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Background: ATPase associated with a variety of cellular activities (AAA ATPase) family members are closely linked
to tumor formation and progression. However, their roles in hepatocellular carcinoma (HCC) largely remain unclear.

Methods: Bioinformatic analyses of public databases were used to excavate the potential AAA ATPases that may
contribute to HCC, and thyroid hormone receptor interactor 13 (TRIP13) was selected to following researches
because of its most prominently differential expression. Western blot, gRT-PCR and immunohistochemistry were
used to detect the expression of TRIP13 in HCC tissues, and then the relationship between TRIP13 expression and
clinicopathological parameters were evaluated. Finally, its functions and potential mechanisms were investigated
through a series gain- and loss-of-function strategies both in vitro and in vivo.

Results: TRIP13 was significantly overexpressed in HCC tissues and high level of TRIP13 was closely correlated with
a worse clinical outcome. Functionally, elevated TRIP13 facilitated cell proliferation, migration, invasion, and promoted
cellular epithelial-mesenchymal transition (EMT) in vitro, while promote tumor growth and lung metastasis in vivo.
Mechanistically, TRIP13 interacted with ACTN4 and positively regulated its expression, thus activating the AKT/mTOR
pathway to drive tumor progression. Moreover, miR-192-5p served as an upstream regulator of TRIP13 by directly
binding to TRIP13 mRNA 3’ UTR, which may partially explain the high expression of TRIP13 in HCC.

Conclusion: Our findings identified TRIP13 as a promising candidate oncogene in HCC, and TRIP13 induced cell
migration, invasion and metastasis of HCC through the AKT/mTOR signaling via interacting with ACTN4.

Background

Hepatocellular carcinoma (HCC), accounting for more
than 90% of liver cancers, is the fifth most common cancer
and the third cause of cancer death worldwide. Despite
feasible and effective treatment approaches such as surgical
resection, orthotopic liver transplantation, and radiofre-
quency thermal ablation, the long-term prognosis for HCC
patients remains unsatisfactory due to its aggressiveness
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and high recurrence rate after resection [1, 2]. Therefore,
exploring the detailed mechanism underlying HCC pro-
gression and identifying novel therapeutic targets for treat-
ment are especially urgent.

AAA ATPase family consists of 53 members, which
are characterized by the presence of a highly conserved
ATPase domain. By hydrolyzing ATP, proteins of this
family generate mechanical energy to conformationally
remodel proteins or polynucleotides, and thus playing
critical roles in protein degradation, DNA replication
and membrane fusion events [3]. Over the last few years,
accumulated evidence has indicated that AAA ATPase
family proteins participate in the development and
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progression of multiple tumors. For instance, Mikesch et
al. reported that the AAA ATPase Reptin interacts with
HDACI to drive tumor progression and resistance to
cisplatin in non-small cell lung cancer [4]. Additionally,
AAA ATPase p97, which plays a critical role in the regu-
lation of protein homeostasis pathways, has been identi-
fied as a therapeutic target in ovarian cancer and
multiple myeloma, and its inhibitor can effectively in-
duce cancer cell death in vitro and inhibit tumor growth
in vivo [5-7]. However, to date, little research has fo-
cused on the roles of AAA ATPase proteins in HCC
pathogenesis.

In this study, by reanalyzing AAA ATPase gene ex-
pression profiles in the The Cancer Genome Atlas Liver
Hepatocellular Carcinoma (TCGA-LIHC) data collec-
tion, we first identified TRIP13 was the most significant
differential expressed gene. In recent years, the role of
AAA ATPase TRIP13 in the occurrence and develop-
ment progress of malignant tumors has received signifi-
cant attention. Therefore, we subsequently examined
TRIP13 expression and clinical significance in HCC
samples, and performed loss- and gain-of-function as-
says to investigate its effects on HCC growth and metas-
tasis in vitro and in vivo. Furthermore, we particularly
demonstrated the underlying mechanism, through which
TRIP13 is aberrantly overexpressed and induces the
EMT in HCC cells.

Materials and methods

Bioinformatic analyses

The clinical information and RNAseqV2 data of 369
HCC patients were downloaded from the TCGA data-
base using the GDC Data Portal (https://gdc-portal.nci.
nih.gov). R software version 3.6.1 (https://www.r-project.
org/) was used to identify differently express genes
(DEGs) between HCC and normal tissues with the cut-off
criteria of P <0.00001 and log, FC (fold-change)> 1.5.
Kaplan-Meier analysis of 6 significantly upregulated AAA
ATPase genes (TRIP13, CHTF18, RFC4, ATAD2, FIGL2,
ATAD5) were performed by SPSS version 20.0 (SPSS,
USA). mRNA expression of TRIP13 in Gene Expression
Omnibus (GEO) datasets including GSE14520, GSE6764,
and GSE3500 were collected from the Oncomine database
(https://www.oncomine.org/resource/main.html).

Patient samples

A total of 96 pairs of HCC and peritumor samples were
obtained from patients who underwent initial surgical
resection from January 2006 and December 2008 at
Zhongshan Hospital Fudan University, and were made
into tissue microarrays as previously described [8]. An-
other cohort of 20 fresh HCC cases were collected from
the Department of Liver Surgery in Zhongshan Hospital.
All the patients were confirmed as HCC independently
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by two pathologists. This study has been approved by
the Institutional Review Board of Zhongshan Hospital
Fudan University, and informed consent has been ob-
tained from each patient.

Immunohistochemistry

Immunohistochemistry were performed as our previous
study [9]. Briefly, tumor tissue slides were rehydrated,
antigen retrieved, blocked and incubated with primary
antibodies. After 6 h, slides were treated with secondary
antibodies and colored by DAB peroxidase substrate kit
for IHC (Yeasen, China). The staining levels were quan-
titated with Image-Pro Plus 7.0 (Media Cybernetics,
USA) as previously described [10]. In brief, three repre-
sentative areas of each patient tissue were photographed
(200x) and their density of positive staining were counted
with the integrated absorbance and image area. Patients
were divided into either high or low expression group by
the average density.

Cell lines and culture

Huh7, SMMC7721, and PLC cell lines were purchased
from the Chinese Academy of Science Cell Bank (Shanghai,
China). MHCC97H, MHCC97L, HCCLM3 cell lines were
obtained from the Liver Cancer Institute of Zhongshan
Hospital (Shanghai, China). All cell lines were cultured
in DMEM (Hyclone, USA) supplemented with 10% fetal
bovine serum at 37 °C in a humidified incubator with
5% CO,.

Plasmids, lentiviral and RNA oligonucleotides

To knock down TRIP13, two different oligonucleotides
sequences specific for TRIP13 were designed and con-
structed as the pLKO-shTRIP13 lentivirus. Additionally,
TRIP13 c¢DNA (transcript variant 1) was cloned into
lentiviral expression plasmid pLV5-GFP-Puro and con-
structed as pLV5-TRIP13 lentivirus. HCC cells were in-
fected with lentivirus using polybrene (5pg/ml) and
subsequently selected with puromycin (5 pg/ml) for 3 days
to establish the stable TRIP13-silencing or TRIP13-overex-
pressing cell lines. The siACTN4, siNC, miR-192-5p
mimics, miR-192-5p inhibitor and miR-control were pur-
chased from GenePharma (Shanghai, China), and trans-
fected into cells using Lipofectamine 2000 ((Invitrogen,
USA) according to the instructions.

Real-time PCR and western blot analysis

Total RNA was purified using Mini BEST Universal
RNA extraction KIT (TaKaRa) and cDNA was synthe-
sized using the Prime-Script RT Master Mix (TaKaRa,
Japan) according to the manufacturer’s instructions.
qRT-PCR was performed using SYBR Green Realtime
PCR Master Mix (Yeasen, China) in an ABI Prism 7500
system. Samples from each experiment were analyzed in
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triplicate. The primer sequences used in this study were
as follows:

sense: 5'-AAAATCTAGAATGGACGAGGCCGTGG3',
antisense: 5'-AAAAGGATCCTCAGATGTAAGC
TGCAAGC-3".

Western blot analysis was performed as in our earlier
study [11]. Primary antibodies used in this study were as
follows: anti-TRIP13 (Abcam, ab128171), anti-ACTN4
(CST, 15145), anti-GAPDH (Abcam, ab37168)), anti-E-
Cadherin (Abcam, ab231303), anti-N-Cadherin (CST,
4061S), anti-Vimentin (Abcam, ab137321), anti-Snail (CST,
3879), anti-AKT (CST, 2938S), anti-phospho-AKT (Ser473)
(CST, X4060S), anti-mTOR (CST, 2972), anti-phospho-
mTOR (Ser2448) (CST, 2971), anti-B-catenin (CST, 9562),
anti-phospho-f-catenin (Ser675) (CST, 9567S).

CCKS8 (cell counting kit-8) and colony formation assay
Transduced cells were plated in 96-well plates at a dens-
ity of 1 x 10° cells/well and cell viability was investigated
after 24, 48, 72, 96, and 120 h. 10 pl of CCK-8 solutions
(Dojindo, Japan) was added to each well and then put
the 96-well plate into cell incubator. After 40 min, the
absorbance at 450 nm was recorded.

For colony formation assays, a total of 1x 10° cells
was seeded into each well of the 6-well plate and cultured
for 14 days. Medium was replaced each 3 days. Cells were
washed with PBS, fixed with 4% paraformaldehyde, and
stained with crystal violet (Beyotime, China). After stain-
ing, photographs were taken, and numbers of colonies
were counted.

Wound healing assay

Wound healing assays were performed as previously
reported. In brief, cells were seeded into 6-well plates to
obtain a complete monolayer. Then 200 pl pipette tip
was used to make wounds across the cell monolayer.
After removing dead cells with PBS, cells were cultured
with serum-free DMEM medium. Each wound was
photographed at the indicated time and wound healing
rate was calculated using Image ] software.

Cell invasion assays

Invasion assay was performed in transwell chambers
coated with Matrigel (BD Biosciences, USA). Cells were
seeded onto the upper chambers at a density of 1 x 10%/
well; the lower chamber was filled with 500 l DMEM
medium containing 10% FBS. After 24 h, the cells on the
bottom side of the filter were fixed in 4% paraformalde-
hyde, stained with 0.1% crystal violet, and 10 microscopic
fields were quantified under a light microscope. Results
were obtained from three independent experiments.
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In vivo experiments

A total of 24 male BALB/c nude mice (6—8 weeks, 20—
22 g) were used in this study. To establish subcutaneous
xenograft tumor model, 1x 10° cells were injected on
sides of the flank of mice (n =6 per group). Tumor size
were observed each 5days. 28 days after injection, the
mice were sacrificed with tumor size and tumor weight
being measured. To establish pulmonary metastasis
model, 2 x 10° HCC cells were inoculated via caudal vein
(n =6 per group). After 28 days, the mice were sacrificed
and the metastatic rate of lung in mice were counted.
All the protocols of animal experiments have been ap-
proved by the Animal Care Committee of Fudan University
(Shanghai, China).

Co-immunoprecipitation assay and mass spectrometry assay
For co-immunoprecipitation assay, HCC cells lysate was
centrifuged for 15 min at 10,000 g, and the supernatant
was incubated with Protein A/G plus-agarose beads for
1h at 4°C. After centrifugated for 15min at 14000 g,
primary antibody was added to the supernatant and in-
cubated overnight. Then, Protein A/G plus-agarose
beads (Pierce Biotechnology, Rockford, IL, USA) were
added to the mixture for 2h. The precipitates were
boiled and loaded onto 10% SDS-PAGE gels and the
potential interacting proteins were detected by using
mass spectrometry assay (MS). The mass spectrom-
etry results were identified using SEQUEST (v.28,
Thermo Electron) against the Human International
Protein Index database.

Luciferase reporter gene assay

The TRIP13 3'UTR sequence and the target-site mutant
3'UTR sequence were amplified and cloned into the
pmirGLO DUAL-luciferase reporter (Promega). HCC
cells were co-transfected with TRIP13 3'-UTR-wt or
TRIP13 3'-UTR-mut, and miR-192-5p mimics, miR-
control using the Lipofectamine 2000 reagent (Invitro-
gen, USA). Following cultivation for 48 h, the transfected
cells were collected and detected for luciferase activity
using a dual luciferase reporter assay kit (Promega,
USA) based on the manufacturer’s instructions.

Statistical analysis

Student’s t-test was used for two groups comparisons
and one-way anova test was used for multiple compari-
sons. Log-rank test and cox regression model were used
to analyze patient survival. All statistical analyses were
performed using SPSS 20.0 software (IBM, USA). Data
are shown as mean + SEM and P < 0.05 was considered
significant.
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Fig. 1 (See legend on next page.)
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Fig. 1 Upregulation of TRIP13 in HCC. a Volcano plot indicated differentially expressed AAA ATPase genes in TCGA LIHC dataset. b Studies from
GEO datasets showed higher mRNA expression of TRIP13 in HCC tissues. c-d The mRNA and protein expression of TRIP13 in 15 pairs of HCC (T)
and peritumor tissues (P) were analyzed by real-time PCR and western blot. The representative images were shown. e The expression of TRIP13
was detected by IHC in a TMA including 96 HCC cases and typical photos were presented. f IHC results presented the increase of TRIP13 protein
in HCC compared with peritumor samples. G Survival analysis of TRIP13 expression in 96 HCC patients. **P < 0.01

Results

Identification of TRIP13 as a potential target in HCC

To screen AAA ATPase family members involved in
HCC development, RNA sequencing and clinical data
from the TCGA-LIHC dataset, including 369 HCC
samples and 50 normal samples, were firstly ana-
lyzed. Differential gene expression analysis revealed
3155 DEGs (differentially expressed genes), among
which six AAA ATPase genes (TRIP13, CHTF1S,
RFC4, ATAD2, FIGNL2, ATAD5) were significantly
overexpressed in tumor samples compared to levels
in normal samples (Fig. la). Then, overall survival
analysis was performed based on each differentially-
expressed AAA ATPase gene and the results showed
that TRIP13, the gene with the most significant
expression differences, had the highest prognostic
significance (Additional file 1: Figure S1). To validate
these results, we further identified TRIP13 mRNA
expression in the Oncomine database. Consistently,
TRIP13 was observed elevated in four HCC datasets
(GSE3500, P =9.05E-15; GSE6764, P =4.75E-7;
GSE14520 Cohort 1, P =3.65E-48; GSE14520 Cohort
2, P =2.44E-6) (Fig. 1b). Therefore, we speculated
that TRIP13 might play certain roles in the HCC
and explored its potential functions in the following
studies.

TRIP13 is highly expressed in HCC and correlated with
poor prognosis
Next, TRIP13 expression and its clinical significance were
assessed in our own cohorts of HCC patients. We examined
TRIP13 expression in 20 cases of fresh frozen HCC and
matched peritumor tissues. Results revealed that TRIP13
was elevated in HCC tissues at both the mRNA and protein
levels (Fig. 1c-d and Additional file 3: Figure S3A). Subse-
quently, immunohistochemical analysis was performed on a
TMA comprising 96 HCC and matched adjacent samples.
The results demonstrated that TRIP13 expression was
higher in HCC than that in peritumor tissue (Fig. 1le and f).
To investigate the clinical significance of TRIP13, 96
HCC patients were divided into two groups according to
the TRIP13 expression, as described in the Materials and
Methods section. We assessed the correlation between
the TRIP13 expression and clinicopathological parame-
ters, and found that high TRIP13 levels were positively
associated with advanced TNM stages (p =0.029), larger
tumor size (p = 0.014), and lower differentiation (p = 0.031).
Furthermore, Kaplan—Meier survival analysis indicated that
patients with high TRIP13 expression had significantly
lower overall survival rates compared to those without
(Fig. 1g). Finally, Cox multivariate regression analysis
showed that TRIP13 was an independent prognostic
factor for HCC patients (Table 1).

Table 1 Univariate and multivariate analysis of TRIP13 in OS of 96 HCC patients

Variables Univariate analysis Multivariate analysis
HR 95%Cl P-value HR 95%Cl P-value

Age (year) <50 vs. 250 0.854 0.519-1408 0.537 NA

Gender male vs. female 2.159 1.026-4.540 0.042 NA

Tumor size (cm) <5 vs. >5 1.806 1.087-3.001 0.004° 1.589 0.951-2.655 0.077
Tumor number mutiple vs. single 0.693 0.381-1.258 0.227 NA

Tumor differentiation =1 vs. -V 1.191 0.674-2.104 0.548 NA

Microvascular invasion yes vs. no 2.589 1.562-4.290 0.000224° 2.345 1.410-3.900 0.001°
HBsAg positive vs. negative 0.699 0.355-1.377 0.301 NA

History of cirrhosis yes vs. No 1.716 0.843-3.494 0.137 NA

TNM stage -1 vs. M-IV 1.555 0.927-2.608 0.095 NA

TRIP13 low vs. high 2125 1.265-3.571 0.004° 1816 1.074-3.070 0.026°

Note: Univatiate and multivariate analysis, Cox proportional hazards regression model. OS Overall survival time, HR Hazard ratio, C Confidence interval, NA Not applicable

Statistically significant
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**P < 0.01, ¥**P <0.001, ***P < 0.0001

Fig. 2 TRIP13 promoted cell proliferation, migration and invasion of HCC cells in vitro. a Western blot analysis of TRIP13 in six different HCC cell
lines. b The efficiency of transfection in SMMC7721 and MHCC97H cell lines were confirmed by western blot. ¢-d Knockdown of TRIP13 in
MHCC97H cells inhibited cell proliferation as determined by CCK-8 (c) and colony formation assays (d). e-f Overexpression of TRIP13 in
SMMC7721 cells promotes cell proliferation as determined by CCK-8 (e) and colony formation assays (f). g-h Interference with TRIP13 expression
in MHCC97H cells inhibited cell migration and invasion as determined by wound healing assay (g) and transwell assay (h). i-j Overexpression of
TRIP13 in SMMC7721 cells promotes cell migration and invasion as determined by wound healing assay (i) and transwell assay (j). *P < 0.05,

TRIP13 promotes HCC cell proliferation, migration, and
invasion in vitro

To evaluate the biological functions of TRIP13, TRIP13-
shRNAs were used to knock down expression in
MHCC97H cells, which had the highest endogenous
TRIP13 expression, whereas TRIP13 was overexpressed
through transfected with pLV5-TRIP13 lentivirus in
SMMC7721 cells, with the lowest endogenous levels
(Fig. 2a and b). By performing CCK-8 and colony forma-
tion assays, we found that TRIP13 silencing remarkably
attenuated MHCC97H cell viability and colony forma-
tion (Fig. 2c and d). In contrast, TRIP13 overexpression
promoted cell viability and colony formation of
SMMC7721 cells, supporting the contention that

Meanwhile, the migratory and invasive abilities of
MHCC97H TRIP13-knockdown cells was dramatically
decreased based on wound healing and transwell assays
(Fig. 2g and h); accordingly, TRIP13-overexpressing
SMMC7721 cells exhibited enhanced migratory and in-
vasive capacity (Fig. 2i and j). Thus, elevated TRIP13
promotes tumor cell proliferation, migration, and inva-
sion in HCC cells.

TRIP13 promotes tumor growth and pulmonary
metastasis in vivo

To investigated the effects of TRIP13 in tumor growth,
MHCC97H cells with stable TRIP13 knockdown or
negative control cells were injected subcutaneously into

TRIP13 facilitates HCC cell proliferation (Fig. 2e and f).  the right flank of immunodeficient nude mice. Tumor
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Fig. 3 TRIP 13 silencing inhibited tumor growth and lung metastasis in vivo. a MHCC97H cells with different TRIP13 expression were
subcutaneously transplanted the xenograft into BALB/c nude mice (n = 6/group) and tumor sizes were measured after 4 weeks. b Tumor weights
were measured. ¢ Tumors were formalin-fixed, paraffin-embedded, sliced and stained with TRIP13 and PCNA. Representative images of each
group are presented. d-e MHCC97H cells with different TRIP13 expression were injected into BALB/c nude mice (n = 6/group) through the tail
vein to establish lung metastasis models. The number of lung metastatic nodules in each group was counted under the microscope.
Representative H&E staining images of lungs were shown. **s < 0.01
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volumes were measured each five days. Two weeks later,
the mice were sacrificed to determine the tumor weights
and volumes. The data indicated that silencing TRIP13
greatly suppressed tumor growth, as shown by reduced

tumor sizes and weights in the MHCC97H-shTRIP13
group compared to those in the negative control group
(Fig. 3a and b). Additionally, immunohistochemistry for
TRIP13 and PCNA (a widely accepted marker of cell
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Fig. 5 TRIP13 altered activation of PI3K/AKT/mTOR pathway to induce cell EMT. a Gene set enrichment analysis of TCGA LIHC dataset showed
enrichment of PI3K/AKT/mTOR pathway and Wnt/B-catenin pathway gene panels in the TRIP13 high expression group. b Reprehensive genes of
PI3K/AKT/mTOR pathway and Wnt/B-catenin pathway were detected in TRIP13 knockdown or overexpression cells. ¢-d Cells were treated with
XAV939 or LY294002 and cell migration and invasion were measured. e Cells were treated with XAV939 or LY294002 and the levels of EMT

markers were analyzed. *P < 0.05, **P < 0.01, **P < 0.001

proliferation) showed that TRIP13 silencing led to a sub-
stantial reduction in PCNA protein levels, corroborat-
ing the growth-promoting effects of TRIP13 in HCC
(Fig. 3c¢).

Furthermore, to determine the effect of TRIP13 on
tumor metastasis, we performed histological examin-
ation of formalin-fixed, paraffin-embedded lung tissue
sections from mice injected with MHCC97H-shRNA
cells via the tail vein. Results indicated that sections
from the MHCC97H-shRNA group had fewer lung
metastatic nodules than those from the negative control
group (Fig. 3d and e). Consequently, these findings dem-
onstrate that silencing TRIP13 inhibits HCC lung metas-
tasis in vivo.

TRIP13 regulates migration and invasion via EMT in HCC
cells

As EMT is recognized as an important event associated
with carcinoma progression, we speculated that TRIP13
might participate in this process. We first observed the
morphology of HCC cells with different levels of TRIP13
expression. As shown in Fig. 4a and Fig. 4b, SMMC7721-
vector and MHCC97H-shTRIP13 cells exhibited a cobble
stone-like appearance, typical of normal epithelial cells,
whereas SMMC7721-TRIP13 and MHCC97H-shNC cells
adopted a spindle-like, fibroblastic morphology. Next, we
measured changes in several EMT markers in the afore-
mentioned transfected HCC cells. Western blot analysis re-
vealed that TRIP13 knockdown could enhance the level of
the epithelial marker E-cadherin and reduce levels of the
mesenchymal marker vimentin and snail in MHCC97H
cells (Fig. 4c); conversely, overexpression of this gene
yielded the opposite effect on these EMT markers (Fig. 4d).
Furthermore, IHC analysis of serial sections showed that
HCC cells with higher levels of TRIP13 over-expressed
vimentin and snail and lost E-cadherin expression, strongly
suggesting that cells with elevated levels of this marker had
underwent EMT (Fig. 4e). Thus, we conclude that TRIP13
promotes the metastasis of HCC via inducing EMT in
HCC cells.

TRIP13 induces EMT through the AKT/mTOR pathway

To decipher the mechanism underlying TRIP13-induced
HCC metastasis, Gene Set Enrichment Analysis (GSEA)
based on the TCGA-LIHC dataset was performed. The
results indicated that TRIP13 expression was positively
related with genes up-regulated by activation of the

PI3K/AKT/mTOR pathway or Wnt/p-catenin pathway,
indicating that TRIP13 may participate in the activation
of these signaling pathways (Fig. 5a). As such, we investi-
gated some typical markers of the two pathways in
transfected HCC cells. As shown in Fig. 5b, western blot
analysis showed that silencing TRIP13 repressed the
expression levels of p-AKT**"3, p-mTOR®****, and f-ca-
tenin. In contrast, up-regulating TRIP13 increased these
markers in HCC cells. These results confirmed that
TRIP13 activates both PI3K/AKT/mTOR and Wnt/p-ca-
tenin signaling in HCC cells.

We further determined which signaling mechanism plays
a critical role in TRIP13-induced HCC metastasis using the
AKT inhibitor LY294002 and Wnt inhibitor XAV939.
Notably, LY294002 abolished the stimulatory effect of
TRIP13 over-expression on migration and invasion in HCC
cells and caused corresponding changes in E-cadherin,
vimentin, and snail expression, whereas XAV939 had no
significant influence on cellular or EMT markers (Fig. 5¢c—
e). These data indicate that TRIP13 promotes HCC metas-
tasis through the activation of AKT/mTOR signaling.

TRIP13 interacts with ACTN4 to activate the AKT/mTOR
pathway

To further explore the molecular mechanism through
which TRIP13 activates the AKT/mTOR pathway, mass
spectrometry (MS) was performed to find potential
TRIP13-binding proteins in two HCC cell lines. As a re-
sult, 74 and 59 proteins were identified in SMCC7721
and MHCCI97H cells respectively, and eight proteins
overlapped (Additional file 2: Figure S2A). Among can-
didate TRIP13-interacting partners, we selected ACTN4
for further investigation as prior reports showed that it is
involved in cancer cell EMT and AKT signaling [12, 13]
(Fig. 6a). By transfecting MHCC97H cells with siACTN4
and examining AKT/mTOR-associated gene signatures,
ACTN4 was confirmed to activate this signaling pathway in
HCC cells (Fig. 6b). The interaction between TRIP13 and
ACTN4 was further verified by co-immunoprecipitation
and confocal assays in both TRIP13-overexpressing
SMMC7721 and MHCC97H cells (Fig. 6¢ and d). More-
over, we found that TRIP13 expression was positively
correlated with ACTN4 in HCC tissues and TRIP13 knock-
down significantly downregulated ACTN4: protein, whereas
the knockdown of ACTN4 had no effect on the expression
of TRIP13 (Fig. 6e and Fig. S3B-D). In addition, TRIP13 si-
lencing did not influence ACTN4 mRNA levels (Fig. 6f).
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blot. *P <0.05, **F <0.01, ***P <0.001

Fig. 6 TRIP13 activates AKT/mTOR pathway by interacting with ACTN4. a ACTN4 was identified as a binding partner of TRIP13 by
combining Co-IP and MS. b The AKT/mTOR pathway was affected by ACTN4 interference. ¢ Co-IP was used to validate the interaction of
TRIP13 and ACTN4. d Immunofluorescence used to verify the colocalization of TRIP13 and ACTN4. e-f gRT-PCR and western blot analysis
of TRIP13 or ACTN4 mRNA expression in HCC cells transfected with shTRIP13 or siACTN4. g-h Cell migration and invasion were measured
in the indicated cells. i EMT markers and reprehensive genes of AKT/mTOR pathway were measured in the indicated cells by western

This suggests that ACTN4 is downstream of TRIP13 and
that its expression is regulated by TRIP13 at the protein
level. Furthermore, we observed that ACTN4 knockdown
in MHCC97H cells abrogated cell invasion, migration, and
EMT induced by TRIP13 over-expression (Fig. 6g—i). Col-
lectively, these data demonstrate that TRIP13 interacts with
ACTN4 to activate the AKT/mTOR pathway and confer a
mesenchymal phenotype.

miR-192-5p targets TRIP13 and inhibits TRIP13 expression
The mechanism responsible for TRIP13 upregulation in
HCC was then explored. Using the publicly available
algorithms miRanda, microT, miRmap and PITA, four
microRNAs were predicted as potential upstream regula-
tors of TRIP13 (Additional file 2: Figure S2B). Since miR-
192-5p level is negatively correlated with TRIP13 expres-
sion in TCGA LIHC datasets and has been proved to be
involved in the progression of HCC, it was chosen for fur-
ther studies [14] (Additional file 3: Figure S3E). qRT-PCR
and western blot analysis revealed that miR-192-5p
mimics could reduce expression levels of TRIP13, whereas
the suppression of miR-192-5p by its specific inhibitor led
to increased TRIP13 (Fig. 7a—c). Moreover, a putative
binding site for miR-192-5p in the TRIP13 3'UTR (un-
translated region) was predicted based on the TargetScan
database. Dual luciferase reporter assays showed that the
overexpression of miR-192-5p markedly inhibited reporter
activity from the TRIP13 3"UTR but not from the mutant
3'UTR (Fig. 7d). Furthermore, invasion and migration as-
says were performed, and the results indicated that miR-
192-5p up-regulation decreased, whereas miR-192-5p
silencing increased, the invasion and migration of HCC
cells (Fig. 7e). These results indicate that miR-192-5p in-
hibits the expression of TRIP13, as well as invasion and
migration, in HCC cells.

Discussion

In recent years, proteins of AAA ATPase family mem-
bers received increasing attention for their critical
roles in tumor formation and progression. Through re-
analyzing gene expression profiles from the TCGA and
GEO databases, we found that TRIP13 was the most
prominent differentially expressed AAA ATPase gene
in HCC and was an independent prognostic factor for
HCC patients. Our data showed that TRIP13 facilitated
the invasion and metastasis of HCC through

interacting with ACTN4 to drive the activation of
AKT/mTOR pathway.

TRIP13 was originally recognized as a participant in
meiotic recombination, spindle assembly checkpoint,
and DNA repair [15-17]. Actually, as a AAA ATPase,
which can facilitate the assembly or degradation of pro-
tein complexes, TRIP13 has been reported to be signifi-
cantly up-regulated in multiple types of tumors and
involved in tumorigenesis by binding various proteins
[18, 19]. Bannerjee and his colleagues first verified that
TRIP13 is an oncogene and demonstrated that it induces
chemoresistance in head and neck cancer by interacting
with the DNA-PK complex to enhance non-homologous
end joining [17]. Ma and Tao et al. showed that TRIP13
binds with the MAD2 (a cell cycle checkpoint protein)
to induce the proteasomal degradation of this protein or
convert it to its open conformation, thereby promoting
drug resistance and tumor cell proliferation [16, 20].
Aside from its important role in tumor cell proliferation,
TRIP13 was also reported to promote tumor cell migra-
tion and invasion [21, 22]. Sheng et al. showed that
TRIP13 interacts with YWHAZ, which mediates G2-M
transition and EMT, and thus promoting CRC cell pro-
liferation, invasion and migration [23]. However, based
on high throughput analysis, we are the first to find that
TRIP13 interacts with ACTN4 and induce EMT in an
ACTN4-dependent manner. This is a new mechanism
for TRIP13 to promote tumor metastasis.

ACTN4, known as an actinin-binding protein, is im-
portant for the regulation of cytoskeletal integrity and cell
movement. Previous studies showed that it has a critical
role in the pathogenesis of cancer due to its ability to pro-
mote cancer cell invasion and metastasis, as well as signal-
ing pathways regulation [13, 24-26]. An et al. indicated
that ACTN4 induces EMT through the AKT signaling
pathway in cervical cancer [12]. Moreover, ACTN4 is an
AKT1-binding partner that up-regulates AKT phos-
phorylation [27]. Consistently, our experiments
showed that ACTN4 activates AKT/mTOR signaling
in HCC cells. Furthermore, ACTN4 knockdown partly
abolished TRIP13-induced EMT and activation of the
AKT/mTOR pathway. Taking together, these results
indicate that TRIP13 triggers AKT/mTOR signaling to
promote EMT by interacting with ACTN4 and regulat-
ing its expression. In future research, we will focus on
the mechanism through which TRIP13 up-regulates
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Fig. 7 miR-192-5p inhibited TRIP13 expression in HCC cells. a-c gRT-PCR and western blot analysis of TRIP13 mRNA in HCC cells transfected with
miR-192-5p mimics or miR-192-5p inhibitor. d The putative miR-192-5p binding sequence in the 3-UTR of TRIP13 (left penal). Luciferase activity of
293 T cells co-transfected with WT or MUT luciferase reporter plasmids and miR-192-5p mimics or negative control (right penal). e-f Cell migration
and invasion were measured in HCC cells transfected with miR-192-5p mimics or negative control. g A model depicting the major molecular
mechanisms of the miR-192-5p-TRIP13-ACTN4-AKT/mTOR axis in HCC. *P < 0.05, **P < 0.01, ***P < 0.001

ACTN4 expression in HCC cells. Additionally, differ-
ent with our result, an earlier research reported that
TRIP13 facilitates HCC cell growth and metastasis
through activating of TGF-f1/smad3 signaling [28].
Considering AKT is another target of TGF-$1, we con-
jectured that there may exist a network of the two sig-
naling pathway genes that promote HCC progression
synergistically.

MicroRNAs (miRNAs) are small non-coding RNAs of
approximately 20 nucleotides in length. By binding to
mRNAs at the 3'UTR, they inhibit mRNA translation or
lead to mRNA degradation [29, 30]. During the past few
years, miRNAs have been found to be aberrantly
expressed in tumor tissues and to contribute to the oc-
currence of cancer. More importantly, miRNAs have
been considered regulators of oncogenes or tumor sup-
pressor genes [30, 31].

In the present study, miR-192-5p was verified to be
the upstream regulator of TRIP13 and was found to sup-
press cell motility in HCC cells. Consistent with our re-
sults, previous studies have reported low miR-192-5p
levels in cancer, and that it suppresses the growth and
metastasis of osteosarcoma, HCC, colon cancer and
bladder cancer [14, 32—-35].

Conclusion

Our findings identify a TRIP13/ACTN4/AKT/mTOR
axis in HCC cells, and show that this pathway drives
HCC progression. In addition, we show that TRIP13 is
regulated by miR-192-5p, which might be responsible
for the high expression of TRIP13 in HCC. Our study
could help to better understand the mechanisms under-
lying HCC progression; moreover, as a prognostic pre-
dictor, TRIP13 might be a potential target for HCC
therapy.

Additional files

Additional file 1: Figure S1. Survival analysis of six differentially
expressed AAA ATPase genes. Patients were classified into two groups
according to gene expressions. Kaplan-Meier survival curves and log-rank
test for different groups were performed. (TIF 9035 kb)

Additional file 2: Figure S2. Prediction of TRIP13 binding proteins and
microRNAs. A Venn chart showed the number of binding partners of
TRIP13 between SMMC7721 and MHCC97H, and 8 overlapped proteins
were included in the diagram. Eight overlapped proteins are listed in the
Table. B Venn chart showed the number of binding microRNAs of TRIP13

predicted by different databases. Four overlapped microRNAs are listed in
the Table. (TIF 9913 kb)

Additional file 3: Figure S3. A Statistical analysis of TRIP13 expression
in HCC and peritumor samples. B Representative images of ACTN4 IHC in
xenograft mouse tumors samples. C-D TRIP13 expression is positively
correlated with ACTN4 expression in HCC tissue microarray. E Patients
were classified into two groups according to gene expressions. Kaplan—
Meier survival curves and log-rank test for different groups were performed.
(TIF 20535 kb)

Abbreviations

AAA ATPase: ATPase associated with a variety of cellular activities; CCK8: Cell
counting kit-8; DEGs: differently express genes; EMT: Epithelial-mesenchymal
transition; GEO: Gene expression omnibus; GSEA: Gene set enrichment
analysis; HCC: Hepatocellular carcinoma; miRNA: microRNA; MS: Mass
spectrometry; PBS: Phosphate buffer saline; gRT-PCR: Quantitative real-time
polymerase chain reaction; TCGA-LIHC: The Cancer Genome Atlas Liver
Hepatocellular Carcinoma; TRIP13: thyroid hormone receptor interactor 13;
UTR: Untranslated region

Acknowledgements
We thank Aiwu Ke for his suggestions to improve this manuscript.

Authors’ contributions

LBB designed and supervised the research. ZMX and WCY performed the
most experiments and wrote the manuscript. GDM and ZPF established the
transplanted and metastatic HCC models. ZY and CJ cultured cells. DSS
finished statistical analysis. All authors reviewed and approved the final
version of the manuscript

Funding
This study was funded by the National Basic Research Program of China (No.
2013CB910501).

Availability of data and materials

The data supporting our conclusion were obtained from the TCGA database
(https://cancergenome.nih.gov) and Oncomine database (https://www.
oncomine.org).

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the Zhongshan
Hospital Biomedical Research Department and written consent was obtained
from all participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Liver Cancer Institute, Zhongshan Hospital, Fudan University and Key
Laboratory of Carcinogenesis and Cancer Invasion, Ministry of Education, 180
Fenglin Road, Shanghai 200032, China. “Department of Liver Surgery, Liver
Cancer Institute, Zhongshan Hospital, Fudan University, 180 FengLin Road,
Shanghai 200032, China.



https://doi.org/10.1186/s13046-019-1401-y
https://doi.org/10.1186/s13046-019-1401-y
https://doi.org/10.1186/s13046-019-1401-y
https://cancergenome.nih.gov
https://www.oncomine.org
https://www.oncomine.org

Zhu et al. Journal of Experimental & Clinical Cancer Research

Received: 6 June 2019 Accepted: 29 August 2019
Published online: 18 September 2019

References

1.

20.

21.

22.

Bertuccio P, Turati F, Carioli G, et al. Global trends and predictions in
hepatocellular carcinoma mortality. J Hepatol. 2017,67(2):302-9.

Njei B, Rotman Y, Ditah |, Lim JK Emerging trends in hepatocellular
carcinoma incidence and mortality. Hepatology (Baltimore, Md). 2015,61(1):
191-9.

Neuwald AF, Aravind L, Spouge JL, Koonin EV. AAA+: a class of chaperone-
like ATPases associated with the assembly, operation, and disassembly of
protein complexes. Genome Res. 1999,9(1):27-43.

Mikesch JH, Schwammbach D, Hartmann W, et al. Reptin drives tumour
progression and resistance to chemotherapy in nonsmall cell lung cancer.
Eur Respir J. 2018:52(1).

Le Moigne R, Aftab BT, Djakovic S, et al. The p97 inhibitor CB-5083 is a
unique disrupter of protein homeostasis in models of multiple myeloma.
Mol Cancer Ther. 2017;16(11):2375-86.

Bastola P, Neums L, Schoenen FJ, Chien J. VCP inhibitors induce
endoplasmic reticulum stress, cause cell cycle arrest, trigger caspase-
mediated cell death and synergistically kill ovarian cancer cells in
combination with Salubrinal. Mol Oncol. 2016;10(10):1559-74.

Magnaghi P, D'Alessio R, Valsasina B, et al. Covalent and allosteric inhibitors
of the ATPase VCP/p97 induce cancer cell death. Nat Chem Biol. 2013;9(9):
548-56.

Cai JB, Shi GM, Dong ZR, et al. Ubiquitin-specific protease 7 accelerates
p14(ARF) degradation by deubiquitinating thyroid hormone receptor-
interacting protein 12 and promotes hepatocellular carcinoma progression.
Hepatology. 2015;61(5):1603-14.

Wei CY, Zhu MX, Lu NH, et al. Bioinformatics-based analysis reveals elevated
MFSD12 as a key promoter of cell proliferation and a potential therapeutic
target in melanoma. Oncogene. 2019;38(11):1876-91.

Wei CY, Zhu MX, Yang YW, et al. Downregulation of RNF128 activates Wnt/
beta-catenin signaling to induce cellular EMT and stemness via CD44 and
CTTN ubiquitination in melanoma. J Hematol Oncol. 2019;12(1):21.

Wei CY, Wang L, Zhu MX; et al. TRIM44 activates the AKT/mTOR signal
pathway to induce melanoma progression by stabilizing TLR4. J Exp Clin
Cancer Res. 2019;38(1):137.

An HT, Yoo S, Ko J. Alpha-Actinin-4 induces the epithelial-to-mesenchymal
transition and tumorigenesis via regulation of snail expression and beta-
catenin stabilization in cervical cancer. Oncogene. 2016;35(45):5893-904.
Desai S, Barai A, Bukhari AB, De A, Sen S. Alpha-Actinin-4 confers
radioresistance coupled invasiveness in breast cancer cells through AKT
pathway. Biochim Biophys Acta Mol Cell Res. 2018;1865(1):196-208.

Gu Y, Wei X, Sun Y, et al. miR-192-5p silencing by genetic aberrations is a
key event in hepatocellular carcinomas with Cancer stem cell features.
Cancer Res. 2019;79(5):941-53.

Kim DH, Han JS, Ly P. TRIP13 and APC15 drive mitotic exit by turnover of
interphase- and unattached kinetochore-produced MCC. Nat Commun.
2018,9(1):4354.

Ma HT, Poon RYC. TRIP13 functions in the establishment of the spindle

assembly checkpoint by replenishing O-MAD2. Cell Rep. 2018;22(6):1439-50.

Banerjee R, Russo N, Liu M, et al. TRIP13 promotes error-prone
nonhomologous end joining and induces chemoresistance in head and
neck cancer. Nat Commun. 2014:5:4527.

Dazhi W, Mengxi Z, Fufeng C, Meixing Y. Elevated expression of thyroid
hormone receptor-interacting protein 13 drives tumorigenesis and affects
clinical outcome. Biomark Med. 2017;11(1):19-31.

Ju L, Li X, Shao J, Lu R, Wang Y, Bian Z. Upregulation of thyroid hormone
receptor interactor 13 is associated with human hepatocellular carcinoma.
Oncol Rep. 2018;40(6):3794-802.

Tao Y, Yang G, Yang H, et al. TRIP13 impairs mitotic checkpoint surveillance
and is associated with poor prognosis in multiple myeloma. Oncotarget.
2017:8(16):26718-31.

Kurita K, Maeda M, Mansour MA, et al. TRIP13 is expressed in
colorectal cancer and promotes cancer cell invasion. Oncol Lett.
2016;12(6):5240-6.

Larkin SE, Holmes S, Cree IA, et al. Identification of markers of prostate
cancer progression using candidate gene expression. Br J Cancer. 2012;
106(1):157-65.

(2019) 38:409

23.

24.

25.

26.

27.

28.

29.
30.

31

32.

33.

34.

35.

Page 15 of 15

Sheng N, Yan L, Wu K; et al. TRIP13 promotes tumor growth and is
associated with poor prognosis in colorectal cancer. Cell Death Dis. 2018;
9(3):402.

Wang N, Wang Q, Tang H, Zhang F, Zheng Y, Wang S, Zhang J, Wang Z, Xie
X. Direct inhibition of ACTN4 by ellagic acid limits breast cancer metastasis
via regulation of (-catenin stabilization in cancer stem cells. J Exp Clin
Cancer Res. 2017;36(1):172. https;//doi.org/10.1186/513046-017-0635-9.
Yamaguchi H, Ito Y, Miura N, et al. Actinin-1 and actinin-4 play essential but
distinct roles in invadopodia formation by carcinoma cells. Eur J Cell Biol.
2017;96(7):685-94.

Liu X, Chu KM. alpha-Actinin-4 promotes metastasis in gastric cancer. Lab
Invest. 2017,97(9):1084-94.

Ding Z, Liang J, Lu Y, et al. A retrovirus-based protein complementation
assay screen reveals functional AKT1-binding partners. Proc Natl Acad Sci U
S A. 2006;103(41):15014-9.

Yao J, Zhang X, Li J, et al. Silencing TRIP13 inhibits cell growth and
metastasis of hepatocellular carcinoma by activating of TGF-betal/smad3.
Cancer Cell Int. 2018;18:208.

Lai EC. Micro RNAs are complementary to 3' UTR sequence motifs that
mediate negative post-transcriptional regulation. Nat Genet. 2002;30(4):363-4.
Croce CM. Causes and consequences of microRNA dysregulation in cancer.
Nat Rev Genet. 2009;10(10):704-14.

Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for the
management of cancer and other diseases. Nat Rev Drug Discov. 2017;16(3):
203-22.

Zhao J, Xu J, Zhang R. SRPX2 regulates colon cancer cell metabolism by
miR-192/215 via PI3K-Akt. Am J Transl Res. 2018;10(2):483-90.

Yan-Chun L, Hong-Mei Y, Zhi-Hong C, Qing H, Yan-Hong Z, Ji-Fang W.
MicroRNA-192-5p promote the proliferation and metastasis of
hepatocellular carcinoma cell by targeting SEMA3A. Appl
Immunohistochem Mol Morphol. 2017;25(4):251-60.

Ji D, Jiang L, Li Y. MiR-192-5p suppresses the growth of bladder cancer cells
via targeting yin Yang 1. Hum Cell. 2018;31(3):210-9.

Zhou S, Xiong M, Dai G, et al. MicroRNA-192-5p suppresses the initiation
and progression of osteosarcoma by targeting USP1. Oncol Lett. 2018;15(5):
6947-56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1186/s13046-017-0635-9

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Bioinformatic analyses
	Patient samples
	Immunohistochemistry
	Cell lines and culture
	Plasmids, lentiviral and RNA oligonucleotides
	Real-time PCR and western blot analysis
	CCK8 (cell counting kit-8) and colony formation assay
	Wound healing assay
	Cell invasion assays
	In vivo experiments
	Co-immunoprecipitation assay and mass spectrometry assay

	Luciferase reporter gene assay
	Statistical analysis

	Results
	Identification of TRIP13 as a potential target in HCC
	TRIP13 is highly expressed in HCC and correlated with poor prognosis
	TRIP13 promotes HCC cell proliferation, migration, and invasion in vitro
	TRIP13 promotes tumor growth and pulmonary metastasis in vivo
	TRIP13 regulates migration and invasion via EMT in HCC cells
	TRIP13 induces EMT through the AKT/mTOR pathway
	TRIP13 interacts with ACTN4 to activate the AKT/mTOR pathway
	miR-192-5p targets TRIP13 and inhibits TRIP13 expression

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

