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RNA Helicase DHX37 Facilitates Liver Cancer Progression
by Cooperating with PLRG1 to Drive
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Superenhancer-Mediated Transcription of Cyclin D1

Zhen Liu', Yougiong Ye?, Yizhe Liu', Yanfang Liu', Huifang Chen? Mengting Shen', Zhen Wang',
Shenglin Huang"®, Leng Han?, Zhiao Chen', and Xianghuo He"®

RNA helicases are dysregulated in tumors. Here, we identified
DHX37 as one of the top RNA helicase genes with upregulated
expression in hepatocellular carcinoma (HCC). DHX37 promoted
proliferation of liver cancer cells in vitro and in vivo. Epigenomic
profiling of DHX37-knockdown and control HCC cells revealed
that DHX37 is associated with superenhancer activity. Mechanis-
tically, DHX37 interacted with pleiotropic regulator 1 (PLRG1) to
transcriptionally activate cyclin D1 (CCND1) expression via co-
occupation of its promoter and superenhancer elements. DHX37
and PLRGI promoted liver cancer cell proliferation and contributed
to the poor prognosis of patients with HCC. Importantly, CCND1

Introduction

Primary liver cancer is the third leading cause of cancer-related
death worldwide and the sixth most commonly diagnosed cancer (1).
Hepatocellular carcinoma (HCC) accounts for the majority of primary
liver cancers. Most patients with HCC have concomitant liver disease,
and cirrhosis with any cause can promote a series of genetic and
epigenetic events that culminate in the formation of dysplastic nodules,
which are bona fide preneoplastic lesions. Additional molecular
alterations endow dysplastic cells with proliferative, invasive, and
survival advantages and complete the transition to full-blown HCC (2).
Despite continuous improvements in the clinical management of HCC
over the past decades, particularly for patients with advanced stages of
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inhibitors were effective as antiproliferative agents for liver cancer.
These results together demonstrate a cooperative mechanistic
interaction between DHX37 and PLRGI that regulates CCND1
expression and promotes liver cancer progression, advancing our
understanding of the epigenetic and transcriptional dysregulations
mediated by RNA helicases and superenhancers in HCC.

Significance: This work characterizes a novel mechanism of
superenhancer-driven cyclin D1 upregulation by DHX37 and
PLRG]I, implicating this pathway as a potential therapeutic target
in hepatocellular carcinoma.

this disease, no effective interventions are available for the manage-
ment of other aspects, such as chemoprevention in patients with
cirrhosis and adjuvant therapy after surgical resection or ablation (2).

RNA helicases are highly conserved enzymes that contain domains
regulating their NTPase and helicase activities (3). These enzymes are
divided into six superfamilies (SF) according to their sequences and
structures, and eukaryotic RNA helicases are included in superfamily 1
(SF1) and superfamily 2 (SF2; ref. 3). DEAD-box (Asp-Glu-Ala-Asp)
and DEAH-box (Asp-Glu-Ala-His) helicases represent the two largest
groups in the helicase SF2 in humans and similarly contain nine
conserved motifs. Accumulating evidence indicates that RN A helicases
are involved in the regulation of transcription, translation, posttrans-
lational modification, splicing, and RNA transport by acting as
molecular chaperones and are thus closely related to tumorigenesis (4).
After comprehensively analyzing the expression profiles of RNA
helicase genes based on datasets from The Cancer Genome Atlas
(TCGA) for liver hepatocellular carcinoma (TCGA-LIHC), we found
that DHX37, a highly conserved DEAH-box RNA helicase, is a potent
pro-oncogenic gene in HCC. Previous studies have demonstrated that
DHX37 is involved mainly in ribosomal biogenesis (5, 6) and has
antiviral activity (7). DHX37 can inhibit the activation of antigen-
specific CD8-positive T cells, thus antagonizing the efficacy of immu-
notherapy for triple-negative breast cancer (8). Recent bioinformatic
analysis of DHX37 expression profiles in multiple have cancers
also shown that DHX37 is a potential marker and is associated with
the tumor immune microenvironment in liver cancer (9-11). How-
ever, the molecular mechanisms underlying the pro-oncogenic role of
DHX37 in liver cancer remain largely unexplored.

In this study, we demonstrated that DHX37 promotes liver cancer
cell proliferation and cell-cycle progression in vitro and facilitates HCC
cell tumorigenicity in vivo. Interestingly, epigenomic profiling defined
the superenhancer landscape regulated by DHX37 and demonstrated
that DHX37 can bind to both the promoter and superenhancer regions
of the cyclin D1 (CCND1) genomic locus, thereby driving the expres-
sion of CCND1 in HCC cells. Moreover, coimmunoprecipitation (Co-
IP) and LC/MS analysis identified PLRG1 as a binding partner of
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DHX37. DHX37 can cooperate with PLRG1, a core component of the
CDC5L complex, to transcriptionally activate CCND1 and promote
the proliferation of HCC cells, indicating that DHX37 and PLRG1 are
potential targets for the development of new anticancer therapeutics
for liver cancer.

Materials and Methods

Cell culture

Huh7 (ATCC, ATCC Number: RCB1366; RRID: CVCL_0336,
2019), HepG2-C3A (ATCC, ATCC Number: CRL-10741; RRID:
CVCL_1098, 2019), SK-Hepl (ATCC, ATCC Number: HTB-52;
RRID:CVCL_0525, 2019), and HEK-293T (ATCC, ATCC Number:
CRL-11268; RRID: CVCL_1926, 2019) cells were cultured in DMEM
(Invitrogen) containing 10% FBS (HyClone) and antibiotics (penicillin
and streptomycin, Invitrogen) at 37°C in 5% CO,. Cells were assessed
for Mycoplasma monthly via the qPCR analysis using specific primers
for detecting Mycoplasma (Supplementary Table S1). All these cells
were recently authenticated by short tandem repeat analysis.

Collection of liver HCC data

mRNA expression and clinical data, including tumor stages, his-
tological subtypes, sex, overall survival (OS) time, and progression-free
survival (PFS) time, of patients from the LIHC dataset were down-
loaded from TCGA (12). Public gene expression data ware retrieved
from the Gene Expression Omnibus (GEO). A GEO dataset (accession
number GSE77314) with data for 50 paired samples from Chinese
patients with HCC was used for the analysis of DHX37 expression.
mRNA expression data for enhancer RNA (eRNA) in TCGA-LIHC
were downloaded from the eRic database (13).

Analysis of RNA helicase alterations in liver cancer

We identified differential expression of RNA helicase family mem-
bers (Supplementary Table S2) using two-tailed Student ¢ test. A
univariate Cox regression model was used to calculate the HRs
associated with RNA helicase family members in TCGA-LIHC cohort.
On the basis of the survival risk associated with DHX37 expression
in LIHC, the “survminer” package was used to determine the cut-off
value for survival data, including OS time and PFS time. The
“surv-cutpoint” function was used to dichotomize the patients by
the DHX37 expression level, and all potential cutting values were
repeatedly tested to find the maximum rank statistic. Then, the patients
were divided into gene-high groups and gene-low groups according to
the maximum selected log-rank statistics, so as to reduce the calculated
batch effect. Survival curves for prognostic analysis were generated
using the Kaplan-Meier method, and the log-rank test was used to
determine the significance of the differences. All statistical analyses
were two sided and P < 0.05 was considered to indicate statistical
significance.

RNA sequencing analysis

Total RNA was extracted from cells using TRIzol. The sequencing
library was prepared using an Illumina mRNA sequencing (mRNA-
seq) sample preparation kit and was then subjected to paired-end
sequencing on the Illumina HiSeq platform. The paired-end reads
were aligned to hg38 using STAR. Bam files obtained from STAR were
first converted into bedGraph format using BEDTools and were then
converted into BigWig files for visualization with UCSC Genome
Browser or Integrative Genomics Viewer (IGV). After calculating raw
gene expression levels (raw read counts) with FeatureCounts, nor-
malized profiling data were obtained with DESeq2 for differential
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expression analysis. Differentially expressed genes (DEG) were iden-
tified as those with an absolute fold change >1.5. DAVID software was
used for functional annotation of the DEGs by Gene Ontology (GO)
analysis of cell components, biological processes, and molecular
functions.

Assay for transposase-accessible chromatin using sequencing

Assay for transposase-accessible chromatin using sequencing
(ATAC-seq) was performed as described previously (14). In brief,
cells were grown to 80% confluence, and 50,000 cells were lysed and
subjected to tagmentation. ATAC-seq library preparation was per-
formed as described previously. All deep sequencing was performed on
the Ilumina HiSeq Xten-PE150 or Illumina HiSeq 2500 platform
provided by GENEWIZ (GENEWIZ). The following tools and ver-
sions were used for ATAC-seq data analysis: Trimmomatic, SAMtools,
Picard, and Bowtie2. First, Nextera adapter sequences were trimmed
from the reads by using Trimmomatic. These reads were aligned to a
reference genome using Bowtie2 with standard parameters. Picard was
then used to remove duplicate reads. These deduplicated reads were
then filtered to retain high-quality (MAPQ > 30), nonmitochondrial
chromosome, non-Y chromosome, and properly paired (SAMtools
flag 0 x 2) reads. To visualize the tracks, the reads were extended by
250 bp using IGV Tools (https://software.broadinstitute.org/software/

igv/igvtools).

Chromatin immunoprecipitation sequencing and cleavage
under targets and tagmentation

Chromatin immunoprecipitation sequencing (ChIP-seq) was per-
formed as described previously (15, 16). In brief, Huh7 cells were
harvested, and cross-linking was performed using 1% formaldehyde
for 10 minutes at room temperature. Then, the formaldehyde was
neutralized by the addition of 2.5 mol/L glycine to a final concentration
of 0.125 mol/L at room temperature, and the cells were washed three
times with ice-cold PBS. The cells were resuspended in ChIP lysis
buffer (Cell Signaling Technology; Supplementary Table S3) contain-
ing protease inhibitors and/or dithiothreitol for sonication using either
a Bioruptor or Covaris sonicator to obtain DNA fragments of 200 to
500 bp. Cell lysates were centrifuged at 12,000 rpm for 10 minutes at
4°C, and the supernatant was collected. Then, 2.5 UL of chromatin was
saved as the input control, and 250 UL of chromatin was incubated with
antibodies at 4°C overnight with slow rotation and then with Dyna-
beads Protein G (Invitrogen) for an additional 2 hours. DNA was
eluted from the immunoprecipitated complexes, reverse cross-
linked and purified with a QIAquick PCR Spin Kit (QIAGEN).
ChIP-qPCR was performed to verify the ChIP-seq results. The
primers used for qPCR are listed in Supplementary Table S1. For
library construction, a DNA-seq kit from NEB was used following
the manufacturer’s instructions. TBE PAGE-gel size selection was
performed for final library size selection to obtain ChIP-seq librar-
ies containing fragments of 250 to 500 bp. Cleavage under targets
and tagmentation (CUT&Tag) was performed according to the
manufacturer’s protocol (Novoprotein).

For ChIP-seq and CUT&Tag analyses, 150-bp paired-end reads
were aligned to the reference human genome using Bowtie2 with
standard alignment parameters. PCR duplicates were marked with the
Picard “Mark Duplicates” utility and removed from further analysis.
Bam files were converted to BigWig files using deepTools. For ChIP-
seq analysis, peaks were identified using the MACS2 peak caller with
the following parameters: -f BAMPE —keep-dup all -g hs —q 0.01. For
CUT&Tag analysis, peaks were identified using the MACS2 peak
caller with the following parameters: -f BAMPE —shift -100 —extsize
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200 -nomodel -B -SPMR -g hs —keep-dup all —-q 0.01. Peaks were
annotated with Homer. The peak distribution along genomic regions
of genes of interest was visualized with IGV.

Superenhancer analysis

Rank ordering of superenhancers (ROSE) algorithm was used
to define superenhancers (17, 18). The distance of stitching enhan-
cers was fixed at 12.5kb. All other parameters used the default
setting. Superenhancer-associated genes were identified by the
program of ROSE_geneMapper.py and obtained from the ROSE
ENHANCER_TO_TOP_GENE.txt file.

CRISPR/Cas9-mediated deletion of superenhancers

The single-guide RNAs (sgRNA) used to delete superenhancers
were designed with CRISPR-ERA (http://crispr-era.stanford.edu/).
sgRNAs were annealed with 10 x annealing buffer [1 mol/L Tris (pH
8.0), 5mol/L NaCl, and 500 mmol/L EDTA] at 95°C for 3 minutes, and
the mixture was then allowed to cool naturally to room temperature.
Annealed double-stranded DNA was inserted into the Lenti_ gRNA-
Puro vector (Addgene) using BsmI (NEB). Then, viruses packaged
with the purified recombinant plasmid were used to infect Huh7
lentiCas9-Blast (Addgene) cells in 6-well plates. Puromycin was added
to the cells after 48 hours, and the cells were then collected to evaluate
the knockout efficiency and gene expression. Primer sequences are
listed in Supplementary Table S1.

Generation of enCRISPRi cell lines

First, pHR-SFFV-KRAB-dCas9-P2A-mCherry (Addgene) and
Lenti_MCP-LSD1_Hygro (Addgene) were packaged into a slow-
replicating virus. After transducing Huh?7 cells with both viral vectors,
we selected hygromycin-resistant and mCherry-positive cells to finally
obtain the corresponding dCas9-KRAB-LSD1 cells. Next, based on the
H3K27ac ChIP-seq and ATAC-seq peaks in Huh7 cells, we found the
location of the superenhancer and obtained the DNA sequences of the
corresponding ATAC-seq peaks. The sgRNAs used to inhibit the
superenhancers were designed with CRISPR-ERA (http://crispr-era.
stanford.edu/). Annealed double-stranded DNA was inserted into
Lenti_sgRNA(MS2)_ZsGreenl (Addgene) using BsmI (NEB). Then,
viruses packaged with the purified recombinant plasmid were used to
infect dCas9-KRAB-LSD1 cells in 6-well plates. After screening of
ZsGreen-positive cells using flow cytometry, the variation in the
mRNA level of CCNDI was obtained using qPCR. Primer sequences
are listed in Supplementary Table S1.

In vivo tumorigenesis assay

Nude mice were purchased and raised at Shanghai Duan Jia
Biotechnology Company. A total of 3 x 10° cells were injected
subcutaneously into the dorsal side of recipient NOD-SCID gamma
mice (6 weeks old, 6 mice). The general behavior of the mice was
monitored, and tumor volumes were measured every 3 days for 20 days.
At the end of the experiments, the mice were sacrificed, and tumor
volumes were calculated according to the following equation: V =
(length x width?)/2. Animal experiments followed the Guide for the
Institutional Animal Care and Use Committee of Fudan University
Shanghai Cancer Center (Shanghai, P.R. China).

Statistical analysis

Each experiment was performed with at least three independent
replicates, and the results are expressed as the mean + SEM. Student
t tests (two-tailed) and one-way ANOVA were used to compare the
means of two or more samples unless otherwise indicated. A P value <
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0.05 was considered significant. All statistical analyses were performed
using GraphPad Prism 8 (GraphPad Software). The details of the
statistical analyses are presented in the figure legends.

Data availability

The data generated in this study are available within the article and
its Supplementary Data files. The raw data generated in this study are
publicly available in GEO at GSE184796, GSE184797, and GSE185701.

Results

High expression of DHX37 correlates with poor outcomes in
patients with HCC and promotes liver cancer cell proliferation
in vitro and in vivo

First, the expression of RNA helicase family genes (Supplementary
Table S2) was analyzed in TCGA-LIHC database, with 375 liver tumor
tissues and 50 adjacent tissues. Among the RNA helicase genes,
DDX49, DDX41, DHX34, DHX30, and DHX37 showed markedly
upregulated expression in the HCC tissues compared with the adjacent
tissues (Fig. 1A). Univariate Cox regression analysis in TCGA-LIHC
cohort demonstrated that the expression levels of these five RNA
helicase genes were risk factors for OS and PFS in HCC, and DHX37
showed the highest HR for PFS among these genes (Fig. 1B; Supple-
mentary Fig. S1A and S1B). Then we focused on the role of DHX37 in
the development and progression of HCC. The mRNA levels of
DHX37 were confirmed in 50 paired samples from a Chinese HCC
cohort (Supplementary Fig. S1C). In addition, subcellular localization
analysis demonstrated that DHX37 is localized mainly in the nucleus
of in HCC cells (Supplementary Fig. S1D and S1E).

To investigate the biological function of DHX37 in liver cancer cells,
we first knocked down endogenous DHX37 expression by siRNAs
or short hairpin RNA in Huh7, HepG2-C3A, and SK-Hepl cells
(Supplementary Fig. S2A and S2B). After knockdown of DHX37, the
cell proliferation and colony formation capabilities of the liver cancer
cells were significantly diminished (Fig. 1C; Supplementary Fig. S2C-
S2E), and the cell cycle was arrested in G; phase (Fig. 1D; Supple-
mentary Fig. S2F and S2G). Furthermore, knockout of DHX37 via
CRISPR-Cas9 gene editing in Huh7 and HepG2-C3A cells signifi-
cantly inhibited cell proliferation and colony formation (Supplemen-
tary Fig. S3A-S3C), whereas overexpression of DHX37 enhanced the
viability and colony formation capabilities of the liver cancer cells
(Fig. 1E; Supplementary Fig. S3C and S3D). Furthermore, the effect of
DHX37 on liver cancer cell growth was evaluated in vivo. Stable
shDHX37 cells generated from Huh7 cells were subcutaneously
injected into nude mice, and both the volumes and weights of the
tumors, and the expression of Ki67 in the shDHX37 group were found
to be significantly lower than those in the control group (Fig. 1F;
Supplementary Fig. S3E). Collectively, these results indicated that
DHX37 promotes the proliferation of liver cancer cells both in vitro
and in vivo.

DHX37 is strongly associated with transcriptional regulation
and enhancer activity in liver cancer

To explore the downstream mechanism by which DHX37 promotes
liver cancer cell growth and proliferation, we investigated the biolog-
ical processes potentially associated with DHX37 in liver cancer. We
first divided the samples from TCGA-LIHC into the DHX37-high and
DHX37-low groups according to the median expression level of
DHX37 in HCC. Then, we used a two-tailed Student ¢ test to compare
the gene expression profiles of the two groups to obtain the rank
difference correlation coefficient and performed gene set enrichment
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analysis (GSEA). The differentially expressed genes were enriched in
DNA regulation and cell cycle-related signaling pathways (Fig. 2A),
particularly in biological processes related to the regulation of DNA
binding (Fig. 2B), suggesting that DHX37 might function in DNA
binding and transcriptional regulation of cell cycle-related genes.
Furthermore, we used Spearman correlation analysis to detect the
correlation between the expression of DHX37 and eRNAs extracted
from the public cancer eRNA database eRic (13) and found that the
expression of many eRNAs was positively correlated with the expres-
sion of DHX37 (n = 433), suggesting that DHX37 may be associated
with the regulation of enhancers in HCC (Fig. 2C). Cancer cells usually
acquire superenhancers to drive the expression of prominent onco-
genes by recruiting transcription factors (TF) and coactivators. As a
chromatin regulator, DHX37 may affect the activity of enhancers in
liver cancer cells and regulate the expression of related genes.

To identify the downstream target genes regulated by DHX37, we
silenced DHX37 by siRNA in Huh7 cells and performed whole-
transcriptome sequencing (RNA-seq). GSEA showed that genes with
downregulated expression upon DHX37 silencing were strongly
enriched in cell cycle-related signaling gene sets, including the E2F
targets and G,—-M checkpoint gene sets (Supplementary Fig. S4A). To
determine whether superenhancers are regulated by DHX37, we
performed ChIP-seq with antibodies against acetylated H3K27
(H3K27ac) and evaluated the open chromatin regions by ATAC-
seq to detect the effect of DHX37 on genome-wide enhancer activity in
HCC cells. These results showed that the H3K27ac peak was highly
correlated with the open region obtained by ATAC-seq, indicating that
most accessible chromatin was located in the region related to the
transcriptionally active domain (Supplementary Fig. S4B). Next, we
compared the superenhancer landscapes between the DHX37-knock-
down and control Huh?7 cells to investigate the implications of super-
enhancer alterations induced by DHX37. Constituent enhancers
located within 12.5 kb were stitched and ranked according to their
H3K27ac signals. Stitched enhancers with signals above the inflection
point of the H3K27ac signal were considered superenhancers, and
superenhancer-associated genes were annotated (Fig. 2D). Through
this analysis, we obtained 381 lost superenhancers and 85 gained
superenhancers upon knockdown of DHX37 (Fig. 2E; Supplementary
Fig. S4C). Furthermore, by integrating these data with the RNA-seq
data, we identified the DEGs related to the activity of superenhancers
regulated by DHX37: after interference with DHX37 expression, the
genes located near the lost superenhancers had decreased mRNA
levels, and those located near the gained superenhancers had increased
mRNA levels (Fig. 2F). Notably, the lost superenhancer-associated
transcript CCNDI had the most significant reduction in mRNA
expression upon DHX37 knockdown (Supplementary Table. $4). The
occupancy of H3K27ac at the superenhancer of the CCNDI gene was
also reduced after interference with the expression of DHX37
(Fig. 2G). Importantly, after further examination of the CCNDI
enhancer signal in the HepG2 cell line, we found that this region
harbors classical enhancer features, such as enrichment of histone
H3K4mel modification. Moreover, this region exhibits strong enrich-
ment of active enhancer markers such as histone H3K27ac modifica-
tion and binding of the transcriptional cofactor EP300 (Fig. 2H).
Multiple EP300 binding peaks are densely distributed in this region,
indicating that it is a potential superenhancer in liver cancer cells.
Intriguingly, chromatin interactions between the promoter and super-
enhancer of CCNDI were observed in HepG2 cells by high-throughput
chromosome conformation capture (Hi-C) analysis (Fig. 2H). Using
qPCR and Western blot (WB) analysis, we confirmed that DHX37
knockdown significantly reduced the mRNA and protein levels of
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CCNDI, whereas overexpression of DHX37 promoted CCNDI mRNA
and protein expression in liver cancer cells (Fig. 2I and J; Supple-
mentary Fig. $4D and S4E). Taken together, these data indicated that
DHX37 regulates superenhancer and transcriptional activities, and
that CCNDI, as a superenhancer-associated gene, is an important
target regulated by DHX37 in liver cancer.

CCND1 is a direct target gene regulated by DHX37 in a
superenhancer-driving manner in liver cancer cells

To explore whether superenhancers are directly regulated by
DHX37, we performed CUT&Tag) in HCC cells. Unsurprisingly,
most DHX37 CUT&Tag peaks were located in promoter and inter-
genic regions (Supplementary Fig. S5A and S5B). Notably, prominent
enrichment of H3K27ac signals adjacent to DHX37 peaks was
observed, indicating that superenhancer-mediated transcriptional
activation is directly coupled with the binding of DHX37 to the
corresponding DNA region (Fig. 3A). Importantly, after analyzing
ChIP-seq data for H3K27ac, H3K4me3, and H3K4mel and CUT&Tag
data for DHX37 generated from Huh?7 cells, we found that both the
promoter and superenhancer regions [particularly constituent
enhancer 1 (SE1) and enhancer 2 (SE2)] of CCNDI were occupied
by DHX37 (Fig. 3B). These results were confirmed by ChIP-qPCR
(Fig. 3C), indicating direct regulation of the target gene CCNDI by
DHX37 in HCC cells. Notably, knockdown of DHX37 expression
reduced Pol II occupation at the CCNDI promoter region and both
H3K27ac enrichment and BRD4 occupation at the superenhancer
region (Fig. 3D-F; Supplementary Fig. S6A). These results suggested
that DHX37 can directly bind to the promoter and superenhancer
regions of the CCND1 genome locus. In addition, we designed a set of
sgRNAs that spanned the superenhancer regions to individually delete
SE1 or SE2 of CCNDI through CRISPR-Cas9 gene editing (Fig. 3B).
After knockout, the superenhancer regions of CCNDI with four
combinations of sgRNAs (Supplementary Table. S1) using CRISPR-
Cas9 gene editing in stable Huh7 Cas9 cells (Supplementary Fig. S6B),
both the mRNA and protein levels of CCND1 were reduced (Supple-
mentary Fig. S6C). Furthermore, knockout of CCNDI superenhancer
regions with the four combinations of sgRNAs significantly reduced
the expression of CCNDI after overexpression of DHX37 in Huh?7 cells
(Fig. 3G; Supplementary Fig. S6D). By coupling the dCas9 to various
repressor (KRAB, LSD1, and DNMT3A) domains, transcriptional
regulation of specific genes was achieved. Recently, Li and colleagues
described an enhancer-targeting CRISPR epigenetic editing systems,
enCRISPRa and enCRISPR, to interrogate enhancer function using
dCas9 with dual effectors that specifically modulate epigenetic mod-
ifications at enhancers (19). Here, we employed a dual effector epige-
netic editing system for targeted enhancer inhibition (enCRISPRi-KL),
in which dCas9 is fused to KRAB, together with MS2-sgRNA to recruit
the lysine-specific demethylase MCP-LSD1 (Fig. 3H). We first
designed three individual sgRNAs for SE1 and SE2 (Fig. 3B) and
then generated Huh?7 cell lines stably expressing enCRISPRi trans-
genes. After lentiviral transduction of the targeted sgRNAs, the
transduced cells were selected and analyzed for CCND1 expression.
Interestingly, targeting of either the enCRISPRi complex to SE1 or SE2
of CCNDI via any of the six independent sgRNAs significantly reduced
the CCND1 transcription level (Supplementary Fig. S6E), confirming
that the superenhancers acquired in HCC cells positively regulate
CCNDI1 expression. Consistent with these findings, quantitative
analysis showed that the expression of CCND1 was downregulated
by the enCRISPRi method used to inhibit the superenhancer region
of CCNDI compared with that in the cells with overexpressing of
DHX37 (Fig. 3I; Supplementary Fig. S6F). Taken together, these data

Cancer Res; 82(10) May 15, 2022

1941



Liu et al.

>
w
(@)

weeyo
L0510 (P) GO: Regulation of DNA binding 06y Clasa
Cell cycla DNA repication| s— £ 04 g NES =15 B Positive
DNA repiosson | mmmmm— g o FDR = 0,029 2 03 W Negative
o € g 0.
DA gty e g F i S
TEpar| e— H 5
G;ONA k] £
&7 ONA metabolc process | sm— = 0.0 = 00
Gy DNA damage checkpoinl| s— o ; i
of DNA e s
S T TLELN TR A
Riegutaton of DMA binding | mem——
5w = w = = DHX3T DHX3T r m
& & = NE; ] High expresion Low expresion Symbol (Positive,n = 433;ns.n = 491;Negative.n =182)
D siNG sIDHX37 E Lest superenhancer (SE)
g £
3 E
g 2
o o
= L}
2 5
T -
1] 10,000 20,000 Gained superénhancer (SE)
F 4 H Chr 11 69,400 kb 69,500 kb 69,600 kb
g2 wim
€< 2 HepG2 S coHot
% o IO o e wegmasseass skl
5 % g Ha3Kdme1 ChiPseq
8E 11 =100
§ ] H3K4me3 ChiPseq ) 1
R P20
T 3 EP300 ChiFseq | |
& i - I x sl l i "
&
-4 . T r ATAC-seq P o I | I N P [
& & 4
& &
¥ GP@Q@ & Hi-C
G >
g e -1
=1l
2 130)
Z|siDHx37 | i
o =
2 SINC ALJJ 1 R |
5 a (=
2 5 siDHX3T 1
=
|sinc
2 P90
Z |siDHXa7
E E Huh? HepG2-C3A HuhT HepG2-C3A Huh? HepG2-C3A KDa
s B @ ewooo e W —
510 2g18 101 083048018 042 027 045044 bes 12 o2 om
38" 34 ) METTETNR :
I i3, ¢ e OHX7 () (0 <0 o O8] | o ) || g9 |10
H ‘:—0-5 s " I'il ﬂ * 107 044027043 104 045038026 04D 284 048 137
z£ z £ ) 3
g 30_0 8 4 O_OMSJ_T_L,_LT_ ANl GAPDH e o e e S D || | e | oo
H 5 ) ) ~ ) ) a
£s £r SFIGE Sl Spp s & P F
2 S o F & I 9 ®
® 4 Qéi?‘ QGQ & B M

Figure 2.

DHX37 is strongly associated with transcriptional regulation and enhancer activity in HCC. A, GSEA of the biological processes associated with DHX37 expression in
TCGA-LIHC cohort. The vertical axis indicates the GSEA biological process, and the horizontal axis indicates the NES of the biological process. The colors on the bar
indicate the significance of enrichment. B, GSEA visualization of the regulation of DNA binding in TCGA-LIHC cohort. C, Correlation analysis of the expression of
DHX37 and eRNAs. Each column represents an eRNA. The height of the column indicates the correlation between the expression of each eRNA and that of DHX37, and
the color of the column indicates the significance of the correlation. Red, positive correlation (n = 433); blue, negative correlation (n = 182); gray, no significant
correlation (n = 491). D, Hockey stick plots on the basis of input-normalized H3K27ac signals in Huh7 cells after silencing of DHX37. The enhancers are rank ordered as
a percentage of the total signal. Superenhancers are obtained on the basis of the difference in the strength of the binding levels of molecular markers of enhancer
transcriptional activity. Superenhancers are highlighted in blue with the ranks of selected superenhancer-associated genes. E, Definition of lost superenhancers (only
in the siNC group), overlapped superenhancers (in both the siNC and siDHX37 groups), and gained superenhancers (only in the siDHX37 group). F, Gene expression
changes as measured by RNA-seq of lost superenhancers, overlapped superenhancers, and gained superenhancers in siNC and siDHX37 Huh7 cells. The individual
points are represented as mMRNA fold change for superenhancer-associated genes. G, ATAC-seq, ChIP-seq, and RNA-seq profiles of the CCNDT locus in Huh7 cells
treated with siNC and siDHX37. H, Epigenetic features of the CCNDT locus in HepG2 cells. A 5 kb resolution heatmap for chromosome 11 (hg38: 69400000-69645000
bp) in HepG2 cells showed the location of topologically associating domains, which was derived from ENCODE and reanalyzed on the basis of Juicer and hiccups
software (bottom). The Hi-C interaction between promoters and superenhancers of CCNDT was evaluated by the O/E value, which was calculated as the observed
value (estimated with normalized mapped reads) divided by the expected value. land J, Relative mRNA and protein expression levels of CCNDTupon knockdown and
overexpression of DHX37 in Huh7 and HepG2-C3A cells (n = 3). The values are expressed as the mean + SEM. *, P<0.05; **, P< 0.01; ***, P< 0.001 by one-way ANOVA

or two-sided Student ¢ test.
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Figure 3.

CCND1is a direct target gene regulated by DHX37 in a superenhancer-driving manner in liver cancer cells. A, Top, line plots showing CUT&Tag and ChIP-seq signals of
DHX37 and H3K27ac centered at the summit of DHX37 peaks in Huh7 cells. Bottom, heatmap of CUT&Tag and ChlIP-seq signals for DHX37 and H3K27ac [+2,000 bp
windows around the center of the transcriptional start site (TSS)]. B, Profiles of DHX37, H3K27ac, H3K4me]l, and H3K4me3 occupancy and ATAC-seq peaks at the
CCND1 promoter (blue line) and superenhancer (red line) regions in wild-type (WT) and DHX37 knockout (KO) Huh7 cells. Gray shading indicates the occupancy of
DHX37, which contains two specific constituent superenhancers (SE1 and SE2). sgRNAs were designed on the basis of the above peak. C, ChIP-gPCR analysis of
DHX37 enrichment at the promoter and superenhancer regions of CCNDT(n = 3). D, Treatment with siDHX37 significantly reduced H3K27ac enrichment at the CCNDT
superenhancer region compared with that in the siNC group (n = 3). E, Treatment with siDHX37 significantly reduced RNA Pol Il occupancy at the CCNDT promoter
and superenhancer regions compared with that in the siNC group (n = 3). F, Treatment with siDHX37 significantly reduced BRD4 enrichment at the CCNDT
superenhancer region compared with that in the siNC group (n = 3). G, Relative mMRNA levels of CCNDT upon overexpression of DHX37 and knockout of the SE1and
SE2regions by CRISPR-Cas9 gene editing (n = 3). H, Schematic of the enCRISPRi system containing the dCas9-KRAB fusion protein, an sgRNA with two MS2 hairpins,
and the MCP-LSD1 fusion protein. I, Blockade of CCNDT superenhancer regions by four individual sgRNAs significantly reversed the upregulated expression of CCND1
caused by DHX37 (n = 3). The values are expressed as the mean #+ SEM (C-F and G-I). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANOVA and two-sided

Student ¢ test.
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demonstrated that DHX37 occupies the promoter and superenhancers
regions of CCNDI, thereby activating its transcription in liver cancer
cells.

DHX37 interacts with PLRG1, a core component of the CDC5L
complex, in liver cancer cells

To further explore the protein complex containing DHX37, which
directly transcriptionally activates CCNDI, we performed a Co-IP
assay using Huh7 cells stably expressing Flag-tagged DHX37. The
DHX37-containing complex was subjected to SDS-PAGE and ana-
lyzed by LC/MS. A total of 78 potential interacting proteins were
obtained based on the criteria of a fold change greater than 2 (Flag-
DHX37-specific peptides compared with IgG-specific peptides) with a
number of unique peptides greater than 5 (1 = 65), or a number of
unique peptides greater than 3 with no IgG-specific peptides (n =
13), as shown in Supplementary Table S5. Given that DHX37 is
strongly associated with cell-cycle regulation, we focused on cell
cycle-related proteins predicted by GO annotations. These proteins
were predicted by Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) analysis (https://string-db.org) for pro-
tein—protein interactions, and we found that PLRGI, a core com-
ponent of the CDC5L complex, potentially interacts with DHX37
(Fig. 4A). Subsequently, the interaction between DHX37 and
PLRG1 was confirmed by Co-IP in the HEK293T cells transfected
with HA-tagged PLRG1 and Flag-tagged DHX37 (Fig. 4B). Fur-
thermore, we determined by Co-IP showed that endogenous
DHX37 can interact with PLRG1 in HCC cells (Fig. 4C). In
addition, immunofluorescence staining using anti-DHX37 and
anti-PLRG1 antibodies in the Huh7 and HepG2-C3A cells stably
expressing DHX37 demonstrated that DHX37 and PLRG1 coloca-
lize in the nucleus (Fig. 4D). Taken together, these data suggested
that DHX37 can interact with PLRGI in liver cancer cells.

DHX37 consists of an ATP-binding domain (residues 251-442), a
helicase C-terminal domain (residues 459-716), a helicase-associated
domain (residues 736-859) and an oligonucleotide domain (residues
925-1010; Fig. 4E). To identify the binding domain responsible for
DHX37 binding to PLRG1, we transfected expression vectors encoding
Flag-tagged wild-type DHX37 or deletion mutants (DHX37 Al,
DHX37 A2, DHX37 A3, and DHX37 A4) and HA-tagged PLRG1 into
HEK293T cells, and then performed Co-IP and immunoblotting with
anti-Flag and anti-HA antibodies. The motif sequence spanning amino
acids (aa) 1-442, which includes the ATP-binding domain in DHX37,
is necessary for the interaction of DHX37 with PLRG1 (Fig. 4F).
Similarly, we generated expression constructs for HA-tagged PLRG1
and a series of N-terminal or WD repeat deletion mutants lacking
different domains (Fig. 4G). To map the binding motif responsible for
PLRGI binding to DHX37, we coexpressed these constructs along with
full-length Flag-tagged DHX37. The IP results indicated that the
region spanning aa 200-515 of PLRG1 can interact with DHX37
(Fig. 4H).

To begin to investigate the biological function of PLRGLI in liver
cancer, we first knocked down the expression of the PLRG1 gene in
Huh7, HepG2-C3A, and SK-Hepl cells (Fig. 5A; Supplementary
Fig. S7A). Subsequently, knockdown of PLRG1 was shown to reduce
both cell viability and clonogenic capacity in the liver cancer cell lines
(Fig. 5B and C). Moreover, knockout of PLRG1 in Huh7 and HepG2-
C3A cells also confirmed these results (Supplementary Fig. S7B-S7D).
Importantly, overexpression of PLRGI increased both the prolifera-
tion and colony formation of Huh7 and HepG2-C3A cells (Fig. 5D-F).
These results indicated that PLRG1 also promotes the proliferation of
liver cancer cells.

1944 Cancer Res; 82(10) May 15, 2022

DHX37 and PLRG1 co-occupy both the promoter and
superenhancer regions of CCND7 and activate CCND1
transcription in liver cancer cells

To explore whether CCND1 expression is regulated by PLRGI, we
silenced PLRG1 with siRNAs in liver cancer cells. Both the mRNA and
protein levels of CCND1I were reduced upon PLRG1 knockdown in
Huh7 and HepG2-C3A cells (Fig. 6A; Supplementary Fig. S7B).
Notably, we confirmed that overexpression of PLRG1 upregulates
CCNDI mRNA and protein expression (Fig. 6B), suggesting that
CCND1 is also a downstream target of PLRG1 in liver cancer cells. To
explore the mechanism by which CCND1 is regulated by PLRG1, we
also performed CUT&Tag with an antibody against PLRG1 and found
that both the CCND1 promoter and superenhancer SE2 were occupied
by PLRGI1 in Huh7 cells (Fig. 6C). To validate the CUT&Tag results,
we performed ChIP-qPCR to quantify the occupancy of PLRG1, and
its enrichment was confirmed at the promoter and superenhancer
(SE2) of CCNDI (Fig. 6D). Importantly, interference with PLRG1
expression reduced Pol II occupancy at the CCNDI promoter region
and H3K27ac enrichment at the superenhancer region, as well as
BRD4 occupancy in Huh?7 cells (Fig. 6E and F), indicating that PLRG1
can also regulate the promoter and superenhancer activity of CCNDI.
To further elucidate the underlying mechanisms by which the DHX37/
PLRG1 complex upregulates CCND1 expression, we investigated the
CUT&Tag and ChIP-seq data. The region flanking CCNDI was a
superenhancer (denoted by the red bar on top of Fig. 6C; the shaded
region contains SE1 and SE2) in Huh7 cells. Notably, DHX37 occupied
both superenhancer regions, while PLRG1 occupied only the SE2
enhancer. Importantly, ChIP-qPCR confirmed that the binding ability
of DHX37 to the CCNDI promoter and superenhancers regions is
reduced after knockdown of PLRG1 (Figs. 6C and 7A) and that the
binding ability of PLRG1 to CCNDL1 is also decreased after DHX37
knockdown (Fig. 7B). These data demonstrated that DHX37 and
PLRGI co-occupy the promoter and superenhancer of CCNDI in
HCC cells. Importantly, overexpression of either DHX37 or PLRG1
upregulated CCNDI mRNA and protein expression in liver cancer
cells (Fig. 7C-E). Moreover, the induction was abolished by knock-
down of either PLRG1 or DHX37 (Fig. 7C-E). Notably, the promotion
of liver cancer cell proliferation was reversed by knockout of either
PLRGI1 or DHX37 (Fig. 7F; Supplementary Fig. S8A and S8B). These
data suggested that the co-occupancy of DHX37 and PLRG1 at the
CCND1 promoter and superenhancer is required for the transcrip-
tional activation of CCNDI. Collectively, these results indicated that
DHX37 interacts with PLRG1 to form a complex at the promoter and
superenhancer regions of CCNDI, thus activating its transcription, in
liver cancer cells.

To determine which TF is involved in the recruitment of DHX37 to
the promoter and superenhancer of CCND1, we performed JASPAR
TFBS enrichment analysis (20) to predict the possible TFs. The results
showed that 10 TFs had simultaneous binding sites at the promoter,
SE1 and SE2 regions of CCNDI, simultaneously. According to the
expression of these TFs in Huh7 and HepG2-C3A cells, seven of them
were selected for an siRNA knockdown screening assay (Supplemen-
tary Fig. SOA). Notably, we obtained two TFs, MAFF and ZNF263, that
significantly decreased CCNDI expression following siRNAs against to
each TF in the Huh7 cells (0.5 as the cutoff; Supplementary Fig. S9B).
Importantly, by the analyzing ChIP-seq data of MAFF and ZNF263 in
the liver cancer cell line HepG2 from ENCODE, we found that ZNF263
also occupies both the promoter and superenhancer regions of CCND1
(Supplementary Fig. S9C). Intriguingly, overexpression of either
DHX37 or PLRG1 upregulated CCND1 mRNA and protein expression
in liver cancer cells, but this increase was abolished by knockdown of
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Figure 4.

DHX37 interacts with PLRG]1, a core compo-
nent of the CDC5L complex, in liver cancer
cells. A, DHX37-associated proteins were ana-
lyzed with STRING. The network nodes rep-
resent potential interacting proteins obtained
by Co-IP/LC/MS. The edges represent pro-
tein-protein interactions. B, Co-IP using con-
trol IgG and an anti-Flag (DHX37) or anti-HA
(PLRG1) antibody was carried out using “/LEG\‘
extracts prepared from the HEK293T cells

transfected with the pCMV-Flag-DHX37 and
PCMV-HA-PLRGI1 plasmids. The presence of
DHX37 or PLRGT1 in these immunoprecipitates
was evaluated by immunoblot (WB) analysis.
C, Co-IP using control IgG and an anti-DHX37
or anti-PLRGT1 antibody was carried out using
extracts prepared from Huh7 cells. The endog-
enous interaction of PLRG1 with DHX37 was
evaluated by Western blot analysis with the
corresponding antibodies. D, Huh7 and
HepG2-C3A cells stably expressing DHX37
were fixed for immunofluorescence analysis.
DHX37 was detected using an anti-Flag
(DHX37) primary antibody and an Alexa Fluor
488 goat anti-mouse secondary antibody, and
PLRGI1 was detected using an anti-PLRG1 pri-
mary antibody and an Alexa Fluor 594 goat
anti-rabbit secondary antibody. Representa-
tive cells from the same field for each exper-
imental group are shown. Scale bars, Huh7,
50 um (first column) or 25 um (other four
columns). HepG2-C3A, 25 um (first column) or
10 um (other four columns). E, Schematic
representation of Flag-tagged full-length
DHX37 (FL) along with its various deletion
mutants (#1, #2, #3, and #4). The domains
include the ATP-binding domain (residues
251-442), a helicase C-terminal domain (resi-
dues 459-716), a helicase-associated domain
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ZNF263 (Supplementary Fig. S9D and S9E). These results suggested
that ZNF263 is required for DHX37/PLRG1-mediated transcriptional
activation of CCND1.

CCND1 is required for DHX37/PLRG1-promoted liver cancer cell
proliferation

Given that DHX37 can cooperate with PLRGI to activate CCNDI
transcription, we next analyzed the expression levels of DHX37,
PLRG1, and CCND1 in HCC-based on data from TCGA and Geno-
type-Tissue Expression databases. DHX37, PLRG1, and CCND1 levels
were upregulated in HCC (Supplementary Fig. SI0A). Notably, the
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5% mput IP: HA 2% input

mRNA level of CCNDI correlated significantly with those of DHX37
and PLRGI in patients with HCC (Fig. 8A). Importantly, among
patients with HCC, the Spearman correlation coefficient (r) was higher
in patients with neoplasms of high histologic grade (Fig. 8B). As shown
above, high expression of DHX37 and PLRGI can transcriptionally
activate CCND1 expression. CCND1 is required for the G;-S tran-
sition and the growth of HCC cells (21), as confirmed by our results
(Fig. 8C; Supplementary Fig. S10B). Importantly, colony formation
assays showed that overexpression of DHX37 and PLRG1 promoted
liver cancer cell proliferation, whereas this effect was reversed by
CCND1 knockdown (Fig. 8D; Supplementary Fig. S10C). Collectively,
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these results suggested that DHX37 and PLRGI coregulate liver
cancer cell proliferation through activation of CCND1. Intriguingly,
small-molecule inhibitors of the CCNDI1/cyclin-dependent kinase
(CDK) 4/6 axis are already available, and we sought to explore whether
DHX37 may be a therapeutic option for liver cancer. According to the
ICs values of palbociclib (Palb, CDK4/6 inhibitor) in stable DHX37-
overexpressing and control Huh7 cells (Supplementary Fig. S10D),
we treated two liver cancer cell lines with Palb at varying doses.
The results showed that Palb reduced cell viability (Palb, 10 pmol/L)
and colony formation capabilities (Palb, 1 pumol/L) across the
cell lines with DHX37 overexpression (Fig. 8E; Supplementary
Fig. S10E and S10F). Given that DHX37 activates enhancer regions
in HCC, we tested the therapeutic efficacy of BET inhibitors. We
found that treatment of liver cancer cells showed reduced viability
upon treatment with the BET inhibitors JQ1 and OTX015 (Fig. 8F;
Supplementary Fig. S10G and S10H). These results suggested that
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CCND1 inhibitors and BET inhibitors are effective as antiproli-
ferative agents for liver cancer, particularly for patients with
DHX37-high liver cancer.

Discussion

RNA helicases are highly conserved enzymes that bind and hydro-
lyze ATP to remodel RNA structures or displace proteins from
ribonucleoprotein complexes. RNA helicase family members are
involved in all facets of RNA metabolism from biogenesis to decay,
such as RNA splicing, RNA degradation, and ribosome biosynthe-
sis (22). Moreover, emerging evidence suggests that numerous RNA
helicases are involves in processes that are critical to cell proliferation
and/or malignant transformation and are involved in cancer devel-
opment and progression (23, 24). Indeed, these molecules have been
found to function either as oncogenes or tumor suppressor genes in
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Figure 7.

DHX37 cooperates with PLRGT1 to activate CCND1 transcription in liver cancer. A, Treatment with siPLRGT1 significantly reduced DHX37 enrichment at the CCNDT
promoter and superenhancer (both SE1and SE2) regions compared with that in the siNC group. B, Treatment with siDHX37 significantly reduced PLRG1 enrichment at
the CCNDTpromoter and SE2 region compared with that in the siNC group. C, The relative RNA and protein levels of CCND7 were reduced after knockdown of PLRG1in
the context of DXH37 overexpression. D, The relative mRNA and protein levels of CCNDT were reduced after knockdown of DHX37 in the context of PLRGI
overexpression. E, The relative protein levels of CCND1 were reduced after knockout of PLRG1/DHX37 in the context of DXH37/PLRG1 overexpression. F, CCK-8
assays of the Huh7 and HepG2-C3A cells with knockout of PLRG1/DHX37 in the context of DXH37/PLRG1 overexpression. The values are expressed as the mean £
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1948 Cancer Res; 82(10) May 15, 2022 CANCER RESEARCH



DHX37 Drives Superenhancer-Mediated CCND1 Expression in HCC

A LIHC B TNM (1-2) TNM (3-4)

- nn

CCND1 r=0.167 r=0.201 CCND1 r=0.081 r=0.1458 CCND1 r=0.320 r=0323

PLRG1 r=0.419 : g !‘-‘ PLRG1 r=0414 PLRG1 r=0.4014

. T oo,
| o "@' - | gl DHX37 DHX37
. —..'f,"._ b
Huh7 HepG2-C3A Huh7 HepG2-C3A Huh7 HepG2-C3A
200 2501
200+ =
(]
@ ¢_. A wan
‘51504 $ 1504 ‘ J p % 200
E y : 5 17 : 2 I
= E H H S 1504 ™
21007 % ~ % 1004 5 d =
8 = a2 K £ 100- = 3 -
E 50- 2 + £
E § 5 3 504
; : M .
n L} T T T G T T T T T T T T
£ L N D E O NS O N 0 & O N
& 9@ o'\ NTX %\\5 Qk' 0'\ .,;'ZP o ol\ 0'\ Q@ 6}-;\ 0\ 0\
R il P Y
_00 _00 _00 _00 00 00 QO c“(;
& & E & & & &
DHX37 DHX37 DHX37 DHX37
20 Huh7
: " . Ny N
i Normal Cell HCC Cell
- 1.
% i DHX37 mRNA
il FAVAVAR
210 Close chromatin DHX37 mRNA Open chromatin SN
oo D)D) )—a—+ ) e
: -
0.0 DHX37 DHX37
Vec + . =
DHX37 - + +
Palb (10pmalll) - - + @%Q @;"’@
@ G
F 20 Huh7 Epigenetic
: . @ O Activation PLrg,
> 1.5 |
= i f Superenhancer Superenhancer
o
£ 10 PLrey TEs
g — : i X30 Plrg, A
0.5 ¥ = AAA
H 1 CCND1 Promoter JAVAVAN
0.0 CCND1 Promoter
Vec + - - - ® H3K4mel @ H3K2Tac
DHX37 + + + A ) CCND1 mRNA
JQ1 (10 umolll) - = & = 6 Rl che Tumorigenesis
OTX015 (10pmolll) - - - + - y @ 4
Figure 8.

CCND1 is required for DHX37/PLRG1-promoted liver cancer cell proliferation. A, Correlation plots comparing DHX37, PLRG1, and CCND1 expression in TCGA-LIHC.
r, correlation coefficient. B, Correlation plots comparing DHX37, PLRGI1, and CCND1 expression in TCGA data for neoplasms with different histologic [tumor-node-
metastasis (TNM)] grades in patients with HCC. C, Colony formation assays and representative images of the Huh7 and HepG2-C3A cells transfected with two
independent CCND1 siRNAs. D, Colony formation assays and colony counts of the Huh7 and HepG2-C3A cells, with stable DHX37 or PLRG1 overexpression
transfected with two independent CCND1 siRNAs. E, Viability of mock and stable DHX37-overexpressing Huh7 cells after 48 hours of treatment with 10 umol/L
palbociclib (Palb). F, Viability of the mock and stable DHX37-overexpressing Huh7 cells after 48 hours of treatment with 10 umol/L JQ1 or OTX015. G, Proposed model
of the transcriptional regulation of CCND1in liver cancer. The values are expressed as the mean 4= SEM (D-F,n = 3).*, P<0.05; **, P< 0.01; ***, P< 0.001 by one-way
ANOVA or two-sided Student ¢ test.
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various cancer types (25). For instance, DDX3 has been demonstrated
to have a dual function and can act as an oncogene or a tumor
suppressor, enhancing or inhibiting cancer progression in various
cancer types (26). In addition, several studies have reported that RNA
helicases such as DDX1, DDX5, and DDX17 function as transcrip-
tional coregulators and are crucial in modulating numerous cellular
signaling pathways (27, 28). In this study, we observed that DHX37
was one of the top genes with upregulated expression in liver cancer by
systematically analyzing the expression profiles of RNA helicases based
on TCGA-LIHC datasets. In particular, high expression of DHX37
correlated with poor OS and PFS in patients with HCC and was found
to be functionally critical for liver cancer cell viability through the
activation of superenhancer-associated oncogenes. These observations
uncovered a previously uncharacterized role of DHX37 in modulating
the proliferation of liver cancer cells, enhancing our understanding of
the functions and biological roles of RNA helicases in cancer devel-
opment and progression.

DHX37, a highly conserved DEAH-box RNA helicase, is involved
mainly in ribosomal biogenesis (5, 6) and has antiviral activity (7).
DHX37 has been reported to be able to interact with the NF«xB
subunit p65 and PDCDI11 to regulate NFKB pathway activity in
CD8-positive T cells; this finding was the first to show that DHX37
is related to the progression of cancer (8). Although DHX37 was
discovered to impact the prognosis of HCC through integrative
expression and prognostic analysis of TCGA data, its functional
effects, especially the mechanism by which it mediates HCC cell
proliferation and growth, are largely unknown. In the current study,
we found that the differential expression of genes in the DHX37-
high and DHX37-low patient groups was related to enhancer
activity in patients with HCC and that DHX37 is involved in the
regulation of superenhancer activity in HCC cells. Notably, we
demonstrated that DHX37 binds directly to the promoter and
superenhancer regions of CCNDI, thereby activating its expression
in liver cancer cells. RNA helicases have been observed to be
involved in chromatin interactions and transcriptional regulation.
Similarly, we showed the interaction of DHX37 and PLRG1; they
co-occupied CCNDI superenhancers and promoted their activities.
These results indicated that DHX37 is recruited to responsive
promoters and acts by modulating transcriptional initiation. To
the best of our knowledge, our study is the first to investigate the
transcriptional regulatory role of DHX37/PLRGI.

CCNDL1 interacts with CDK 4/6, thereby promoting the G;-S
transition (29, 30). CCNDI is a well-recognized oncogene that is
overexpressed in a substantial proportion of human cancers. It has
been speculated that small molecules targeting CCND1/CDK (4/6)
may be useful as therapeutic agents against human tumors in clinical
trials (31-34). Several mechanisms by which CCND1 may be deregu-
lated in cancers have been proposed. For instance, cancer genome
sequencing has demonstrated that CCNDI is always amplified in
breast cancer (35). Another mechanism reported to enhance CCND1
expression is juxtaposition of the IgH locus next to CCND1 in multiple
myeloma (36). Interestingly, transcriptional activation of the CCND1
oncogene is tissue specific. Pathologic transcriptional activation of
CCNDL1 in breast cancer cells depends on a cell-type-specific enhancer
through a combinatorial network mediated by the action of ERo.
directly at the CCNDI gene (37). In HCC, OCT4 binds directly to the
CCNDI promoter and participates in regulating CCND1 promoter
activity. However, high CCND1 promoter activity was also observed in
OCT4-negative liver cancer cells, suggesting that there are other
factors also regulate CCND1 promoter activity in HCC cells (38).
Therefore, tissue-specific cis-regulatory elements may play important
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roles in spatiotemporal gene regulation. In the current study, we
observed that gain of the superenhancer at CCNDI, which is favorable
for liver cancer growth, was abolished after the silencing of DHX37.
Superenhancers are relatively large clusters of transcriptional enhan-
cers that promote the expression of critical genes and drive tumor-
igenesis (39). Cancer cells have been shown to acquire superenhancers
at oncogenes through multiple mechanisms. For example, overexpres-
sion of trans-acting factors in cancers was shown to be associated with
superenhancer formation at oncogenes (40). Here, we demonstrated
that DHX37 and PLRGI co-occupy to the promoter and superen-
hancer regions of CCNDI and contribute to its transcriptional activity
in liver cancer. Our findings suggested that overexpression of DHX37
may serve as an additional event driving the transcription of CCND1
through a superenhancer and constitute an additional mechanism,
leading to increased expression of CCND1 in liver cancer. Given that
we understand that DHX37 and PLRG1 occupy enhancer regions and
that CCNDI is an important target, inhibition of enhancer activity or
CCNDL1 activity may provide improved therapeutic opportunities for
patients with HCC. In a previous study, the BRD4 inhibitor JQ1
inhibited the binding of BDR4 to the promoter of the CCNDI gene,
leading to a reduction in CCND1 in thyroid tumors (41). However, the
physiological mechanisms and regulatory processes of BET inhibition
on CCND1 in HCC remain unclear. To investigate whether BET
inhibitors have an impact on the expression of CCND1 in liver cancer,
we performed real-time qPCR to determine the mRNA level of
CCND1 using mock liver cancer cells treated with vehicle or BET
inhibitors. The results showed that treatment of liver cancer cells
showed reduced CCNDI mRNA expression upon treatment with the
BET inhibitors JQ1 and OTX015 (Supplementary Fig. S10I). Most
importantly, treatment of the DHX37-overexpressing cell line with the
CDK4/6 inhibitor and BET inhibitors led to dramatic inhibition of cell
proliferation. BET inhibitors can decrease MYC expression levels and
cause effective antitumor effects in diverse human cancers (42, 43).
Our results provide new insight into BET inhibitors suppressing cell
growth of HCC through the downregulation of CCND1 expression.
Taken together, these results suggested opportunities for improving
the treatment of patients with high DHX37 expression, perhaps by
combining a CDK4/6 inhibitor and BET inhibitors with other agents
for precision therapy of liver cancer.

In summary, we provided evidence highlighting a close cooperative
mechanistic interaction among DHX37, PLRGI, and superenhancers
that contributes to liver cancer malignancy. DHX37 expression is
frequently increased in patients with HCC, and DHX37 interacts with
PLRGI and co-occupies the CCNDI promoter and superenhancers
regions to activate CCNDI1 transcription. These events collectively
promote the proliferation of cancer cells and contribute to the poor
prognosis of liver cancer patients (Fig. 8G). These findings provide
new insight into the regulation of DHX37/PLRG1-CCNDI1 signaling
in the progression of liver cancer, and this insight may facilitate cancer
diagnosis and treatment.
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