukey’s test

To further investigate the potential oncogenic roles of
DHX9 and TLR7 in CRC, we next explored the expres-
sion levels of these genes in databases. The results revealed
that DHX9 expression instead of TLR7 were tremendously
elevated in CRC tissues relative to normal colorectal tis-
sues (Fig. 1B—C and Supplementary Fig. 2A). Moreover,
the mRNA levels of DHX9 were upregulated in different
stages of CRC compared with normal tissues, which was not
observed in TLR7 (Fig. 1D and Supplementary Fig. 2B). In
addition, we found that high expression of DHX9 instead
of TLR7 was corresponded with a low overall survival rate
in the GSE17536 database (Fig. 1E and Supplementary
Fig. 2C). Furthermore, elevated DHX9 expression level, but
not TLR7, was also strongly correlated with shorter disease-
specific survival and disease-free survival (Fig. 1F-G and
Supplementary Fig. 2D-E).

We next evaluated the expression of DHX9 in normal
colonic epithelial cells and CRC cells. The mRNA levels of
DHX9 were remarkedly elevated in CRC cells (HCT116,
HCTS, and COLO205) compared with these in human
normal colonic epithelial cells (HCoEpiC and NCM460)
(Fig. 1H). Consistently, the protein levels of DHX9 were
significantly higher in CRC cells (Fig. 1I). The signifi-
cantly elevated mRNA and protein levels of DHX9 were
also found in the clinical CRC samples relative to corre-
sponding adjacent normal colorectal tissues (Fig. 1J-K).
The in-situ expression levels of DHXO9 in the primary CRC
tissues were detected utilizing IHC staining. We found that
the expression of DHX9 in the CRC specimens were sig-
nificantly increased comparing with that in adjacent nor-
mal tissue (Fig. 1L and Supplementary Table 4). Notably,
the protein expression of DHX9 was positively correlated
with histopathological differentiation, infiltration depth of
intestinal wall and lymph node metastasis in CRC patients

(Supplementary Table 5). We also detected the expression
of DHX9 in AOM/DSS-induced CAC model. The result
revealed that the DHXO expression was significantly higher
in the colons of AOM/DSS-treated mice than these in PBS-
treated group (Fig. IM-N). Collectively, these results sug-
gest that DHX9 may function as an oncogene to promote the
development of CRC.

DHX9 promotes the proliferation of CRC cells

To clarify the effect of DHX9 on the biological behaviors
of CRC cells, we established stable DHX9-overexpressed
or -silenced CRC cells. The transfection efficiency of three
cell lines were detected by RT-qPCR and Western blotting
assay, and the results revealed that cells were successfully
constructed (Fig. 2A—B). The proliferation rates of DHX9-
overexpressed or -silenced CRC cells were determined by
MTS assay and trypan blue exclusion assay. We found that
there was no significant difference between the blank con-
trol CRC cells and the negative group cells with expressing
lentiviral vector. DHX9 overexpression markedly aggra-
vated proliferation compared with vector-transfected group
cells, while DHX9 knockdown greatly decreased prolifera-
tion of CRC cells (Fig. 2C-D), which was confirmed by the
mRNA levels of MKi67 encoding proliferation marker Ki67
(Fig. 2E). Furthermore, ectopic expression of DHX9 pro-
moted cell colony formation. In contrast, DHX9 knockdown
attenuated colony formation capacity in CRC cells (Fig. 2F
and Supplementary Fig. 3A). Therefore, DHXO is necessary
for malignant proliferation of CRC cells.

DHX9 contributes to apoptosis resistance in CRC
cells

As malignant and immortality potential of tumor cells are
associated with apoptosis resistance [41, 42], we inves-
tigated whether DHX9 effected on this aspect in DHX9-
overexpressed or -silenced CRC cells. Annexin V-FITC/PI
dual staining assay results demonstrated that overexpression
of DHX9 exhibited lower apoptotic index compared with
vector-transfected HCT116 cells, while DHX9-silenced cells
revealed higher apoptosis rate. Consistently, similar results
were found in HCT8 and COLO205 cells (Fig. 3A).

Moreover, the effects of manipulating DHX9 on the activ-
ities of caspase-3, caspase-8, and caspase-9 in HCT116 cells
were examined. We found that DHX9 overexpression sig-
nificantly decreased activities of caspase-3 and caspase-9.
However, DHX9 knockdown notably enforced activities of
caspase-3 and caspase-9. The caspase-8 activity was not
altered in DHX9-overexpressed and -silenced HCT116 cells
(Fig. 3B).
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Fig.5 DHXO9 facilitates liver metastasis of colorectal cancer cells.
A Western blotting analysis of DHX9 in primary CRC tumors
from non-metastatic and liver metastatic patients and quantitative
data of DHX9 protein levels were shown Data were represented as
mean+SEM (n=3). ¥**P<0.01; Student’s ¢ test. B Graphic illus-
tration for liver metastasis mouse model of CRC. C Representa-
tive images of metastatic liver in vector (pLVX), pLVX-DHX9 and
pLVX-shDHX9 group were shown (left) and surface nodules were
counted (right). Arrows indicated metastatic foci on liver surface.
n=6 mice per condition. Data were represented as mean+SEM.

DHX9 facilitates outgrowth of the xenografted CRC
cells in vivo

To further evaluate the effect of DHX9 on CRC maintenance,
a xenograft model of tumor outgrowth was established in

@ Springer

*#%P <(0.001, one-way ANOVA with post hoc intergroup compari-
son by Tukey's test. D Survival curves analyzed with Kaplan—-Meier
in the indicated groups of mice were shown (n=6). Log-rank test,
*#%P<(0.001. E H&E staining of liver sections, dot plots indicated
metastatic nodules. Left, representative images of metastatic nodules
in H&E-stained liver section were shown. Scale bar, 500 um (40 X),
200 pm (100X%). Right, quantification of liver metastatic nodules in
microscopic fields of 40X was shown. n=3 mice per condition. Data
were represented as mean+SEM. **#P <(0.001, one-way ANOVA
with post hoc intergroup comparison by Tukey's test

nude mice bearing HCT116 cells. We found inoculation of
DHX9-overexpressed HCT116 cells appreciably enhanced
tumor volume (Fig. 3C), size (Fig. 3D), and weight (Fig. 3E)
compared with the injection of vector-transfected HCT116
cells, while knockdown of DHX9 remarkably restrained
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tumor growth (Fig. 3C-E). IHC analysis in the tumor sec-
tions of the three groups further confirmed that DHX9 over-
expression dramatically augmented proliferation (marked as
Ki67 staining) and abrogated apoptosis (marked as active
caspase-3 staining), whereas DHX9 knockdown effec-
tively restrained CRC outgrowth and induced apoptosis
(Fig. 3F-G).

DHX9 augments the capability of migration
and invasion in CRC cells

Dissemination of tumor cells is an important malignant
feature of CRC, which leads to limited therapeutic options
[43]. We therefore examined the motility of CRC cells utiliz-
ing the wound healing assay. DHX9 knockdown repressed
the motility of CRC cells, while DHX9 overexpression in
CRC cells promoted the cell motility (Fig. 4A-B). Next,
we detected the effect of DHX9 on migration and invasion
of CRC cells. The results showed that compared with the
vector-transfected cells, the ability of migration and invasion
were significantly elevated in DHX9-overexpressed CRC
cells, which was significantly attenuated in DHX9-silenced
cells (Fig. 4C-E). Similar results were observed in invasion
assay of CRC cells (Fig. 4F-H).

DHX9 increases the liver metastasis of CRC

Approximately fifty percent of CRC patients develop
liver metastases, which is the main cause of death [44].
To explore the pro-metastatic role of DHX9 in CRC, we
measured primary CRC tumors from patients with or with-
out liver metastasis. Compared with non-metastatic tumor,
DHX9 expression was significantly increased in tumor tis-
sues of CRC patients with liver metastases (Fig. 5SA). We
further evaluated the effect of DHX9 on hepatic metastasis
of CRC cells in vivo. As illustrated in Fig. 5B, a hepatic
metastasis model utilizing the nude mice intrasplenically
injected with DHX9-overexpressed or -silenced CRC cells
was employed. As expected, overexpression of DHX9
strongly boosted surface liver metastatic nodules and sig-
nificantly shorten the overall survival time of nude mice
bearing CRC cells (Fig. 5C), whereas DHX9 silence exhib-
ited the contrast effect (Fig. 5D). Consistently, H&E staining
analysis showed that forced expression of DHXO resulted in
a robustly increase in number and size of metastatic nod-
ules on the livers of nude mice, while DHX9 knockdown
exhibited significantly compromised size and number of
metastatic foci on the livers (Fig. SE). These results suggest
that DHX9 promotes liver metastasis of CRC cells in vivo.

DHX9 regulates the activation of NF-kB signal
pathway in CRC

To gain insight into how DHX9 regulates tumorigenesis
in CRC, the global transcriptomic change was investi-
gated in DHX9-silenced HCT116 cells by RNA-seq. A
total of 3936 genes displayed altered expression in DHX9-
silenced HCT116 cells compared with vector-transfected
cells (Fig. 6A-B and Supplementary Table 6). In brief,
it was found that a total of 2113 genes were up-regulated
(=twofold). Meanwhile, 1838 genes were down-regulated
(Ztwofold). Among them, genes in NF-kB signaling (such
as CXCLS, encoding IL-8; CCNDI, encoding Cyclin D1;
BIRCS, encoding Survivin; SNAII, encoding Snail) were
markedly downregulated by DHX9 ablation (Fig. 6B). GO
analysis was performed to dissect the function of down-reg-
ulated genes in DHX9-silenced CRC cells, and the results
revealed that these genes in NF-«B signaling, cell prolifera-
tion, transcription and translation regulation, and apopto-
sis were notably enriched, highlighting the crucial role of
DHX9 in CRC biology (Fig. 6C). In addition, GSEA results
showed that the decreased genes in DHX9 knockdown cells
were significantly enriched in cell motility (Fig. 6D), which
was consistent with our findings that DHX9 ablation resulted
in the reduced capacity of migration and invasion in CRC
cells in vivo and in vitro. Furthermore, GSEA results dem-
onstrated that NF-xB signaling was markedly enriched in
DHX09-silenced cells (Fig. 6E).

To further validate the effect DHX9 on NF-kB signaling,
we examined p65 activation and translocation in DHX9-
overexpressed and -silenced CRC cells. Western blotting
results showed that phosphorylated IxkBa and phosphoryl-
ated p65 was increased in DHX9-overexpressed HCT116
cells, while decreased in DHX9-silenced cells (Fig. 6F).
Concomitantly, the levels of total IkBa were decreased in
DHX9-overexpressed cells, whereas increased in DHX9-
silenced cells (Fig. 6F). We next examine cytosolic and
nuclear p65 distribution in DHX9-overexpressed and
-silenced CRC cells. Result showed that overexpression
of DHXO significantly enhanced p65 nuclear transloca-
tion, but did not trigger nuclear translocation of p65 in
p65-konckdown CRC cells, which serves as a negative
control (Fig. 6G). Conversely, knockdown DHX9 notably
decreased nuclear protein p65 level, which was rescued by
LPS treatment in CRC cells (Fig. 6H). The effect of DHX9
on nuclear translocation of p65 in CRC cells was verified
by immunofluorescence assay, in which LPS was used as a
positive control (Fig. 6I). Moreover, in DHX9-overexpressed
and -silenced HCT116 cells, we transiently co-transfected
with NF-kB-TATA-Luc and Renilla luciferase reporter plas-
mids, and found that DHX9 overexpression significantly
enhanced NF-xB reporter activity, which was reversed in
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«Fig.6 DHX9 mediates the activation of NF-kB signal pathway in
colorectal cancer cells. A Heatmap showed the alteration of gene
expression (>twofold) obtained from RNA-Seq of vector-transfected
and DHX9-silenced HCT116 cells. B Scatter plot displayed fold
changes of gene expression (>twofold) in DHX9-silenced HCT116
cells compared with vector-transfected cells. C GO analysis of
down-regulated genes (>twofold) in DHX9-silenced HCT116 cells
compared with vector-transfected cells. D-E GSEA revealed that
gene sets of cell motility D and NF-kB signaling E were enriched in
DHXO9-depleted HCT116 cells. F Proteins levels of IKBa, p65 and
phosphorylated IKBa and p65 were evaluated by Western blotting in
DHX9-overexpressed or -depleted HCT116 cells. G-H Cytosolic and
nuclear fractionations were evaluated by Western blotting in DHX9-
overexpressed HCT116 cells with or without p65 knockdown G or
in DHX9-silenced HCT116 cells with or without LPS (1 pg/ml) pre-
treatment for 15 min H. I DHX9-overexpressed or -depleted HCT116
cells were subjected to immunofluorescence analysis of p65 localiza-
tion (green). Vector-transfected (pLVX) HCT116 cells pretreated with
LPS (1 pg/ml) for 15 min were served as a positive control. DAPI
(blue) was applied to stain the nuclear. Scale bar, 20 pm. J HCT116
cells with stably expressing pLVX, pLVX-DHX9 or shRNAs against
DHX9 were co-transfected with 0.5 pg NF-kB-TATA-Luc reporter
plasmid and 10 ng Renilla luciferase reporter. 36 h after transfec-
tion, pLVX-HCT116 cells were treated with LPS (200 ng/mL) for
8 h. The luciferase activity of cells was measured. The values of fire-
fly luciferase activity were normalized to Renilla luciferase activity.
Fold activation were represented as mean+SEM of three independ-
ent transfections. ***P<0.001, one-way ANOVA with post hoc
intergroup comparison by Tukey's test. K RT-qPCR experiment ana-
lyzed NF-kB-target genes including CXCLS, encoding IL-8; CCND1,
encoding Cyclin D1; BIRCS, encoding Survivin; SNAII, encoding
Snail, in DHX9-overexpressed or -depleted HCT116 cells. Data were
from three independent experiments and represented as mean + SEM.
ns, not significant; ***P <0.001, one-way ANOVA with post hoc
intergroup comparison by Tukey's test. L. Western blotting analysis
verified the protein levels of candidate NF-kB-target genes in DHX9-
overexpressed or -depleted cells

DHX9 knockdown cells (Fig. 6J), suggesting that DHX9
can regulate transcription of the NF-kB-dependent genes.
In addition, we measured the expression of NF-kB-target
genes in DHX9-overexpressed or -silenced CRC cells. The
results revealed that ectopically expression of DHX9 pro-
foundly elevated expression of CXCLS8 and Cyclin D1,
known proteins that participate in proliferation of cancer
[26, 45], while ablation of DHXO potently disrupted expres-
sion of CXCLS8 and Cyclin D1 (Fig. 6K-L and Supplemen-
tary Fig. 4A-B). Moreover, we evaluated the expression
of apoptosis-related proteins after DHX9 overexpression
and silence. The results showed that the expression of pro-
survival Survivin was obviously upregulated in DHX9-
overexpressed cells and decreased in DHX9-silenced CRC
cells (Fig. 6K-L and Supplementary Fig. 4A-B). The lev-
els of other apoptosis-related family members (Bcl-X,
Bcl-2, XIAP) did not considerably change (Supplementary
Fig. 5A). The results revealed that DHX9 might exert its
anti-apoptosis role via Survivin. Furthermore, we detected
the expression of metastasis-associated proteins. We found
an appreciable increase of Snail in DHX9-overexpressed
cells and a significant decrease in DHX9-overexpressed

cells without obvious alteration in SLUG, f-catenin, c-Myc,
OCT4, and PTEN (Fig. 6K-L and Supplementary Fig. 4-6).
The data suggest that DHX9 may promote metastasis via
Snail. Consistent with DHX9, the expression of CXCLS,
CCND1, BIRCS and SNAII were significantly upregulated
in the CRC tumor tissues compared with normal tissues
and were associated poor prognosis in CRC patients in the
TCGA database (Supplementary Fig. 7A-H). DHX9 mRNA
levels were found to be significantly positively correlated
with mRNA levels of CXCLS, CCND1, BIRC5 and SNAII in
the CRC biopsies (Supplementary Fig. 7I-L). These results
indicate that DHX9 facilitates proliferation, apoptosis resist-
ance, migration, invasion, and metastasis possibly through
modulating the expression of NF-kB-target genes.

DHX9 interacts with p65 and RNA Pol Il to enhance
NF-kB-mediated transcription

It has been reported that DHX9 can interact with p65 to
enhance transcription of NF-kB-dependent genes in 293T
cells [29], we therefore interrogated whether this interaction
existed in CRC. Our co-immunoprecipitation (co-IP) results
showed that endogenous DHX9 weakly interacted with p65
and RNA Pol II in the immunoprecipitates, whereas these
interaction were intensified once forced DHX9 expression.
In contrast, these interaction were abrogated in DHX9-
silenced CRC cells (Fig. 7A-B). Furthermore, reciprocal
co-IP was performed with an antibody against endogenous
p65 in DHX9-overexpressed or -silenced cells. We found
that endogenous DHX9 and RNA Pol II were readily detect-
able, while p65 failed to interact with RNA Pol II in DHX9
knockdown cells. Conversely, this interaction was strength-
ened in DHX9-overxepressed cells (Fig. 7C-D).

To further determine which domains or amino acids of
DHXO9 were responsible for interaction with p65 and RNA
Pol I, we used stable CRC cell lines expressing WT DHX9
or negative mutant DHX9, which Lys417 of the conserved
ATP-binding motif (Gly-Lys-Thr) in catalytic domain was
substituted by Arg and resulted in a significant reduction
in transcriptional activity [46]. Co-IP results showed that
compared with WT DHX9, mutant DHX9 poorly inter-
acted with p65 and RNA Pol II in the immunoprecipitates
of HCT116 cells (Fig. 7E-F). Moreover, reciprocal co-IP
results indicated that p65 weakly interacted with DHX9 and
RNA Pol II in the ATPase/helicase mutant of K417R DHX9-
expresssed cells (Fig. 7G). In addition, compared with WT
DHX9, mutant DHX9 weakly enhanced the activation of
NF-kB reporter activity (Fig. 7H). These results suggest that
the ATPase/helicase domain of DHXO is responsible for the
interaction with p65 and RNA Pol IT and necessary for acti-
vation of NF-kB-dependent transcription.

We next investigated how DHX9 affect the transcrip-
tional activity of NF-kB signal pathway in details using
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ChIP assay. The quantitative ChIP data revealed that  while DHX9 ablation diminished p65°’s and RNA Pol II’s
DHXO itself was recruited to the promoters of NF-xB-  occupancy of these promoters (Fig. 8A-B). In the same
dependent genes (such as BICR5 and SNAII), and forced  experiment, low levels of DHX9 and p65, while signifi-
expression of DHX9 enhanced p65’s and RNA Pol I’s  cantly amounts of RNA Pol II, were detected on the ACTB
occupancy of BICRS and SNAII promoters in CRC cells,  promoter, which served as a negative control, in either
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«Fig.7 DHXO interacts with p65 and RNA Pol II to active NF-kB-
mediated transcription in colorectal cancer cells. A-B Lysates of
DHX9-overexpressed or -depleted HCT116 cells were subjected to
immunoprecipitation with the anti-DHX9 or anti-IgG antibody, and
then incubated with the indicated antibodies using Western blotting.
C-D Lysates of DHX9-overexpressed or -depleted HCT116 cells
were subjected to immunoprecipitation with the anti-p65 or anti-IgG
antibody and subjected to Western blotting. E-G Stable HCT116
cells expressing WT DHX9 and K417R DHX9 were harvested and
lysates were used to immunoprecipitation with the anti-DHX9 or
anti-p65 or anti-IgG antibody, and then subjected to Western blot-
ting. K417R indicates a negative mutant of DHX9, in which Lys
417 is substituted to Arg that abolishes the ATP-dependent helicase
activity. H Stable HCT116 cells expressing WT DHX9 or K417R
DHX9 were co-transfected with NF-kB-TATA-Luc reporter plasmid
and Renilla luciferase reporter. The luciferase activity of cells was
measured after 48-h transfection. The values of firefly luciferase
activity were normalized to Renilla luciferase activity. Fold activation
were represented as mean+SEM of three independent transfections.
*##%P <(0.001, one-way ANOVA with post hoc intergroup comparison
by Tukey's test

DHXO9-overexpressed or -silenced CRC cells (Fig. 8C).
These ChIP results were consistent with the expression
levels of BIRC5 and SNAII in DHX9-overexpressed or
-knockdown CRC cells and suggest that DHX9 is required
for the recruitment of p65 and RNA Pol II to NF-kB-
dependent promoters.

Discussion

Despite a great progress has been made in the development
of chemotherapy for CRC, increasing cases show tolerance
to such treatments [23]. Hence, there is an urgent need
to find more safe and effective molecular targets for the
treatment of CRC. In this study, high-throughput siRNA
screening was used to identify nucleic acid sensing PRRs
that were involved in tumorigenesis of CRC, and DHX9
was found to be a potential oncogene. Moreover, it was
shown that DHX9 was predominantly elevated in CRC
cells lines and clinical CRC tissues. Additionally, DHX9
also was negatively correlated with poor prognosis in
CRC. From a functional aspect, forced overexpression of
DHXO9 aggravated cell proliferation, anchorage-independ-
ent growth, anti-apoptosis, migration and invasion in CRC.
On the contrary, DHX9 ablation inhibited these malignant
phenotypes. The xenograft mouse model and liver metas-
tasis mouse model validated that ectopic expression of
DHX9 promoted CRC growth and metastasis, while DHX9
knockdown exerted converse effect. From the molecular
mechanistic perspective, DHX9 enhanced p65 phosphoryl-
ation, promoted p65 nuclear translocation, and interacted
with p65 and RNA Pol II to stimulate NF-kB-mediated
transcription of target genes (such as CXCLS, CCNDI,
BIRCS5 and SNAII ).

DHXO is an NTP-dependent helicase protein that func-
tions in a variety of cellular processes, indicating that aber-
rant DHX9 expression may participate in multiple human
diseases [12, 14]. Previous studies reported that DHX9 was
upregulated in various cancer such as lung cancer [47] and
liver cancer [48]. Consistently, we found that DHX9 was
highly expressed in CRC cells lines, CAC mouse model and
clinical CRC samples at the mRNA and protein level, which
was validated in TCGA and CPTAC database. However, the
mechanism of DHX9 overexpression needs further inves-
tigation. Additionally, it has reported that DHX9 overex-
pression was associated with poor patient survival in lung
cancer [49]. Analogously, we found that elevated DHX9
expression was correlated with aggressive CRC stage, lymph
node metastasis and poor prognosis, which was evidenced
in clinic CRC samples, GEO, and TCGA database. These
findings suggest that DHX9 might perform as an oncogenic
factor in CRC.

Sustaining proliferation, apoptosis resistance and
enhanced motility are hallmarks of malignant cancer [50].
Our results demonstrated that DHX9 promoted prolifera-
tion of CRC cells in vitro and in nude mice. In accordance
with our findings, the effect of DHXO on proliferation has
been found in other types of cancer such as myeloma and
osteosarcoma [11]. In addition, we observed that DHX9
knockdown induced apoptosis in CRC cells, while ectopic
expression of DHX9 enhanced survival. Similarly, loss of
DHX9 activating p53-dependent apoptotic program was
found in Ep-myc/Bcl-2 lymphomas [51]. Furthermore,
through gain- and loss-of-function experiments, we dem-
onstrated that DHX9 potentiated the capacity of migra-
tion and invasion of CRC cells in vitro and in vivo, which
identified that DHXO facilitated hepatic metastasis in CRC.
Above all, these results suggest that DHXO plays a critical
role in promoting the growth and metastasis of CRC. How-
ever, there are also several studies indicate that DHX9 has
tumor-suppressive properties through interacting with the
tumor suppressor BRCA1 or upregulating of pS3 translation
in breast cancer [20] and lung adenocarcinoma [13], respec-
tively. Therefore, whether DHX9 functions as an oncogene
or tumor suppressor gene may depend on the tumor type or
activity of its interacting partners.

NF-xB activation is constantly observed in CRC and
correlated with cellular processes including proliferation,
apoptosis, angiogenesis, and metastasis via promoting the
expression of related target genes [24]. A previous study
demonstrated that DHX9 was required for NF-kB-mediated
transcriptional activation of antiviral cytokines [29]. Con-
sistently, it was observed that NF-kB-mediated cytokine,
CXCLS, was suppressed in DHX9-silenced CRC cells, and
other target genes (e.g., CCNDI, BIRCS) involved in pro-
liferation and apoptosis were also inhibited (Fig. 6K-L).
Moreover, Snail, as a known downstream target of the
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Fig.8 DHXY is required for p65 and RNA Pol II recruitment to the
promoters of NF-kB-dependent genes. A—C ChIP-qPCR analysis
for DHX9, p65 or RNA Pol II occupancy at the promoter of BIRC5
A, SNAI1 B or ACTB C in HCT116 cells stably expressed DHX9
cDNA or shDDRI constructs. All data in bar graphs were shown as
mean=+SEM from three independent experiments and analyzed by
one-way ANOVA, post hoc intergroup comparisons, Tukey’s test. D
A proposed working model of DHX9 in orchestrating the malignant
phenotypes of CRC. On one hand, DHX9 enhances p65 phosphoryla-

NF-«B signal pathway to promote tumor metastasis [28],
was decreased in DHX9-silenced CRC cells (Fig. 6K-L).
Interestingly, other target genes of NF-«kB signal pathway,
such as Bcl-X;, Bcl-2, XIAP, SLUG, p-catenin, c-Myec,
OCT4, and PTEN was unaffected in DHX9-overexpressed
or -silenced CRC cells (Supplementary Figs. 5-6). Previ-
ous studies demonstrated that a growing list of proteins that
interact with NF-xB can affect specific DNA-binding sites
and govern selected gene expression [52, 53]. One impor-
tant addition to this list is Ribosomal Protein S3 (RPS3),
a subunit of p65 DNA-binding complexes. It enhances

@ Springer

tion, promotes p65 nuclear translocation to facilitate NF-kB-mediated
transcriptional activity. On the other hand, DHX9 interacts with p65
and RNA Pol II and is necessary to recruit p65 and RNA Pol II to
the NF-kB-dependent promoters to activate downstream gene tran-
scription, including CXCLS8, CCNDI, BIRCS and SNAII. Enhanced
CXCLS, Cyclin D1 and Survivin expression contributes to lower
apoptosis and promote proliferation in CRC cells; the strengthened
expression of Snail increases the capability of migration and invasion,
and ultimately facilities liver colonization and metastasis in CRC

NF-kB-mediated transcription of selected p65 target genes
which expression were dependent on RPS3, but not global
p65 target genes which expression were not affected by
RPS3[54]. In this study, we found that knockdown p65 actu-
ally diminished expression of many NF-kB-targeted genes,
while DHXO selectively affected NF-xB-downstream genes
(Fig. 6F-G and Supplementary Fig. 8). Therefore, we spec-
ulate that DHXO9, as a subunit in NF-xB complexes, may
induce selective recruitment of p65 to certain promoters
of NF-kB-targeted genes in CRC similar to RPS3. Other
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potential mechanisms for DHX9 selectively regulates
NF-kB-targeted expression need to be further clarified.
DHX9 has been demonstrated to interact with many tran-
scription regulatory factors, such as EGFR or CBP/p300 [15,
16]. In this study, we found DHXO9 interacted with p65 and
RNA Pol II in CRC cells via co-IP assay. Importantly, in
mutant study, the conserved ATP-binding motif (Gly-Lys-
Thr) in catalytic domain of DHX9 may be responsible for
the interaction with p65 and RNA Pol II in CRC cells. In
line with previous studies [29, 30], the ATP-binding mutant
(K417R) of DHXO resulted in a great reduction in tran-
scriptional activity of NF-«xB. These results suggest that the
ATPase/helicase domain of DHX9 may be responsible for
the interaction with p65 and RNA Pol II and be critical for
NF-kB-dependent transcription (Fig. 7H). Moreover, ChIP
assay indicated that DHXO itself was recruited to NF-xB-
dependent promoters, and modulated p65°’s and RNA Pol
II’s occupancy of these promoters in CRC cells (Fig. 8A-B).
These results suggest that DHX9 may serve as a bridging
factor to recruit p65 and RNA Pol II to the NF-kB-specific
promoters, which is similar to Akirin2 that bridges NF-xB
p50 and the chromatin-remodeling SWI-SNF complex [55].
In summary, our findings reveal that overexpressed
DHXO9 is associated with aggressive tumor stage, poor
prognosis and malignant phenotypes maintenance (e.g.,
apoptosis resistance, outgrowth and metastasis). Mechani-
cally, on one hand, DHX9 enhances p65 phosphorylation,
promotes p65 nuclear translocation to facilitate NF-xB-
mediated transcriptional activity. On the other hand,
DHXY interacts with p65 and RNA Pol II, and may serve
as a bridging factor to recruit p65 and RNA Pol II to the
NF-kB-dependent promoters to activate transcription.
This study validate that DHX9 may serve as a diagnostic
and therapeutic target for CRC prevention and treatment.
However, the definite molecular mechanism underlying
how DHXO9 regulates NF-kB translocation still need more
investigation. Further experiments on the role of DHX9
in tumorigenesis and activation of NF-kB pathway may
provide new insights into the effective therapies in CRC.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-021-04013-3.
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