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Transcriptional regulator CTR9 promotes hepatocellular
carcinoma progression and metastasis via increasing

PEG10 transcriptional activity
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Cln Three Requiring 9 (CTR9), a scaffold protein of the polymerase-associated factor-1 (PAF1) complex (PAF1c), is primarily localized
in the nucleus of cells. Recent studies show that CTR9 plays essential roles in the development of various human cancers and their
occurrence; however, its regulatory roles and precise mechanisms in hepatocellular carcinoma (HCC) remain unclear. In this study,
we investigated the roles of CTR9 using in vitro assays and a xenograft mouse model. We found that CTR9 protein is upregulated in
tumor tissues from HCC patients. Knockdown of CTR9 substantially reduced HCC cell proliferation, invasion, and migration, whereas
its overexpression promoted these activities. In addition, in vitro results revealed that CTR9 silencing dramatically increased cell
cycle regulators, p21 and p27, but markedly decreased matrix metalloproteinases, MMP2 and MMP9, with these outcomes reversed
upon CTR9 overexpression. Furthermore, the underlying molecular mechanism suggests that CTR9 promoted the oncogene
paternally expressed gene 10 (PEG10) transcription via its promoter region. Finally, the oncogenic roles of CTR9 were confirmed in a
xenograft mouse model. This study confirms that CTR9, an oncoprotein that promotes HCC cell proliferation, invasion, and
migration, increases tumor growth in a xenograft mouse model. CTR9 could be a novel therapeutic target. Further investigation is
warranted to verify CTR9 potential in novel therapies for HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC), a malignant tumor of the
digestive system that is common worldwide, is the third
leading cause of death among malignant tumors of the
digestive system [1, 2]. Its mortality rate is the third-highest
among malignant tumors [3]. Despite considerable advances in
diagnosis and treatment, the prognosis of HCC patients
remains poor [4]; therefore, it is crucially important to study
the mechanisms underlying HCC to prolong patient survival.
CIn Three Requiring 9 (CTR9) is a scaffold protein for the
polymerase-associated factor-1 (PAF1) complex (PAF1c), which
comprises five core proteins: PAF1, RTF1, CTR9, CDC73, and
LEO1 [5-7]. Studies show that CTR9 plays significant roles in
cellular activities, including transcriptional regulation, methyla-
tion modification, protein transport, and cellular differentiation
[8-10]. A recent study reported that CTR9 is involved in
maintaining normal telomerase RNA levels and regulating
telomere length, with a subsequent study suggesting that
CTR9 plays an important role in retaining low levels of
telomeric repeat-containing RNA [11, 12]. In addition, CTR9

participates in regulating the immune response by inhibiting T
helper 17 cell differentiation and regulating the expression
of interleukin-17 [13-15]. Although CTR9 reportedly affects the
progression of Wilms’ tumor and breast cancer [16, 17], its roles
in tumorigenesis and development, as well as the underlying
mechanisms, remain poorly understood, particularly in HCC.

Paternally expressed gene 10 (PEG10) is a genetic imprinting
gene that participates in the development of several tumors by
promoting cell proliferation, inhibiting apoptosis, and inducing
tumor cell invasion and migration [18-21]. Indeed, elevated
PEG10 expression has been reported in multiple malignancies,
including B-cell chronic lymphocytic leukemia, lung cancer,
pancreatic cancer, and HCC [20, 22-24], and PEG10 upregula-
tion in such malignancies are associated with cell proliferation
and metastasis.

In this study, we investigated the expression of CTR9 in HCC
tissues and the effect of CTR9 protein level on the proliferation,
invasion, and migration of HCC cells. Results suggest that CTR9
accelerates HCC cell proliferation, invasion, and migration by
facilitating PEG10 transcription.

"Institute of Digestive Diseases, Xuzhou Medical University, Xuzhou 221004, China; >Department of General Surgery, The Affiliated Hospital of Xuzhou Medical University, Xuzhou
221004, China; *Department of Pharmacology, Yong Loo Lin School of Medicine, National University of Singapore, Singapore 117600, Singapore and “Central Laboratory, The

Affiliated Hospital of Xuzhou Medical University, Xuzhou 221004, China

Correspondence: Gautam Sethi (phcgs@nus.edu.sg) or Heng-liang Shi (shl@xzhmu.edu.cn) or Ren-hao Wang (wangrenhao@xzhmu.edu.cn)

These authors contributed equally: Bin Zhang, Zhi-yi Liu, Rui Wu.

Received: 2 August 2021 Accepted: 31 October 2021
Published online: 7 December 2021

© The Author(s), under exclusive licence to CPS and SIMM 2021

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-021-00812-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-021-00812-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-021-00812-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-021-00812-3&domain=pdf
mailto:phcgs@nus.edu.sg
mailto:shl@xzhmu.edu.cn
mailto:wangrenhao@xzhmu.edu.cn
www.nature.com/aps

CTR9-PEG10 axis promotes HCC growth
B Zhang et al.

MATERIALS AND METHODS

Tissues

Human non-tumorous liver and HCC tissue samples were provided
by the Affiliated Hospital of Xuzhou Medical College (Xuzhou,
China). HCC tissue specimens were obtained from patients
undergoing surgical resection due to HCC, and normal liver
specimens were obtained from patients undergoing partial
hepatectomy to treat liver rupture due to trauma. All tissue
samples were immediately frozen in liquid nitrogen and stored at
—80 °C. This study was approved by the ethics research committee
of the Affiliated Hospital of Xuzhou Medical University (approval
no. XYFY2019-KL129-01), and all samples were obtained with
patient consent.

Antibodies and plasmids

Antibodies against CTR9 were purchased from Cell Signaling
Technology (Cell Signaling Technology, Danvers, MA, USA).
Antibodies against PEG10, p21, p27, MMP2, MMP9, and {3-actin
were purchased from Proteintech (Wuhan, Hubei, China).
Scramble short-hairpin (sh)RNA, shRNA targeting CTR9 (shCTR9),
and the 3 x FLAG-Vector, 3 X FLAG-CTR9, Myc-Vector, and Myc-
PEG10 plasmids were purchased from Youbio (Changsha,
Hunan, China).

Cell culture

The HEK293T cell line and the HepG2 and Huh7 HCC cell lines
were purchased from the Cell Bank of the Shanghai Institutes of
Chinese Academy of Sciences (Shanghai, China), and were
cultured in an incubator at 37°C and 5% CO, with (Minimum
Essential Medium or Dulbecco’s Modified Eagle’s Medium)
(Yuanpei, Shanghai, China) supplemented with 10% fetal bovine
serum (FBS, Gibco, Shanghai, China).

Lentivirus construction

Three plasmids were constructed using primers to silence CTR9:
shCTR9#1-F, 5’ gat ccg CCT CCA GAG ATT CTC AAT AAT TTC AAG
AGA ATT ATT GAG AAT CTC TGG AGG TTT TTT g 3/, and shCTR9#1-
R, 5" aat tcA AAA AAC CTC CAG AGA TTC TCA ATA ATT CTC TTG
AAA TTA TTG AGA ATC TCT GGA GGc g 3% shCTR9#2-F, 5’ gat ccg
CGT GCA AAT GAG ACT ATT CTT TTC AAG AGA AAG AAT AGT CTC
ATT TGC ACG TTT TTT g 3/, and shCTR9#2-R, 5’ aat tcA AAA AAC
GTG CAA ATG AGA CTA TTC TTT CTC TTG AAA AGA ATA GTC TCA
TTT GCA CGcg 3’ shCTR943-F, 5’ gat ccG CCA TAA TTT CAT CAA
GTG ATT TCA AGA GAA TCA CTT GAT GAA ATT ATG GCT TTT TTg
3’, and shCTR943-R, 5’ aat tcA AAA AAG CCA TAA TTT CAT CAA
GTG ATT CTC TTG AAA TCA CTT GAT GAA ATT ATG GCg 3. To
produce the viruses, HEK293T cells were cotransfected with the
corresponding plasmids and helper plasmids using Polyjet
(SignaGen, Gaithersburg, MD, USA).

Construction of stable cell lines

To stably silence CTR9, HepG2 and Huh7 cells were infected with
Scramble and shCTR9 viruses, respectively. After 72 h, 2.5 ug/mL
puromycin (Beyotime, Shanghai, China) was added to the medium
for continuous culture to obtain cell lines stably expressing
Scramble and shCTR9.

5-Ethynyl-2"-deoxyuridine (EdU) assay

To examine the effect of CTR9 on the proliferation of HCC cells, we
performed EdU-incorporation assays using an EdU assay kit (RiboBio,
Guangzhou, China). Briefly, cells were seeded in 96-well plates at a
density of 1 x 10* cells/well and cultured for 24 h. The cells were then
incubated with 50 uM EdU at 37 °C for 2 h, washed with phosphate-
buffered saline (PBS), and fixed with 4% paraformaldehyde for 30 min.
After permeabilization with 0.5% Triton X-100 for another 10 min, the
cells were washed with PBS three times and treated with a 1x
Apollo® reaction cocktail at 25°C for 30 min. Finally, nuclei were
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stained with 5 pg/mL Hoechst 33342 for 20 min and imaged using a
fluorescence microscope (IX71; Olympus, Tokyo, Japan).

Colony formation assay

Cells were seeded into a 60 mm dish at a density of 1000 cells/
dish, supplemented with medium to 8 mL, and cultured con-
tinuously for 2 weeks, followed by fixation with 4% paraformalde-
hyde, staining with 0.3% Crystal Violet solution (Beyotime,
Nantong, China), washing with tap water, air drying, and imaging
using a digital camera. Colony formation was confirmed by
manual counting, with colonies defined as >50 cells.

Transwell invasion and migration assays

Transwell assays were carried out using Transwell inserts with an
8 um aperture size to investigate cell invasion and migration.
Briefly, 3x 10* cells per well suspended in serum-free medium
were added to the upper compartment of a 24-well Transwell
culture plate, and medium containing 10% FBS was added to the
lower compartment. After incubation at 37 °C for 48 h, cells that
had not traversed the upper compartment were removed using
cotton-tipped swabs, and cells that migrated to the lower side of
the insert were fixed with 4% paraformaldehyde for 30 min, dyed
with 0.3% Crystal Violet for 30min, and counted using a
microscope. Cell invasion was assessed using a similar method,
except that the inserts were pre-covered with 10 ug of Matrigel
(BD, Shanghai, China).

Western blotting

For Western blotting, cells were lysed using RIPA buffer and
centrifuged at 12,000 X g and 4 °C for 10 min, and supernatants were
collected. Equal amounts of proteins were subjected to 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes with a pore size
of 0.45 um (Millipore, Billerica, MA, USA). After the membranes had
been blocked with 5% non-fat milk, they were incubated with
primary antibodies (CTR9, FLAG, PEG10, p21, p27, MMP2/9, and f-
actin) at 4°C overnight, followed by incubation with secondary
antibodies at 25 °C for 1 h. Bound antibodies were detected using
ECL Plus Western blotting substrate (Thermo Fisher Scientific,
Waltham, MA, USA) and visualized using a chemiluminescence
detection system (Tanon, Shanghai, China). Band density was
quantified using ImageJ software (NIH, Bethesda, MD, USA). Relative
protein levels were determined by standardizing the optical density
values of the target proteins and the loading control.

Quantitative reverse transcription polymerase chain reaction (qRT-
PCR)

Total RNA was extracted from HepG2 and Huh7 cells using TRIzol
reagent (Thermo Fisher Scientific) according to manufacturer
instructions. The RNA was reverse transcribed using a FastQuant
RT kit (with gDNase; Tiangen, Beijing, China) to obtain a single-
stranded cDNA template. PEGT0 expression in HCC cells was
examined using SYBR Green gPCR master mix (MCE, Shanghai,
China) using the following program: with 40 cycles at 95 °C for 10 s
and 60°C for 30s. The following primers were used for
amplification: PEG10-F, 5" AGA GGA AGA GTG CCC AGA AGA CC
3’,and PEG10-R, 5" AAG CAG ACA CGG ACA CGA TCA AC 3% CTR9-
F, 5" CTG CTT CTG CCT ACT TGA GGG 3, and CTR9-R, 5’ CCT GGG
TTA GTA CGC AAT GCT 3% GAPDH-F, 5" GAT GAC CTT GCC CAC
AGC CT 3/, and GAPDH-R, 5" ATC TCT GCC CCC TCT GCT GA 3"

Luciferase reporter assay

HCC cells were cultured in a 6-well plate at 37°C and then
cotransfected with an empty plasmid (3 x FLAG-Vector) or
expression plasmid (3 X FLAG-CTR9) along with the PEG10
reporter plasmid. After 48 h, Firefly and Renilla luciferase activities
were detected using a Dual-Lumi Il luciferase reporter gene assay
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kit (Beyotime). The ratio of the relative luciferase activities was
calculated for each sample. The reporter gene was synthesized by
Youbio [chr7: 94654560-94656567; ~—1810 to —1 (promoter), +1
to ~+198 (5’ untranslated region)].

Chromatin immunoprecipitation (ChIP)

ChIP assays were carried out using a ChIP assay kit (Cell Signaling
Technology) according to manufacturer instructions. Briefly, cells
treated with 1% formaldehyde for cross-linking were resuspended
in 1% SDS lysis buffer, and fragmented DNA was incubated with
anti-CTR9 or negative control anti-IgG in ChIP dilution buffer at 4 °
C with rotation overnight. Immunocomplexes were washed,
eluted, and purified, and the ChIP products were evaluated by
gPCR using PEG10 primers designed to cover the predicted CTR9-
binding site in the PEG10 promoter region: Q-F, 5-AAT AAT CCG
TAG CAA TGT TAC-3"and Q-R, 5-TGG GAA ACT GAC AAT CTG-3".

Immunohistochemistry (IHC)

IHC analysis was performed using a kit (Zhongshan Goldenbridge
Biotech, Beijing, China) according to manufacturer’s instructions.
Tissue sections were deparaffinized, blocked using 10% goat serum,
and incubated at 25°C with primary antibodies, followed by
incubation with horseradish peroxidase-conjugated secondary anti-
bodies. After incubation in 3,3’-diaminobenzidine solution, the
sections were counterstained with hematoxylin, dehydrated, and
mounted. Images were obtained using a microscope and analyzed
using Image-Pro-Plus software (v.6.0; Media Cybernetics, Bethesda,
MD, USA). Protein expression was represented as the mean optical
density.

Establishment of the mouse xenograft model

The animal studies have been conducted in accordance with the
Institutional Animal Care and Use Committee of Xuzhou Medical
University. Ten male nude mice (Vital River Laboratory Animal
Technology, Beijing, China) with no significant difference in body
weight (at 4 weeks of age) were reared in a sterile environment for
1 week. The mice were then randomly divided into two groups (n
= 5/group). After disinfecting their skin, 100 pL of cell suspension
(1x10%/mL) was injected into the dorsal side of the right hind
limb. The mice were then returned to their cages and housed
under the same conditions. Tumor length and width were
measured every other day using Vernier calipers, and tumor
volume was calculated as follows: length x (width?/2). After
5 weeks, all mice were euthanized, and their subcutaneous tumors
were removed and weighed.

Statistical analysis

Data represent the results of experiments repeated at least three
times, and all quantitative data represent the mean + standard
deviation. Statistical analysis was performed using SPSS (v.22.0;
IBM Corp., Armonk, NY, USA). Student’'s t tests were used to
compare two samples with normality, homogeneity of variance,
and independence. Non-parametric tests were used to analyze
measurement or count data that did not meet these requirements.
P <0.05 was considered significant.

RESULTS

CTR9 is overexpressed in human HCC tissues

To determine the clinical significance of CTR9, we analyzed CTR9
MRNA levels in HCC using the Gene Expression Profiling
Interactive Analysis database. Results indicated that CTR9 was
upregulated in HCC patients (Fig. 1a). We then measured CTR9
protein levels in total lysates extracted from 14 normal liver tissue
specimens and 14 human HCC tissue specimens using a Western
blotting blot. The results showed that CTR9 levels were
upregulated in HCC samples compared to non-tumor samples
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(Fig. 1b and c). In addition, measurement of CTR9 levels in total
lysates extracted from 14 HCC tissue specimens and correspond-
ing para-cancerous tissue specimens revealed that levels in cancer
tissue specimens were higher than those in para-cancerous tissues
(Fig. 1d). Consistently, IHC analysis confirmed that CTR9 expression
was stronger in HCC tissues than in normal tissues (Fig. 1e and f).
These data indicated that CTR9 is overexpressed in human HCC
tissues and might affect HCC progression.

CTR9 knockdown inhibits HCC cell proliferation, invasion, and
migration

To examine whether CTR9 plays an important role in the
proliferation, invasion, and migration of HCC cells, we performed
loss- and gain-of-function experiments. First, we screened three
shRNA sequences (shCTR9#1, shCTR942, and shCTR9#3) for their
ability to inhibit CTR9 expression, with non-targeting shRNA
(Scramble) as a negative control. The shCTR9s and Scramble were
packaged into lentiviruses, which were used to infect HCC cells to
develop stable cell lines deficient in CTR9. Notably, shCTR9#3
displayed a silencing efficiency of ~60% and ~80% in HepG2 and
Huh7 cells, respectively (Fig. 2a and b). We then performed cell
growth and motility assays to determine whether CTR9 silencing
influences the proliferation, invasion, and/or migration of HCC
cells. Compared with results in the Scramble, CTR9 silencing
considerably reduced the number of EdU-positive cells by 32.3%
and 22.1% in HepG2 and Huh?7 cells, respectively (Fig. 2c and S1a).
In addition, CTR9 knockdown clearly reduced the colony forma-
tion ability of the cells (Fig. 2d and S1b) and increased the
expression of cell cycle regulators, such as p21 and p27 (Fig. 2e
and f). Moreover, Transwell migration assays revealed that the
percentage of migratory cells was 67.6% and 55.9% lower in the
CTR9-silenced groups, respectively, relative to that in cells infected
with Scramble (Fig. 2g and S1c). Transwell invasion assays with
Matrigel showed that CTR9 silencing reduced cell invasion (Fig. 2h
and S1d). Furthermore, we found significantly decreased MMP2
and MMP9 expression following CTR9 silencing (Fig. 2i and j).
These results indicated that CTR9 silencing exerted critical
inhibitory effects on HCC cell proliferation, invasion, and
migration.

CTR9 overexpression enhances HCC cell proliferation, invasion,
and migration

To further elucidate the specific roles of CTR9, we transiently
transfected HCC cells with 3 x FLAG-tagged CTR9 cDNA and analyzed
the consequences of CTR9 overexpression by Western blot (Fig. 3a).
In addition, to detect the effect of CTR9 upregulation on cell
proliferation, invasion, and migration, we evaluated cell growth and
motility at 24 h post-transfection. EdU-incorporation assays revealed
that CTR9 overexpression increased the number of EdU-positive
HepG2 and Huh7 cells by ~21.3% and ~27.2%, respectively (Fig. 3b
and S2a). Moreover, CTR9 upregulation enhanced colony formation
(Fig. 3c and S2b) and reduced p21 and p27 expression (Fig. 3d and
e). Furthermore, cell migration and invasion assays revealed that
CTR9 upregulation increased the percentage of migratory cells by
~83.2% and ~64.4%, respectively (Fig. 3f and S2¢) and increased cell
invasion (Fig. 3g and S2d). Similarly, we observed clear increases in
MMP2 and MMP9 expression following CTR9 upregulation (Fig. 3h
and i). These results suggested that elevated CTR9 expression
strongly promoted HCC cell proliferation, invasion, and migration.

CTR9 enhances HCC cell proliferation, invasion, and migration by
actively regulating PEG10

We then investigated the specific molecular mechanisms under-
lying the observed effects on HCC cell activities. Previous studies
showed that PEG10 could promote the proliferation, invasion, and
migration of various types of tumor cells [20, 22, 23, 25-27], as well
as participate in the regulation of p21, p27, MMP2, and MMP9
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[20, 25]. In addition, we previously demonstrated that PEG10 is
upregulated in HCC patients [28], and another report indicated
that E2F transcription factor 1 could directly enhance PEGI10
expression via binding to its promoter. CTR9 is a key component
of PAF1c and participates in regulating transcriptional processes
[5-7]. Therefore, we hypothesized that CTR9 might transcription-
ally regulate PEG10 to affect HCC cell proliferation, invasion, and
migration. To test this hypothesis, we investigated their regulatory
relationship. Western blot analysis confirmed that CTR9 knock-
down decreased PEG10 protein levels, whereas CTR9 upregulation
increased PEG10 expression (Fig. 4a and b). We then performed
rescue experiments by overexpressing Myc-PEG10 in CTR9-
downregulated cells to examine whether CTR9 accelerates HCC
cell proliferation, invasion, and migration via PEG10. Notably,
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PEG10 overexpression effectively reversed the expression of p21,
p27, and MMPs (Fig. 4c and d), as well as the effects of
CTR9 silencing on cell proliferation, invasion, and migration
(Fig. 4e—-g and S3). These results suggest that CTR9 facilitates
PEG10 expression, thereby accelerating the proliferation, invasion,
and migration of HCC cells.

CTR9 promotes PEG10 expression by increasing its transcription

To further explore the molecular mechanism by which CTR9
regulates PEG10 level, we detected PEG10 mRNA levels. We
found that CTR9 silencing significantly reduced PEGT0 mRNA
levels, whereas CTR9 overexpression increased these levels
(Fig. 5a and b). To determine the interaction between CTR9 and
the PEG10 promoter region, we performed luciferase reporter
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assays, finding that CTR9 overexpression enhanced the lucifer-
ase activity of HCC cells transfected with pGL3-Basic containing
the PEGT10 promoter (Fig. 5¢ and d), suggesting PEG10 as a
target of CTR9 and that CTR9 positively regulates PEG10
expression by targeting its promoter. To evaluate whether
CTR9 can be recruited to the putative binding site on the PEG10
promoter, we performed ChIP-gPCR assays involving the
predicted CTR9-binding sequence, with the results demonstrat-
ing that CTR9 could bind to that predicted region of the PEG10
promoter (Fig. 5e).

CTR9 promotes HCC cell growth by regulating PEG10 in vivo

Finally, we examined the relationship between CTR9 expression
and HCC development in nude mice bearing tumors formed by

Acta Pharmacologica Sinica (2022) 43:2109-2118

CTR9-silenced Huh7 cells. Consistent with the in vitro observa-
tions, CTR9 knockdown markedly inhibited tumor growth in nude
mice compared with that observed in tumors seeded using cells
infected with the Scramble control (Fig. 6a-c). Moreover, Western
blot revealed decreased PEG10 and MMP levels and increased p21
and p27 levels in tumors formed by CTR9-silenced Huh7 cells
(Fig. 6d—j), consistent with IHC results (Fig. 7). These findings
suggested that CTR9 acts as a tumor promoter in HCC by
regulating PEG10 expression.

DISCUSSION
In this study, we demonstrated that CTR9 expression is
upregulated in HCC. Specifically, we showed that CTR9
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¢ Quantification of colony formation results in CTR9-overexpressing HepG2 and Huh7 cells. d Representative blots and e quantification of p21
and p27 levels in CTR9-overexpressing HepG2 and Huh7 cells. f Quantification of Transwell migration and g invasion results in CTR9-
overexpressing HepG2 and Huh?7 cells. h Representative blots and i quantification of MMP2 and MMP9 levels in CTR9-overexpressing HepG2

and Huh7 cells. *P < 0.05, **P < 0.01, ***P < 0.001

downregulation inhibited HCC cell proliferation, invasion, and
migration, increased levels of cell cycle regulators (p21 and p27),
and decreased MMP levels, whereas CTR9 overexpression
exerted the opposite effects. Further study of the underlying
molecular mechanism revealed that CTR9 promoted the
transcription of the oncogene PEG10 by binding its promoter.
These findings suggest that elevated CTR9 expression might
promote HCC cell proliferation, invasion, and migration by
increasing PEG10 transcription.

CTR9 is a key component of PAFic, which plays multi-
functional roles in RNA polymerase-Il-related transcriptional
processes and is also related to the regulation of embryonic
stem cell development and pluripotency maintenance [5-7]. In
addition, previous studies report that CTR9 affects multiple
cellular activities, including transcriptional regulation, methyla-
tion modification, protein transport, and differentiation [8-10].
Moreover, recent studies confirmed CTR9 as a tumor promoter
associated with familial Wilms tumors, whereas another study
suggested CTR9 as a tumor suppressor [16, 29]. However, other
studies implied that CTR9 acts independently of other PAFic

SPRINGERNATURE

subunits to play an active regulatory role in mediating estrogen-
dependent transcriptional regulation and drive the progression
of E estrogen receptor-a-positive breast cancer [17, 30].
Furthermore, a previous study indicated that CTR9 promotes
the proliferation, migration, and invasion of human glioma cells
[31] and is involved in HCC; however, there are few studies on
the direct effect of CTR9 on HCC [32]. In the present study, we
found that CTR9 was upregulated in HCC, and its oncogenic
effects on the growth and motility of HCC cells were verified in
our study. Notably, we found that CTR9 knockdown suppressed
cell proliferation, invasion, and migration, whereas CTR9 over-
expression promoted these activities. These findings were
further confirmed in a tumor-bearing nude mouse model,
suggesting that CTR9 might promote HCC progression.

PEG10 was first identified in HCC and is closely associated with
its occurrence and development [33]. Previous studies confirmed
that PEG10 is upregulated in samples from patients with normal
serum a-fetoprotein levels and small tumors [34], and that PEG10
is upregulated in most HCC tissues but not in matched non-
cancerous liver tissues [21]. These findings suggested that PEG10
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Fig. 4 CTR9 promotes PEG10 transcription in HCC cells. a, b Representative blots and quantification of PEG10 levels in CTR9-silenced or
CTR9-overexpressing HepG2 and Huh7 cells. ¢ Representative blots and d quantification showing that PEG10 overexpression reversed p21,
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showing that PEG10 overexpression reverses the effects of CTR9 knockdown on cell proliferation, migration, and invasion. *P < 0.05, **P < 0.01

might act as a potential biomarker for HCC [23]. In the present
study, we demonstrated that CTR9 participates in the transcrip-
tional regulation of PEG10 to accelerate HCC cell proliferation,
invasion, and migration by controlling levels of p21, p27, and
MMPs. Consequently, we hypothesize that elevated CTR9 expres-
sion in HCC patients upregulates PEG10, thus, accelerating
proliferation, invasion, and migration of HCC cells. Therefore,
CTR9 upregulation could play a significant role in HCC occurrence
and development.

In conclusion, these findings suggest that elevated CTR9
expression occurs in HCC tissues and exists close association with
HCC occurrence and malignant development via the upregulated

Acta Pharmacologica Sinica (2022) 43:2109-2118

transcription of PEG10. Consequently, CTR9 could be a potential
target for HCC diagnosis and treatment. Notably, a recent study
showed that 21 tetratricopeptide repeats in CTR9, including 42
continuous a-helices, surround the PAF1 N-terminal domain in a
right-handed supercoiled manner. This represents a multifunc-
tional protein-protein-interaction domain that can serve as an
interaction scaffold in multi-protein complexes involved in
different cellular processes [35, 36]. This may indicate that, as a
subunit of PAF1c, PAF1 may act along with PEG10 expression.
Nevertheless, further studies are required to elucidate the precise
mechanisms underlying CTR9-mediated PEG10 upregulation
in HCC.
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