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Abstract: Our previous study introduced the oncogenic role of the long non-coding RNA plasmacytoma variant trans-
location 1 (PVT1) in endometrial cancer (EC). In this study, we aimed to construct a PVT1-centered competing
endogenous RNA (ceRNA) network to outline a regulatory axis that might promote the malignant progression of ad-
vanced EC. Raw Uterine Corpus Endometrial Carcinoma (UCEC) datasets were collected from The Cancer Genome
Atlas (TCGA) database and used for construction of the PVT1-centered ceRNA network. The ceRNA binding sites
were established using dual-luciferase assays. FISH assays displayed the co-location of PVT1 and miR-612 in EC
cells. Immunohistochemistry, in situ hybridization, gRT-PCR, and western blots were used to assess the expression
of miR-612 and CENP-H in EC tissues, and their functions on biological behaviours were examined by a series of in
vitro and in vivo assays. Molecule interactions were illustrated by co-transfection assays. The bioinformatics analysis
showed that PVT1/miR-612/CENP-H/CDK1 axis played a vital role in the malignant progression of advanced EC.
MiR-612 was downregulated in EC tissues and acted as a tumour suppressor to inhibit cell proliferation, migration,
invasion, and promote cell apoptosis. CENP-H was found overexpressed in EC tissues, and the expression level was
correlated to diagnosis and prognosis of EC. Hyperactivated CENP-H promoted cell proliferation, migration, invasion,
and inhibited cell apoptosis. Overexpressed CENP-H prevented the anti-tumour effects observed with upregulated
miR-612; knockdown of miR-612 also suppressed the anti-tumour effects of downregulated PVT1. Knockdown of
PVT1 together with upregulated miR-612 exerted the strongest anti-tumour effects in nude mice. These effects
were mediated by CDK1 through modulation of the Akt/mTOR signaling pathway. In conclusion, the PVT1/miR-612/
CENP-H/CDK1 axis promoted the malignant progression of advanced EC and could serve as a promising target for
potential treatments.
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Introduction

In developed countries, endometrial cancer
(EC) is the most common gynecological cancer
and the second most common cause of death
from gynecological cancer [1]. EC can be classi-
fied into two groups according to its clinical
stages or grades. Stage I-Il ECs often have
favorable outcomes with timely treatment, wh-
ereas Stage lll-IV ECs typically do not respond
well to surgical interventions, radiotherapy, or
chemotherapy and usually have worse progno-
sis [2]. It's worth noticing that treatment for
advanced EC is difficult because EC tumour
cells have complex biological behaviours and
strong resistance to existing therapeutics [3].
Therefore, there is an urgent need to determine
what contributes to malignant progression of

advanced EC and to analyze the underlying
molecular mechanisms in order to develop
more effective therapeutic strategies.

In recent years, increasing numbers of long
noncoding RNA (IncRNA) have been reported to
have a wide range of biological functions in
regulating diverse physiological and pathologi-
cal settings. Especially in tumour progression,
abundant evidences have shown that IncCRNAs
play a pivotal role in modulating malignant
behaviours of tumour cells with a series of
mechanisms identified, such as epigenetic mo-
dification, transcriptional and post-transcrip-
tional profiling [4-6]. However, most IncRNAs
might function in a tissue-specific or cell type-
specific manner and only a small scale of func-
tional IncRNAs have been well characterized in
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different tumours [7]. Notably, for the past two
years, the plasmacytoma variant translocation
1 (PVT1) has been reported as an oncogene by
a growing number of studies, including in gall-
bladder cancer [8], esophageal adenocarcino-
ma [9], breast cancer [10], gastric cancer [11],
colorectal cancer [12], and so on. It is undoubt-
ed that a better understanding of the patho-
genic mechanisms of PVT1 will greatly facilitate
our acknowledgement on cancer development.
Our previous study was the first one to intro-
duce the oncogenic role of PVT1 in EC [13].
Recently a study by Xing [14] introduced the
upstream regulator of PVT1. Combining with
our achieved experience, we intend to discover
how PVT1 regulates the downstream factors to
promote the oncogenesis in EC.

Among the existing studies, PVT1 is usually
taken as a competing endogenous RNA (ce-
RNA) to regulate tumour progression by inter-
acting with miRNA and mRNA. Although Wang’s
review [15] systematically outlined twenty
reported miRNAs interacting with PVT1 in
tumour development, a mass of PVT1 targets,
not limited to miRNA, remain largely unknown.
Therefore, we used The Cancer Genome Atlas
(TCGA) database to conduct a PVT1-centered
co-expression network. Another network was
performed for advanced EC to illuminate what
led to the malignant progression of aggressive
tumour. The networks predicted, with a high
probability, that PVT1 acted as a sponge-like
molecule to capture miR-612 and prevented its
inhibition of Centromere protein-H (CENP-H).
Moreover, CENP-H was probably associated
with a cell cycle-related protein, cyclin depen-
dent kinase 1 (CDK1), which has been shown
to drive advanced EC progression by participat-
ing in the Akt signaling pathway [16]. Taken
together, we speculate that PVT1/miR-612/
CENP-H/CDK1 axis promotes malignant pro-
gression of advanced EC via Akt signaling path-
way. As the functions of miR-612 and CENP-H
haven’t been reported in EC, we used two rep-
resentative EC cell lines, Ishikawa and HEC-
1A, to identify their roles in EC and interactions
with PVT1.

Methods

Bioinformatic analysis of PVT1-centered
ceRNA network

We collected raw Uterine Corpus Endometrial
Carcinoma (USEC) datasets from TCGA data-
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base. Next we established a gene matrix after
data processing in Perl 5.30.2 and we used R
3.6.0 software to analyze abnormally express-
ed IncRNAs, miRNAs, and mRNAs associated
with PVT1. With the target interactions identi-
fied during this data processing, we establish-
ed corresponding INcRNA-miRNA and miRNA-
MRNA pairs from starBase. We then construct-
ed a hypergeometric ceRNA network using
Cytoscape 3.8.0 software, with |fold change| >
2.0 and a significance level of P < 0.05.

Patients and samples

A total of 57 endometrial cancer tissues and
20 normal endometrial tissues were obtained
from patients who underwent hysterectomies
between 2013 and 2017 in Shengjing Hospital
of China Medical University. The patient
informed consent is available. The clinicopa-
thologic features of the EC patients are listed
in Table S1. All specimens were evaluated by
two pathologists. The patients were staged
according to the International Federation of
Gynecology and Obstetrics (FIGO) 2009 endo-
metrial cancer staging system. Patients recruit-
ed in this study received no chemotherapy or
radiation before surgery.

Cell lines and cell culture

The human endometrial carcinoma cell line
HEC-1A and human embryonic kidney (HEK)
293T cells were acquired from the Cell Bank of
the Chinese Academy of Sciences (Shanghai,
China). HEC-1A and HEK 293T cells were main-
tained in McCoy’s 5A medium (Gibco, Carlsbad,
CA, USA) and high-glucose Dulbecco’s Modified
Eagle Medium (DMEM; Gibco), respectively.
The human endometrial carcinoma cell line
Ishikawa was purchased from the BeNa Culture
Collection (Kunshan City, China) and grown in
RPMI 1640 medium (Gibco). The culture medi-
um was supplemented with 10% fetal bovine
serum (FBS; Gibco), 50 IU/mL penicillin, and 50
mg/mL streptomycin (Invitrogen, Carlsbad, CA,
USA). Cells were incubated at 37°C in a humidi-
fied incubator in the presence of 5% CO,,.

Transfection of cells
Overexpression plasmids (pcDNA3.1-PVT1,
pEX4-CENP-H, pcDNA3.1-CDK1), knockdown

plasmids (si-CENP-H, si-CDK1), and their res-
pective negative control (NC) counterparts
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were purchased from GenePharma (Shanghai,
China). The lentivirus low-expression plasmids
harboring PVT1 (LV-PVT1-RNAi 47488-1) and
negative control lentivirus (hU6-MCS Ubiquitin-
EGFP-IRES-puromycin) were purchased from
GenePharma (Shanghai, China) and were trans-
fected at an MOI of 50. AgomiR-612, anta-
gomiR-612, and the respective NC were pur-
chased from GenePharma (Shanghai, China).
The Lipofectamine 3000 kit (Invitrogen, USA)
was used to transfect cells with miRNAs and
plasmids according to the manufacturer’s
instructions. The sequences of the shRNA
clone, the agomiR, and the antagomiR are list-
ed in Table S2.

RNA extraction and gqRT-PCR

Total RNA was prepared using Trizol reagent
(TaKaRa, Dalian, China) according to the manu-
facturer’s instructions. Complementary DNA
was synthesized with gene-specific primers or
random primers using the PrimeScript RT
Reagent Kit with gDNA Eraser (Takara, Dalian,
China) or with the Mir-X miRNA First Strand
Synthesis Kit (Takara, Dalian, China). gRT-PCR
assays were performed in triplicate using the
SYBR Premix Ex Taq Kit (Takara, Dalian, China)
on an ABI Prism 7500 Fast Real-Time PCR
System (Applied Biosystems, StepOnePlus,
USA). Data for miR-612 was normalized to
U6B-snRNA and data for mRNA was normalized
to glyceraldehyde phosphate dehydrogenase
(GAPDH). The relative expression of RNAs was
calculated using the comparative 2-AACt meth-
od. All primer sequences were listed in Table
S3.

Western blotting analysis

Total cells were lysed using radioimmunopre-
cipitation assay buffer protein extraction re-
agent (Beyotime, Beijing, China) that was sup-
plemented with protease inhibitors (Beyotime,
Beijing, China). The protein concentrations of
the lysates were measured using a bicinchonic
acid (BCA) Protein Assay Kit (Beyotime, Beijing,
China). After separating by 10% SDS-PAGE gel
electrophoresis, the proteins were transferred
to PVDF membranes. The membranes were
then incubated with primary antibodies at 4°C
overnight (primary antibodies are listed in Table
S4), followed by incubation with horseradish
peroxidase (HRP)-conjugated goat anti-mouse
secondary antibody or HRP-conjugated goat
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anti-rabbit secondary antibody for 1.5 h.
Quantity One imaging software (Bio-Rad, CA,
USA) was used to visualize protein bands.

Dual-luciferase reporter assay

A reporter vector containing a fragment of the
human PVT1 and CENP-H 3-untranslated
region (3’-UTR) with the predicted hsa-miR-612
binding sites was purchased from RiboBio.
PVT1-mutated type and CENP-H-mutated type
reporter vectors were created by mutating two
putative binding sites. HEK 293T cells were
seeded in 96-wells plates at a density of 1.0 x
10* cells per well and incubated for 24 h at
37°C. Next, hsa-miR-612 mimics or a negative
control were co-transfected with the wild-type
(WT) or mutated-type (MUT) reporter vectors
using Lipofectamine 3000 (Invitrogen, CA,
USA), according to the manufacturer’s instruc-
tion. At 48 h after transfection, relative lucifer-
ase activity was measured using the Dual-
Luciferase Reporter Assay System (Promega,
WI, USA).

Fluorescence in situ hybridization (FISH)

FISH was used to identify the subcellular local-
ization of PVT1 and miR-612 in Ishikawa and
HEC-1A cells. The cells were seeded onto the
cover slides in the 6-well plates. After 24 h, the
slides were fixed with 4% paraformaldehyde
and treated with protease K (20 ug/ml). Then
the cells were pre-hybridized with pre-hybridiza-
tion solution at 37°C for 1 h and hybridized
with hybridization solution containing probes (5
ng/ul, Sangon, Shanghai, China) at 37°C over-
night. Afterwards, the cells were washed by
SSC solution and blocked by BSA. The nucleus
was then stained with DAPI for 8 min. Finally,
the cells were photographed under fluores-
cence microscopy.

Immunohistochemistry (IHC) staining and in
situ hybridization (ISH)

Paraffin sections were deparaffinized and rehy-
drated, and then blocked with 0.3% hydrogen
peroxide. After antigen retrieval, the sections
were then treated with blocking solution. Slides
were then incubated with rabbit anti-CENP-H
(1:400 dilution, Bioss Biotechnology Co., Ltd.,
Beijing, China) at 4°C overnight, and then with a
biotinylated goat anti-rabbit secondary anti-
body (Bioss Biotechnology Co., Ltd., Beijing,
China) that was labeled with streptavidin horse-
radish peroxidase.
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Figure 1. Aberrantly activated PVT1/miR-612/CENP-H/CDK1 axis was identified. A. The PVT1-centered network
based on TCGA database (|fold change| > 2.0, P < 0.05; Yellow: up-regulation, Seagreen: down-regulation; INcRNA:
round rectangle, miRNA: hexagon, mRNA: triangle). B. The PVT1-centered network for Stage Ill-IV EC. C. Expressions
of PVT1, miR-612 and CENP-H in Stage |-l EC and in Stage llI-IV EC. D. The predicted relationship between PVT1
and miR-612, miR-612 and CENP-H, PVT1 and CENP-H. E. Binding targets of PVT1 and miR-612, and results of
dual-luciferase assays. F. Binding targets of miR-612 and CENP-H, and results of dual-luciferase assays. G. The co-
location of PVT1 and miR-612 in EC cells by FISH assays. “P < 0.05, P < 0.01, *"P < 0.001 vs NC group.

For in situ hybridization, the digoxigenin-labeled
oligonucleotide probe used to detect miR-612
was synthesized by Boster Biological Techno-
logy (Wuhan, China). The probe sequence was
as follows: AAGGAGCTCAGAAGCCCTGCCCAGC
(5’-3’). The ISH experiments were performed
according to the manufacturer’s instructions.
All slides were visualized with diaminobenzi-
dine (DAB) staining (Beyotime Biotechnology,
Shanghai, China), and observed under a
microscope.

Cell proliferation assay

Cell proliferation was measured using Cell
Counting Kit-8 (CCK8, Dojindo Molecular
Technologies, Kumamoto, Japan). In brief, cells
at a density of 3000 cells per well were seeded
in a 96-well plate. Then 10 ul CCK-8 solution
was added into each well. After incubation for 4
h, the absorbance of each well at 450 nm was
measured with a microplate reader (Synergy
H1, BioTek, USA). For 5-ethynyl-2’-deoxyuridine
(EdU) assays, EdU kit (RiboBio, Guangzhou,
China) was used according to manufacturer’s
instructions. Twenty-four hours after transfec-
tion, EdU was dissolved into each well and incu-
bated for 2 h. Then the cells were stained with
Hoechst33342 and Apollo reagents. Images
were photographed under fluorescence micro-
scopy.

Wound healing assay

A scratch was applied to the cell monolayer
using a 100-pl pipette tip. Cells were then incu-
bated for 48 h at 37°C in complete culture
medium. Images were taken O h and 48 h aft-
er wounding, and the distance between the
wound edges was measured to assess migra-
tion ability. The original image magnification
was 100 x.

Transwell invasion assay
Transwell filter inserts (8-uM pore size; Corn-

ing, NY, USA) were pre-coated with Matrigel
and washed with serum-free medium. Each
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upper chamber contained 2 x 10* starved cells
resuspended with 200 yL serum-free media,
and each lower chamber was filled with media
containing 10% FBS. After incubation at 37°C
for 24 h, cells were washed three times. Cells
were then fixed with 4% polyoxymethylene for
1 h and stained with 0.1% crystal violet for 1 h.
Cells were imaged under an inverted fluores-
cence microscope equipped with an image
acquisition system (Nikon, Japan). The original
image magnification was 200 x.

Apoptosis and cell cycle analysis

The cells were collected after 48 h of transfec-
tion and resuspended in 1 x binding buffer.
Cells were then washed and stained with
Annexin V-Allophycocyanin/7-amino-actinomy-
cin D (APC/7AAD; KeyGen Biotech, Nanjing,
China) according to the manufacturer’s instruc-
tions. Immediately after staining, cells were
analyzed by flow cytometry (BD FACSCalibur,
NJ, USA). Cells were harvested, washed, fixed
with 75% ethanol at 4°C overnight, and then
incubated with RNaseA and Pl at 4°C for 30
min. The cell cycle was immediately detected
by flow cytometry (BD FACSCalibur).

Tumour xenograft and tail vein injection experi-
ments

Five-week-old female BALB/c athymic nude
mice were maintained under specific pathogen-
free conditions. Tumours were established
after injection of 10° cells resuspended in 0.2
ml PBS into the left axilla of the mice. Xeno-
grafts were examined every 4 days with digital
calipers, and tumour volume was calculated
according to the following equation: tumour
volume (mm3) = (length x width?)/2. Mice were
sacrificed 28 days after cell injection. Samples
were fixed at 4°C in paraformaldehyde and
were then embedded in paraffin. All animal
experiments were approved by the Scientific
Research and New Technology Ethical Com-
mittee of the Shengjing Hospital of China
Medical University.
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Statistical analysis

All experiments were performed in triplicate.
The data were presented as the mean + stan-
dard error of the mean (SEM). Statistical analy-
ses were performed using IBM SPSS 19.0 soft-
ware (SPSS, Inc., Chicago, lllinois, USA), Graph-
Pad Prism 8.0 software, and R 3.6.0 software
(http://www.Rproject.org). A survival analysis
was performed using Kaplan-Meier analysis.
Hazard ratios and 95% confidence intervals (Cl)
were identified using the Cox proportional haz-
ards model. Student’s t-tests and one-way
analysis of variance (ANOVA) tests were to com-
pare differences. Associations between vari-
ables were analyzed using the Mann-Whitney U
test or the chi-square test. Co-expressed rela-
tionships between genes were computed us-
ing the Pearson test, and were included if the
absolute value of the Pearson coefficient was >
0.2. All tests were two-sided, and P < 0.05 was
used to indicate statistical significance.

Result

Aberrantly expressed PVT1/miR-612/CENP-H/
CDK1 axis was identified

The PVT1-centered ceRNA network is displayed
in Figure 1A. Yellow represents positive corre-
lation to PVT1, while sea green indicates nega-
tive correlation. To discover the risk factors in
advanced EC, we then collected the data from
Stage IlI-IV EC patients and generated another
network in Figure 1B. The PVT1/miR-612/
CENP-H/CDK1 axis was shown in both figures,
indicating the axis played a hub role in the
PVT1-centered ceRNA network, and might con-
tribute to the aggressive progression of EC.
Comparisons of the expression of PVT1, miR-
612, and CENP-H in Stage I-Il versus Stage
llI-lV EC were displayed in Figure 1C. The
expression of PVT1 and CENP-H was signifi-
cantly higher in Stage llI-IV than in Stage I-Il,
whereas the expression of miR-612 was rela-
tively lower in Stage lll-IV than in Stage I-1l. We
also analyzed the relationship between the
expression of PVT1, miR-612, and CENP-H.
Figure 1Da, 1Db demonstrates a negative
association between miR-612 and PVT1
expression, and also between miR-612 and
CENP-H expression. In contrast, Figure 1Dc
shows a positive association between PVT1
and CENP-H expression.
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Next, we predicted potential miR-612 binding
sites in PVT1 and CENP-H, and then construct-
ed dual-luciferase reporter plasmids (Figure
1Ea, 1Fa). Dual-luciferase reporter assays
(Figure 1Eb, 1Fb) showed that the luciferase
activities of PVT1-WT and CENP-H-WT were
remarkably repressed by miR-612 mimics
compared with pre-miR-NC. However, the lucif-
erase activities of PVT1-MUT and CENP-H-MUT
exhibited no significant changes regardless of
co-transfection with miR-612 mimic or pre-
miR-NC. The FISH assay demonstrated that
PVT1 and miR-612 were principally co-localized
in the cytoplasm of EC cells (Figure 1G). These
results imply that PVT1 may act as a sponge to
capture miR-612 and competitively interfere
with its binding to CENP-H.

miR-612 is poorly expressed in EC tissues and
acts as a tumour suppressor

In our previous study, we reported that PVT1
was overexpressed in EC tissues [13]. Data
from TCGA showed that a higher level of PVT1
in EC patients was significantly associated with
a poorer survival (Figure S1A). Expression of
the putative PVT1 target, miR-612, was first
assessed by ISH and qRT-PCR assays. Figure
2A, 2B shows a dramatic decrease in the
expression of miR-612 in EC tissues, and
expression level continuously declines with
increasing malignant progression. Patient prog-
nosis was described by Kaplan-Meier analysis,
which showed that low miR-612 level was asso-
ciated with poor outcome (Figure 2Bb).

To confirm the potential effects of miR-612 on
EC cells, both Ishikawa and HEC-1A cell lines
were transfected with agomiR-612 or anta-
gomiR-612. PCR results showed that transfec-
tion with agomiR-612 significantly increased
miR-612 expression, whereas transfection with
antagomiR-612 significantly reduced miR-612
expression (Figure S2A). Cell counting kit-8
(CCK-8) and 5-Ethynyl-2’-deoxyuridine (EdU)
assays showed that proliferation was inhibited
in both cell lines after transfection with
agomiR-612, but proliferation was increased in
cells after transfection with antagomiR-612
(Figure 2C, 2D). Migration and invasion ability
of tumour cells was reduced in response to
miR-612 overexpression, but was increased
upon knockdown of miR-612 expression
(Figure 2E, 2F). Flow cytometry assays showed
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Figure 2. miR-612 is poorly expressed in EC tissues and acts as a tumour suppressor. A and B. Expression of miR-612 in different stages EC tissues and normal
tissues, and its relationship to prognosis. C. Effects of miR-612 on cell proliferation in Ishikawa and HEC-1A evaluated by CCK-8 assays. D. Effects of miR-612 on
cell proliferation in Ishikawa and HEC-1A evaluated by EdU assays. E. Effects of miR-612 on cell migration in Ishikawa and HEC-1A evaluated by wound healing as-
says. F. Effects of miR-612 on cell invasion in Ishikawa and HEC-1A evaluated by Transwell assays. G. Effects of miR-612 on cell apoptosis in Ishikawa and HEC-1A
evaluated by flow cytometry. H. Effects of miR-612 on cell cycle in Ishikawa and HEC-1A evaluated by flow cytometry. Data are presented as the mean £+ SEM (n = 3
per group). “P < 0.05, "P < 0.01, P < 0.001 vs agomir-NC group, *P < 0.05, #P < 0.01, ##P < 0.001 vs antagomir-NC group.
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that upregulation of miR-612 expression nota-
bly enhanced cell apoptosis (Figure 2G) and
reduced the proportion of cells at G2-M phase
(Figure 2H). In contrast, opposite trends were
observed after knockdown of miR-612.

CENP-H is overexpressed in EC tissues and
functions as an oncogene

IHC assays showed an abnormal level of
CENP-H expression in EC, and this was posi-
tively correlated with increasing stages of EC
(Figure 3A). Similarly, western blot assays
showed that CENP-H protein expression was
significantly higher in EC tissues than in normal
endometrial tissues, and the expressions were
correlated with survival time and clinical stages
of EC (Figure 3B). gRT-PCR assays revealed
that CENP-H expression was also increased in
EC compared to normal tissues (Figure S1B).
The trends of mMRNA expression levels were
consistent with those of protein levels in clini-
cal prognosis and stages (Figure S1C, S1D).
Additionally, CENP-H expressions were nega-
tively correlated with miR-612 expressions in
the tissues (Figure S1E, R?=0.11, P = 0.0035).
Receiver operating characteristic curves (ROC)
were performed to evaluate the clinical value
of CENP-H (Figure S1F, S1G). The area under
curve (AUC) was 0.796 (95% CI = 0.655-0.936,
P < 0.001) for diagnostic ROC and was 0.783
(95% Cl = 0.657-0.908, P = 0.002) for prognos-
tic ROC, indicating that CENP-H could be a
novel diagnostic and prognostic indicator of EC.

We next studied the role of CENP-H in regulat-
ing the biological behaviour of tumour cells. A
gRT-PCR assay showed that transfection with
pPEX4-CENP-H significantly increased CENP-H
expression in both cell lines, whereas transfec-
tion with si-CENP-H decreased CENP-H expres-
sion (Figure S2B). Further analysis showed that
knockdown of CENP-H inhibited proliferation,
migration, and invasion of both cell lines,
whereas overexpression of CENP-H promoted
cell proliferation, migration, and invasion (Fi-
gure 3C-F). Additionally, knockdown of CENP-H
enhancen cell apoptosis and the proportion of
cells at G2-M phase decreased (Figure 3G, 3H).
In contrast, overexpression of CENP-H reduced
cell apoptosis and more cells were found at
G2-M phase. Taken together, these data sug-
gest that CENP-H expression is correlated with
poor outcomes in EC.
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The anti-tumour effects of miR-612 are medi-
ated by CENP-H

The network in Figure 1 demonstrates the neg-
ative correlation between miR-612 and CENP-H
expression. We transfected agomiR-612 or
antagomiR-612 into the two cell lines for verifi-
cation. As expected, the expression of CENP-H
decreased when miR-612 was overexpressed,
and the expression of CENP-H significantly
increased when miR-612 was downregulated
(Figure 4A). To elucidate whether the anti-
tumour effects of miR-612 overexpression
could be blocked with CENP-H overexpression,
both cell lines were transfected with ago-
miR-612 or pEX4-CENP-H and divided into four
groups: control, miR-612(+)-NC, miR-612(+),
and miR-612(+)+CENP-H(+). When cells were
co-transfected with pEX4-CENP-H and ago-
miR-612, cell proliferation, migration, and inva-
sion were attenuated compared to the miR-
612(+) group (Figure 4B-E). In the co-transfec-
tion group, there was also a reduction in
apoptosis and an increase in the number of
cells at G2-M phase (Figure 4F, 4G). Therefore,
these data support that CENP-H is a functional
target of miR-612 and it mediates the anti-
tumour effects of miR-612.

The anti-tumour effects of PVT1 downregula-
tion are mediated by miR-612 and CENP-H

To confirm the regulatory effects of PVT1 on
miR-612 and CENP-H, we transfected pc-
DNA3.1-PVT1 or LV-PVT1-RNAi into both cell
lines. In the PVT1 knockdown group, miR-612
expression was significantly increased while
CENP-H expression was significantly decreas-
ed, and vice versa (Figure 5A, 5B). In order to
determine how downregulation of PVT1 expres-
sion conferred anti-tumour effects, both PVT1
and miR-612 were downregulated in Ishikawa
and HEC-1A cell lines. The cells were divided
into four groups: control, PVT1(-)-NC, PVT41(-),
and PVT1(-)+miR-612(-). Cells with downregu-
lated PVT1 expression exhibited strong anti-
tumour behaviours, including increased cell
proliferation, migration, and invasion abilities,
and enhancement of cell apoptosis (Figure
5C-H). By contrast, these anti-tumour effects
were lost where both PVT1 and miR-612 were
downregulated. Moreover, CENP-H expression
was decreased in the PVTL(-) group, but was
recovered in the PVTL(-)+miR-612(-) group
(Figure 5B). Thus, the PVT1/miR-612/CENP-H
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Figure 3. CENP-H is overexpressed in EC tissues and functions as an oncogene. A and B. Expression of CENP-H in different stages EC tissues and normal tissues,
and its relationship to prognosis. C. Effects of CENP-H on cell proliferation in Ishikawa and HEC-1A evaluated by CCK-8 assays. D. Effects of CENP-H on cell prolifera-
tion in Ishikawa and HEC-1A evaluated by EdU assays. E. Effects of CENP-H on cell migration in Ishikawa and HEC-1A evaluated by wound healing assays. F. Effects
of CENP-H on cell invasion in Ishikawa and HEC-1A evaluated by Transwell assays. G. Effects of CENP-H on cell apoptosis in Ishikawa and HEC-1A evaluated by flow
cytometry. H. Effects of CENP-H on cell cycle in Ishikawa and HEC-1A evaluated by flow cytometry. Data are presented as the mean + SEM (n = 3 per group). "P <
0.05, P < 0.01, "P < 0.001 vs pEX4-NC group, #P < 0.05, #*P < 0.01, #*P < 0.001 vs si-NC group.
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Figure 4. The anti-tumour effects of miR-612 are mediated by CENP-H. A. Expression of CENP-H after the altering miR-612 expression in Ishikawa and HEC-1A. B.
Proliferation of Ishikawa and HEC-1A after co-transfection with miR-612 and CENP-H evaluated by CCK-8 assays. C. Proliferation of Ishikawa and HEC-1A after co-
transfection with miR-612 and CENP-H evaluated by EdU assays. D. Migration of Ishikawa and HEC-1A after co-transfection with miR-612 and CENP-H evaluated by
wound healing assays. E. Invasion of Ishikawa and HEC-1A after co-transfection with miR-612 and CENP-H evaluated by Transwell assays. F. Apoptosis of Ishikawa
and HEC-1A after co-transfection with miR-612 and CENP-H evaluated by flow cytometry. G. Cell cycle of Ishikawa and HEC-1A after co-transfection with miR-612 and
CENP-H evaluated by flow cytometry. Data are presented as the mean + SEM (n = 3 per group). P < 0.05, P < 0.01, P < 0.001 vs agomir-NC group, #P < 0.05,
#P < 0.01, #*P < 0.001 vs agomir-612 group, P < 0.05 vs sh-PVT1 group.
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Figure 5. The anti-tumour effects of PVT1 downregulation are mediated by miR-612 and CENP-H. A. Expression of miR-612 after the altering PVT1 expression in
Ishikawa and HEC-1A. B. Expression of CENP-H after the altering PVT1 expression in Ishikawa and HEC-1A. C. Proliferation of Ishikawa and HEC-1A after co-trans-
fection with PVT1 and miR-612 evaluated by CCK-8 assays. D. Proliferation of Ishikawa and HEC-1A after co-transfection with PVT1 and miR-612 evaluated by EdU
assays. E. Migration of Ishikawa and HEC-1A after co-transfection with PVT1 and miR-612 evaluated by wound healing assays. F. Invasion of Ishikawa and HEC-1A
after co-transfection with PVT1 and miR-612 evaluated by Transwell assays. G. Apoptosis of Ishikawa and HEC-1A after co-transfection with PVT1 and miR-612
evaluated by flow cytometry. H. Cell cycle of Ishikawa and HEC-1A after co-transfection with PVT1 and miR-612 evaluated by flow cytometry. Data are presented as
the mean + SEM (n = 3 per group). “P < 0.05, "*P < 0.01, "P < 0.001 vs sh-NC group, *P < 0.05, #P < 0.01, ##P < 0.001 vs sh-PVT1 group.
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ceRNA network is intact and contributes to the
biological behaviour of EC cells.

CDK1 mediates the connection between the
PVT1/miR-612/CENP-H network and the Akt/
mTOR signaling pathway

Figure 1 indicates that CDK1 expression was
positively associated with PVT1 expression, as
with CENP-H. Using the bioinformatic tool
STRING V11.0 (https://string-db.org), we pre-
dicted that CDK1 expression was positively cor-
related to CENP-H expression. Moreover, one
previously published article demonstrated that
CDK1 positively regulated the Akt/mTOR signal-
ing pathway [16]. Therefore, we next assessed
the expression of CDK1 and activation of the
Akt/mTOR signaling pathway using western
blot analysis (Figure 6A). After upregulation of
PVT1 and CENP-H as well as downregulation of
miR-612, we found increased CDK1, p-Akt, and
p-mTOR expression in both cell lines. In con-
trast, in cells with downregulated PVT1 and
CENP-H, as well as upregulated miR-612,
CDK1, p-Akt, and p-mTOR expression levels
were decreased. With respect to the co-trans-
fection groups, CDK1 expression was signifi-
cantly higher in the miR-612(+)+CENP-H(+) and
PVT1(-)+miR-612(-) groups than in miR-612(+)
and PVTL(-) groups, respectively. Western blot
analysis also demonstrated that the CDK1
expression was consistent with that of CENP-H.
In order to determine whether CDK1 mediated
the function of CENP-H, we co-transfected both
cell lines with si-CENP-H and pcDNA3.1-CDK1.
The results showed that overexpressed CDK1
significantly rescued Akt/mTOR signaling activ-
ity against inhibition with si-CENP-H. The trans-
fection efficacy of pcDNA3.1-CDK1 was shown
in Figure S2C. The statistical results of western
blot were displayed as bar graphs in Figure S3.

Knockdown of PVT1 and overexpression of
miR-612 suppressed tumour growth in an EC
xenograft mouse model

Thus far, we have ascertained that knockdown
of PVT1 and overexpression of miR-612 in cell
lines confers anti-tumour effects. Next, we
verified the functions of PVT1 and miR-612 in
an EC xenograft mouse model. Mice were divid-
ed into control, sh-NC, miR-NC, and sh-
PVT1+agomiR-612 groups and injected with
corresponding transfected Ishikawa or HEC-1A
cells. As shown in Figure 6B, 6C, tumour size

1495

was smallest in the sh-PVTl+agomiR-612
group. tumour sizes were smaller in the sh-
PVT1 and agomiR-612 groups than those in the
control group and corresponding NC groups,
but were larger than those in the combined sh-
PVT1+agomiR-612 group. Similarly, IHC assays
showed that CENP-H protein expression was
the lowest in the combined sh-PVT1+agomiR-
612 group (Figure 6D). These results suggest
that knockdown of PVT1 combined with overex-
pression of miR-612 significantly suppressed
EC tumour growth in vivo.

Discussion

EC is a malignant disease that threatens the
health of women worldwide. Especially advan-
ced EC tends to invade adjacent normal tissues
and is more resistant to chemotherapy [17]. In
this study, for the first time, we conducted bio-
informatics analysis with TCGA database to dis-
play a PVT1-centered network, which suggest-
ed that PVT1/miR-612/CENP-H/CDK1 axis
played a pivotal role in the pathogenesis of EC.
Further analysis on Stage llI-IV EC emphasized
the role of this axis in aggressive malignancy. In
addition, our findings suggest that PVT1 ex-
pression was negatively correlated with miR-
612 expression, but positively correlated with
expression of CENP-H and CDK1 in EC. Using
dual-luciferase reporter assays, we showed
that miR-612 binds to PVT1 and CENP-H. Thus,
we speculate that PVT1/miR-612/CENP-H
forms a ceRNA network and functions via the
interaction with CENP-H and CDK1.

Accordingly, the IncRNA PVT1 has been report-
ed as an important oncogene in various human
cancers. Previous studies have revealed that
PVT1 contributes to carcinogenesis via several
mechanisms. Wu [18] reported that expression
of INcRNA PVT1 was higher in ocular uveal mel-
anoma tissues and suppressed miR-17-3p. This
in turn caused an increase in expression of
mouse double minute 2 (MDM2), which acti-
vated the p53 signaling pathway and promoted
tumourigenesis. Shen [19] demonstrated that
downregulation of PVT1 repressed esophageal
carcinoma progression and promoted tumour
cell apoptosis via increased miR-145-mediated
inhibition of Fascin actin-bundling protein 1
(FSCN1). Zhao [11] introduced another mecha-
nism, through which IncRNA PVT1 increased
protein stability of phosphorylated signal trans-
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Figure 6. CDK1 connects PVT1/miR-612/CENP-H network and Akt/mTOR pathway, and tumour xenografts are constructed in vivo. A. Western blot analysis of the
expression of CENP-H, CDK1, p-Akt, Akt, p-mTOR, mTOR in response to the altering of PVT1, miR-612 and CENP-H in Ishikawa and HEC-1A. Relative expression of
B-actin is taken as an endogenous control. B. Nude mice harboring tumours are presented. C. The changes of tumour volume over time. D. Expression of CENP-H
in mice tumour tissues are presented by IHC assays. Positive cells are stained brown. E. The working model suggests PVT1 acts as a miR-612 sponge to regulate
CENP-H expression and influences biological behaviours of EC cells via interaction between CNP-H and CDK1. Data are presented as the mean + SEM (n = 3 per

group). P < 0.05, P < 0.01, "P < 0.001 vs control group.
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ducer and activator of transcription 3 (phos-
pho-STAT3) by protecting it from poly-ubiquiti-
nation and proteasome-dependent degrada-
tion. As a result, the STAT3 signaling pathway
was activated and tumour angiogenesis was
promoted. Nevertheless, the effect of IncRNA
PVT1 is not limited to a single pathway and the
underlying mechanisms remain largely unkn-
own. Therefore, we used the generally ack-
nowledged TCGA database to conduct a PVT1-
centered co-expression network to uncover the
unknown interactions between PVT1 and other
IncRNAs, miRNAs and mRNAs. The bioinfor-
matics analysis could shed some light on the
understanding of PVTl-related disease pro-
gression and help other scholars to discuss the
underlying mechanisms of PVT1 in EC, as well
as in other malignant diseases. We also con-
ducted another analysis on high-stage EC to
identify which interaction might lead to the
malignant progression. The network suggested
that PVT1 might contribute to the aggressive
progression of EC via interaction with miR-612,
miR-195, or miR-424. In the present study, we
completed in-depth study of miR-612 in EC.

ISH and qRT-PCR analyses showed a low copy
number of miR-612 in 57 EC tissues compared
to 20 normal tissues, and the number continu-
ously declined with increasing clinical stage.
These observations were consistent with the
previously reported tumour suppressor role of
miR-612 in some other cancers. For example,
miR-612 repressed bladder cancer by targeting
malic enzyme 1 expression [20]. It also regu-
lated ovarian cancer malignancy via the IncCRNA
LUCAT/miR-612/HOXA13 axis [21]. However,
the mechanism of miR-612 in EC progression is
still unknown. In our study, cells with downregu-
lated miR-612 showed a strong increase in
tumour cell proliferation, migration, and inva-
sion. Furthermore, more cells were found at
G2-M phase, and less apoptosis was observed.
By contrast, overexpression of miR-612 less-
ened the malignant behaviour of EC cells.

To determine whether the anti-tumour effects
of PVT1 downregulation are mediated by miR-
612, we first conducted PCR tests and revealed
the negative association between miR-612 and
PVT1 expression. Then rescue experiments
were conducted by studying the biological
behaviour of the cell lines with downregulation
of PVT1 and miR-612. The cells with PVT1(-)+
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miR-612(-) demonstrated less of an inhibition
on tumour cell proliferation, migration, and
invasion, and more apoptosis when compared
to cells with downregulated PVT1 only. These
findings demonstrate that an essential PVT1-
miR-612 axis contributes to EC progression.
Moreover, in vivo studies demonstrated that
PVT1 knockdown, together with upregulation of
miR-612, exerted the strongest anti-tumour
effects in nude mice.

To determine the functional target of miR-612,
we referred to three additional bioinformatics
databases (TargetScan7, miRDB, RNA22v2.0),
and all results suggested a centromere protein,
CENP-H, as the functional target. CENP-H local-
izes at centromeres in the chromosome and
works as part of the 16-subunit Constitutive
Centromere-Associated Network (CCAN), which
mediates the action of the centromere and the
outer kinetochore throughout the cell cycle
[22]. During cell division, centromeres are
attached by spindle microtubules and then pro-
ceed through a series of centromere-kineto-
chore interactions. The components of CCAN
play a pivotal role in these processes, but they
are interacting with complex protein-protein
networks which remain incompletely under-
stood. Based on the existing literature, at
beginning, the histone variant CENP-A replaces
H3 at centromeres nucleosomes [23]. CENP-C
recognizes CENP-A in conjunction with centro-
meric chromatin initiates the rest CCAN assem-
bly [24]. CENP-N could also directly bind to
CENP-A and keep maintenance of centromeric
chromatin [25]. It is reported that CENP-C
comes into effects via direct interactions with
CENP-N and CENP-H/I/K/M, but meanwhile
these interactions could reciprocally stabilize
CENP-C itself [26]. CENP-H, together with
CENP-l and CENP-K, forms as a core ternary of
CCAN. This complex is essential for kinetochore
integrity and loss of any component will com-
promise chromosome congression [27]. The
C-terminal half of CENP-I binds to CENP-M. The
CENP-H/I/K/M complex is required for recruit-
ing or retaining CENP-T/W and maintains stable
association between CENP-T/W and kineto-
chores [28]. CENP-T/W complex combines with
CENP-S/X complex and forms a heterotetramer
which preferentially binds to DNA fragments
and induces positive DNA supercoils. The het-
erotetramer provides a crucial platform for the
assembly of the centromere chromatin struc-
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ture [29]. It has been reported that abnormal
expression or location of CENP-H could lead to
the disorders of cell division and chromosomal
abnormalities, which are typical hallmarks of
cancer. Wu [30] showed with transcriptome
sequencing that the expression of CENP-H was
remarkably increased in renal cell carcinoma.
Lu [31] found that CENP-H was upregulated in
hepatocellular carcinoma and closely related to
tumour size, clinical stage, and histological
grade. However, none of these studies have
discussed whether CENP-H dysregulation is
associated with certain miRNAs.

For the first time, we used dual-luciferase gene
reporter assay to validate the binding site of
miR-612 and the 3'-UTR of CENP-H. We investi-
gated the expression of CENP-H in our speci-
mens, and found CENP-H expression was mark-
edly upregulated in EC tissues, especially in
higher stages of disease. Our findings also sug-
gested that CENP-H was associated with the
survival time of EC patients and could serve as
a novel diagnostic and prognostic indicator.
Furthermore, we performed a series of assays
to demonstrate the oncogenic role of CENP-H
in EC. These assays showed that CENP-H pro-
moted cell proliferation, migration, invasion,
and inhibited cell apoptosis. Additionally, we
showed that overexpression of CENP-H damp-
ened the anti-tumour effects of miR-612. To-
gether, these findings suggest that the expres-
sion of CENP-H could be a functional target of
miR-612.

CENP-H expression has been previously report-
ed to be associated with the Akt/mTOR path-
way in colorectal cancer [32], but the relation-
ship between CENP-H and Akt has not been
discussed in EC. With the help of a bioinfor-
matics database, we found that CDK1 may act
as a medium between CENP-H and Akt. CDK1
belongs to the Ser/Thr protein kinase family,
and serves as a catalytic subunit of a highly
conserved protein kinase complex called
M-phase promoting factor. Both CENP-H and
CDK1 are believed to take part in the regulation
of the cell cycle from G2 to M phase. In the late
G2 phase, CDK1 becomes activated and forms
the CDK1-cyclin B complex. This complex fur-
ther phosphorylates many substrate proteins,
including histone H1, lamins, and nucleolin, to
promote the transition of cells from G2 to M
phase [33]. Moreover, CDK1 has been report-
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ed to co-immunoprecipitation with phospho-
inositide-dependent kinase 1 (PDK1) and par-
ticipate in the kinase cascade mode of the
CDK1-PDK1-Akt signaling pathway [16].

Importantly, CDK1 has been identified as an
essential gene for tumour initiation and pro-
gression in different types of carcinomas. Qian
[34] reported that CDK1 played an oncogenic
role in breast cancer and could be regulated by
KIAA1429 in an mBA-independent manner. Jin
[35] demonstrated that CDK1 was highly ex-
pressed in hepatocellular carcinoma and that
silencing of CDK1 promoted cell apoptosis,
inhibited cell invasion, and regulated the cell
cycle. Similar findings have been reported in
EC, but the underlying mechanism of CDK1 has
not been illustrated [36]. We conducted west-
ern blots and found that the expression of
CDK1 was consistent with the changes of
CENP-H expression, and that knockdown of
CDK1 rescued the Akt/mTOR signaling pathway
after si-CENP-H inhibition. According to the
existing studies, we speculate that CENP-H
complex might contribute to mitotic kineto-
chore localization of CENP-C and CENP-T,
whose functions rely on the participant of
CDK1. They could provide phosphorylation
sites for CDK1 and recruit CDK1 in some way
[37, 38]. Therefore, CDK1 might function as a
bridge to connect the PVT1/miR-612/CENP-H
ceRNA network and the Akt/mTOR signaling
pathway.

Conclusion

In summary, the present study was the first to
outline the PVT1-centered ceRNA network and
suggested that the PVT1/miR-612/CENP-H/
CDK1 axis might lead to the progression of
advanced EC, as schematically presented in
Figure 6E. We demonstrated that PVT1 acted
as a sponge to capture miR-612, thereby regu-
lating the oncogenic ability of CENP-H. Further
studies on the correlation between CENP-H
and clinicopathological factors suggests that
CENP-H may serve as a novel diagnostic and
prognostic indicator of EC. We also demonstrat-
ed that the functions of the PVT1/miR-612/
CENP-H ceRNA network were mediated by the
interaction between CENP-H and CDK1 towards
the Akt/mTOR signaling pathway. Moreover, in
vivo studies demonstrated that knockdown of
PVT1 together with upregulation of miR-612
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exerted the strongest anti-tumour effects in
nude mice. Thus, the PVT1/miR-612/CENP-H/
CDK1 axis could serve as a promising target
for the potential treatment of advanced EC.
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Table S1. Association between CENPH and miR-612 expression with endometrial cancer patients
clinicopathologic characteristics

Clinicopathological characters (nTZtEIY) CIF:E\gH CE;\%QH P mi;(-)gﬂ mgihﬂ P
Age,y
<55 31 18 13 0.306 15 16 0.462
55-65 17 6 11 7 10
>65 9 4 5 6 3
Stage
| 16 14 2 <0.001 15 1 <0.001
Il 16 12 4 7 9
1 13 0 13 5 8
% 12 2 10 1 11
Grade
1 15 9 6 0.148 10 5 0.102
2 17 5 12 5 12
3 25 14 11 13 12
BMI, kg/m?
<25 41 21 20 0.387 18 23 0.289
25-30 11 6 5 6 5
> 30 5 1 4 4 1
Lymphovascular space invasion
Absent 6 1 5 0.093 25 28 0.283
Present 51 27 24 3 1
Histopathological subtype
Endometrioid 43 20 23 0.786 22 21 0.379
Stromal sarcoma 3 1 2 0 3
Serous 2 1 1 1 1
Mixed 4 3 1 3 1
Carcinosarcoma 5 3 2 2 3

Table S2. Primer sequences for gRT-PCR

Name

Sequence

PVT1

miR-612
CENPH

CDK1

GAPDH

ue

F: GCTGTGGCTGAATGCCTCAT
R: TTCACCAGGAAGAGTCGGGG

F: GGGCAGGGCTTCTGAGC

F: CAGCCCCAGATGCAAGACG
R: GCCTGAGGAGCAGGGTCAT
F: TTTTCAGAGCTTTGGGCACT
R: CCATTTTGCCAGAAATTCGT
F: GCACCGTCAAGGCTGAGAAC
R: TGGTGAAGACGCCAGTGGA
F: CGGGTTTGTTTTGCATTTCT
R: AGTCCCAGCATGAACAGCTT
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Table S3. The lentivirus, siRNA cloned and agomir and antagomir

sequences
Name Sequence
LV-NC 5’-TTCTCCGAACGTGTCACGT-3’

LV-PVT1-RNAi (47488-1)
Agomir-NC

hsa-miR-612 agomir
Antagomir-NC
hsa-miR-612 antagomir
Si-NC
CENPH-homo-484
CENPH-homo-754
CENPH-homo-356
CDK1-homo-269

CDK1-homo-980

CDK1-homo-843

5-GCAGCTTATTATAGACTTA-3’

5’-UUCUCCGAACGUGUCACGUTT-3’
Antisense: 5’-ACGUGACACGUUCGGAGAATT-3’

GCUGGGCAGGGCUUCUGAGCUCCUU

Antisense: 5-GGAGCUCAGAAGCCCUGCCCAGCUU-3’

5-UUGUACUACACAAAAGUACUG-3’
AAGGAGCTCAGAAGCCCTGCCCAGC
5-UUCUCCGAACGUGUCACGUTT-3’
Antisense: 5’-ACGUGACACGUUCGGAGAATT-3’
5’-GCAGGAAUCUUGGGAUUUATT-3’
Antisense: 5’-UAAAUCCCAAGAUUCCUGCTT-3’
5’-GGAAAUUGUUCUGCAGCUUTT-3’
Antisense: 5’-AAGCUGCAGAACAAUUUCCTT-3’
5’-GCAUUAGACAGGAUGAGACTT-3’

Antisense: 5-GUCUCAUCCUGUCUAAUGCTT-3’
5-GGGGUUCCUAGUACUGCAATT-3’
Antisense: 5’-UUGCAGUACUAGGAACCCCTT-3’
5’-GGCACUGAAUCAUCCAUAUTT-3’

Antisense: 5-AUAUGGAUGAUUCAGUGCCTT-3’
5’-CAGGACUAUAAGAAUACAUTT-3’

Antisense: 5-AUGUAUUCUUAUAGUCCUGTT-3’

Table S4. Primary antibodies used for the detection of protein expression

Dilution ratio: (Western blotting,

Name Manufacturer Immunohistochemistry)
CENPH Abcam, Cambridge, UK (ab224159) 1:200; 1:500
CDK1 Santa Cruz Biothechnology, CA (SC-54) 1:800

AKT Proteintech, Hangzhou, China (60203-2-Ig) 1:4000

pPAKT (S473) Proteintech, Hangzhou, China (66444-1-Ig) 1:5000

mTOR Proteintech, Hangzhou, China (20657-1-AP) 1:500

pmTOR (S2448) Abcam, Cambridge, UK (ab84400) 1:1000

B-actin Abcam, Cambridge, UK (ab8226) 1:1000
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Figure S1. A. The association between PVT1 levels and EC patients survival. B. Relative CENP-H mRNA expression
in EC tissues and normal tissues. C. Association between CENP-H mRNA expression and survival of EC patients. D.
Relative CENP-H mRNA expression in different stages EC tissues and normal tissues. E. Pearson’s test to analyze
the correlation between miR-612 and CENP-H. F. Diagnostic Receiver operating characteristic curve (ROC) is per-
formed to evaluate the diagnostic value of CENP-H. The area under curve (AUC) is 0.796 (95% Cl = 0.655-0.936, P
< 0.001). G. Prognostic ROC is performed to evaluate the prognostic value of CENP-H. The AUC is 0.783 (95% Cl =
0.657-0.908, P = 0.002). "P < 0.05, ""P < 0.01, P < 0.001 vs control group.
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Figure S2. A. Transfection efficiency of miR-612 detected by qRT-PCR. B. Transfection efficiency of CENP-H detected
by gRT-PCR. C. Transfection efficiency of CDK1 detected by qRT-PCR. Data are presented as the mean + SEM (n =3
per group). "P < 0.05, P < 0.01, *P < 0.001 vs NC group.



>

PVT1/miR-612/CENP-H/CDK1 in advanced endometrial cancer

Hl Control

I pcDNA3.1-NC

B pcDNA3.1-PVT1
sh-NC

M sh-PVT1

H Control
Il pcDNA3.1-NC
B pcDNA3.1-PVT1

sh-NC
M sh-PVT1

IDV by western blot

IDV by western blot

M sh-PVT1+antagomir-612 W sh-PVT1+antagomir-612

B a . H Control b " Ml Control

S 257 . S 31 b

2 * ¥ M Agomir-NC 2 x M Agomir-NC

5 B Agomir-612 = W Agomir-612

7 Antagomir-NC ? Antagomir-NC

; M Antagomir-612 ; Bl Antagomir-612

~ m Agomir-612 S g gomir-612

Q +pEX4-CENP-H &) +pEX4-CENP-H
Cag,o . M Control bg B Control

. o

‘g o] 3 . * M pEX4-NC 2 W pEX4-NC

% i . M pEX4-CENP-H g B PEX4-CENP-H

= 1.0 T E a X Si‘NC g si-NC

* *
5 0.5 x * ¥ M si-CENP-H Fy B si-CENP-H
o M si-CENP-H+pcDNA3.1-CDKA1 5 M si-CENP-H+pcDNA3.1-CDK1
A 3 & A a) o
C’O\F \(5\#‘ @5&-‘0 00'{" \{:‘\P‘\L @@A{O
e ) s O

Figure S3. A. Western blot analysis of CENP-H/CDK1 and Akt/mTOR pathway regulated by PVT1 and miR-612. B. Western blot analysis of CENP-H/CDK1 and Akt/
mTOR pathway regulated by miR-612 and CENP-H. C. Western blot analysis of CDK1 and Akt/mTOR pathway regulated by CENP-H and CDK1. Bar graphs display
mean + SD (n = 3 per group). "P < 0.05, P < 0.01, *"P < 0.001 vs NC group.



