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ABSTRACT

Hepatocellular carcinoma (HCC) is one of the most lethal malignant tumors 
worldwide and effective therapies, including molecular therapy, remain elusive. 
Our previous work demonstrates that oncogenic KIAA0101 transcript variant (tv) 
1 promotes HCC development and might be a HCC therapeutic target. However, the 
function of another KIAA0101 variant, KIAA0101 tv2, remains unknown. In this study, 
we reported that KIAA0101 tv2 was highly expressed in adjacent non-tumorous liver 
tissues (NTs) compared to HCC tissues. In vivo and in vitro results showed that 
KIAA0101 tv2 decreased cell survival, colony formation, tumor xenografts, migration, 
and invasion, as well as induced cell cycle arrest and apoptosis. Interestingly, it could 
inhibit the function of KIAA0101 tv1 by partially down-regulating KIAA0101 tv1, 
acting similar to KIAA0101 tv1 short hairpin RNA (shRNA). Further studies illustrated 
that KIAA0101 tv2 could increase the activity of p53 by competing with KIAA0101 
tv1 for P53 binding. In conclusion, KIAA0101 tv2 exerts anti-tumor activity in HCC 
and acts as an endogenous competitor of tumor-associated KIAA0101 tv1. KIAA0101 
tv2 has a potential to work as a therapeutic drug targeting the KIAA0101 tv1 in HCC.

INTRODUCTION

Liver cancer is the second most lethal malignance 
worldwide, with more than half a million new cases 
diagnosed annually [1]. Hepatocellular carcinoma (HCC) 
represents 90% of the total liver cancer cases, resulting in 
approximately 500,000 deaths per year [2]. Most patients 
with HCC are diagnosed with advanced disease due to its 
aggressive properties. Therapy options for most advanced 
HCC cases are limited. The multi-kinase inhibitor sorafenib 
is the only systemic therapy for advanced HCC, suggesting 
that molecular therapy could be effective for HCC. However, 
sorafenib treatment only extends the median life expectancy 
of patients for 1 year [3, 4]. As a result, it is urgent to explore 
specific molecular targeted therapies for HCC.

KIAA0101, which regulates DNA replication, DNA 
repair, cell cycle progression, and cell proliferation [5–9], is 
associated with the development of several cancers [9–13] 
and predicts poor progression in different types of cancers 
[13–16]. Suppression of KIAA0101 is likely to be a strategy 
for cancer therapy [9, 12, 17]. According to the data from 
the National Center for Biotechnology Information (NCBI), 
KIAA0101 (Gene ID: 9768) has two major transcript 
variants (tv), designated KIAA0101 tv1 and tv2. Currently, 
all the studies regarding KIAA0101 focus on KIAA0101 
tv1. Our previous study elucidated that KIAA0101 tv1 
promoted cell survival by inhibiting p53 in HCC cells [12]. 
However, there is no report on KIAA0101 tv2 function.

Alternative splicing (AS) of pre-mRNAs is an 
essential process for gene expression regulation and 
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contributes to proteome diversity in eukaryotes. It is 
also a process frequently deregulated during cancer 
progression [18, 19]. An increasing number of studies 
have reported that alternatively spliced isoforms may 
have related, distinct or even opposing functions [20, 
21]. Hence, isoform-selective inhibitors are emerging as 
potential components for precision medical treatments 
[22, 23]. Furthermore, accumulating evidence shows that 
aberrant AS may regulate gene functions by generating 
endogenous inhibitor isoforms [24–27], which might 
be a new strategy for isoform-selective inhibitors. 
However, there has been no report exploring whether 
KIAA0101 tv2 could be an endogenous KIAA0101 
tv1 inhibitor or competitor. As a result, studies on the 
function of KIAA0101 tv2 and its role in KIAA0101 
tv1 regulation might provide a novel strategy for HCC 
molecular therapy.

In this study, we explored the expression pattern 
of KIAA0101 tv2 in HCCs and adjacent non-tumorous 
liver tissues (NTs). Moreover, the function and potential 
molecular mechanism of KIAA0101 tv2 on inhibition 
of HCC progression were revealed. In addition, the 
KIAA0101 tv2 regulation of KIAA0101 tv1 and its 
elementary molecular mechanism were also investigated. 
This study provides novel insights into the development of 
innovative strategies for HCC therapy.

RESULTS

KIAA0101 tv2 is highly expressed in NTs 
compared to HCCs

Western blot and immunohistochemistry (IHC) were 
performed to study the correlation between KIAA0101 tv2 
expression and HCC using paired tissues from 42 patients. 
KIAA0101 tv2 was highly expressed in 73.8% (31/42) of 
NTs and only in 28.6% (12/42) of HCC tissues by western 
blot (Figure 1A-1B, Table 1, P<0.005). IHC also showed 
KIAA0101 tv2-positive expression in 76.2% (32/42) 
of NTs and in 31.0% (13/42) of HCC tissues (P<0.005) 
(Figure 1C-1D). These results indicate that KIAA0101 tv2 
was highly expressed in NTs compared to HCC tissues.

KIAA0101 tv2 shows opposite effect on cell 
proliferation and transformation compared with 
KIAA0101 tv1

In our previous study, KIAA0101 tv1 was shown 
to be overexpressed in HCC tissues and exerted the 
properties of an oncogenic gene in HCC [12]. Because 
KIAA0101 tv2 was highly expressed in NTs compared to 
HCC, which was opposite to KIAA0101 tv1 expression, 
we explored whether the effects of KIAA0101 tv2 

Figure 1: KIAA0101 tv2 is highly expressed in adjacent non-tumorous liver tissues (NTs) compared to hepatocellular 
carcinoma (HCC) tissues. (A-B) KIAA0101 tv2 protein levels were analyzed by western blot in 42 pairs of HCC cases and NTs. The 
graph shows the mean±standard error of mean (SEM) of KIAA0101 tv2 protein overexpression rates by western blot. (C-D) All tissues 
were assessed by immunohistochemistry (IHC) using anti-KIAA0101 tv2 polyclonal antibody. Representative images are shown (Original 
magnification ×400). Each bar represents results from three independent experiments. ***P<0.005.



Oncotarget43992www.impactjournals.com/oncotarget

expression on cell proliferation and transformation were 
also opposite to those of KIAA0101 tv1. Crystal violet 
assays showed that KIAA0101 tv2 significantly inhibited 
the viability of NIH3T3 cells by 18.2% (P<0.001) 
compared to the control, whereas KIAA0101 tv1 
increased the cell viability 1.5-fold (P<0.001) compared 
to the control (Supplementary Figure 1A). KIAA0101 tv2 
function was also investigated in HCC cell lines (HepG2 
and HepG2.2.15, which show abnormal expression of 
KIAA0101 tv1). Short hairpin RNA (shRNA) targeted 
to KIAA0101 tv1 (shKIAA0101 tv1) was used as a 
positive control. KIAA0101 tv2 significantly decreased 
the proliferation rates in HepG2 and HepG2.2.15 cells, 
at levels comparable to that in the control cells (Figure 
2A). These results imply that KIAA0101 tv2 exhibits 
an opposing role to KIAA0101 tv1 on cell viability and 
proliferation.

Colony formation assays revealed that few 
foci were observed in NIH3T3-KIAA0101 tv2 cells 
compared to HepG2 cells (Supplementary Figure 1B, 
P<0.001). Similarly, fewer foci formed after transfection 
with KIAA0101 tv2 compared to empty vector in 
HepG2 and HepG2.2.15 cells using colony formation 
assays. A similar result was obtained in the positive 
control (Figure 2B, P<0.001). Furthermore, NIH3T3-
KIAA0101 tv2 cells failed to form tumors on the flank 
of nude mice (Supplementary Figure 1C, P<0.001), 
indicating that KIAA0101 tv2 failed to induce NIH3T3 
cell transformation. HepG2-KIAA0101 tv2 and HepG2-
shKIAA0101 tv1 cells restricted tumor formation on the 
flank of nude mice (Figure 2C, Supplementary Table 
1). These results implicate KIAA0101 tv2 similar to 
shKIAA0101 tv1 in the inhibition of HCC cell oncogenic 
potential.

KIAA0101 tv2 is antagonistic to KIAA0101 tv1 
during cell migration and invasion

There is increasing evidence that KIAA0101 
promotes cell migration and invasion in several types of 
cancer cells, including renal carcinoma, gastric cancer, 
and esophageal cancer [10, 11, 15]. However, the roles 
of KIAA0101 tv2 in HCC cell migration and invasion 
are still unknown. Wound healing assays demonstrated 
that KIAA0101 tv2 overexpression inhibited wound 
closure in NIH3T3 cells by 35.1% (P=0.003<0.005). 
Conversely, KIAA0101 tv1 strongly improved the wound 
closure by 1.6-fold (P<0.001) (Supplementary Figure 

2A). Overexpression of KIAA0101 tv2 significantly 
inhibited wound closure in HepG2 and HepG2.2.15 cells 
(P<0.05) (Figure 3A). This result was consistent with that 
of shRNA-mediated KIAA0101 tv1 knockdown, which 
showed significant reduction in migration rate (P<0.05) 
(Figure 3A).

Furthermore, both cell migration and invasion were 
enhanced by KIAA0101 tv1 overexpression in NIH3T3 
cells (Supplementary Figure 2B-2C). In striking contrast, 
KIAA0101 tv2 overexpression significantly reduced 
cell migration and invasion in both NIH3T3 and HepG2 
cells, as well as in KIAA0101 tv1-depleted HepG2 cells 
(Supplementary Figure 2B-2C and Figure 3B-3C).

Our results suggest that KIAA0101 tv2, unlike 
KIAA0101 tv1, fails to promote NIH3T3 cells migration 
and invasion. Moreover, KIAA0101 tv2 inhibits these 
malignant properties of HCC cells as shKIAA0101 tv1.

Overexpression of KIAA0101 tv2 induces cell 
cycle arrest and apoptosis

Our previous study found that KIAA0101 tv1 
protected HepG2 cells from doxorubicin-induced 
apoptosis [12]. Here we examined the role of KIAA0101 
tv2 in the regulation of cell cycle and apoptosis. Flow 
cytometry revealed a 22.6% (P<0.001) decrease in 
the percentage of cells in the G2/M and S phases in 
NIH3T3-KIAA0101 tv2 cells. However, KIAA0101 tv1 
overexpression dramatically increased the percentage 
of cells in the G2/M and S phases to 1.4-fold (P<0.001) 
(Figure 4A). Furthermore, KIAA0101 tv2 overexpression 
significantly decreased the percentage of HepG2 and 
HepG2.2.15 cells in G2/M and S phases (P<0.001), 
similar to shKIAA0101 tv1 in HepG2 and HepG2.2.15 
cells (Figure 4B). Thus, KIAA0101 tv2, analogous to 
shKIAA0101 tv1, may plays a role in suppressing cell 
cycle progression.

Flow cytometry also showed a significant increase 
in the rate of apoptosis in KIAA0101 tv2-overexpressing 
HepG2 cells (Figure 4C, P<0.05). These results 
demonstrate that KIAA0101 tv2 overexpression can 
induce HCC cell cycle arrest and apoptosis.

KIAA0101 tv2 overexpression down-regulates 
the expression of KIAA0101 tv1

Several studies report that AS could generate 
endogenous inhibitor isoforms [24–27]. Combined 

Table 1: KIAA0101 tv2 protein levels were measured by western blot in 42 pairs of HCCs and NTs

Tissues Group Number of Tissues Number With KIAA0101 TV1 Overexpression Ratio (%) P

HCCs 42 31 73.8 <0.005

NTs 42 12 28.6
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with our observations above, we explored whether 
the KIAA0101 tv1 expression levels were effected by 
KIAA0101 tv2 overexpression. As shown in Figure 5A-
5B, overexpression of KIAA0101 tv2 significantly down-
regulated the mRNA and protein levels of KIAA0101 
tv1 in both HepG2 and HepG2.2.15 cells. These results 
suggest that KIAA0101 tv2 can down-regulate the 
expression of KIAA0101 tv1 in HCC cells.

To examine whether KIAA0101 tv2 effects the 
expression of KIAA0101 tv1 through regulating the 
KIAA0101 promoter activity, HepG2 cells were transiently 
co-transfected with the KIAA0101 promoter/luciferase 
reporter and pcDNA3.1(-)-KIAA0101 tv2 plasmid. 
Luciferase activity assays showed an approximately 34.6% 
(P<0.001) reduction in KIAA0101 promoter activity induced 
by KIAA0101 tv2 (Figure 5C). Therefore, KIAA0101 tv2 

Figure 2: KIAA0101 tv2 inhibition of HCC cell proliferation and transformation is similar to short hairpin RNA 
(shRNA) targeted to KIAA0101 tv1. (A) The effect of KIAA0101 tv2 on HepG2 and HepG2.2.15 cell proliferation was examined 
by crystal violet assays. (B) Colony formation assay. KIAA0101 tv2 regulation of HepG2 and HepG2.2.15 cell transformation was 
demonstrated. (C) Tumor xenograft assay. Arrows indicate the xenograft tumors. The graph shows the mean±SEM of tumor volume 
induced by stable KIAA0101 tv2 or shKIAA0101 tv1-transfected HepG2 cells. All graphs show the mean±standard deviation (SD) (A-B) 
or mean±SEM (C) of at least three independent experiments. *P<0.05, ***P<0.005.
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Figure 3: KIAA0101 tv2 suppresses HCC cell migration and invasion similar to shKIAA0101 tv1. (A) Wound healing 
assay. The effect of KIAA0101 tv2 on wound closure in HepG2 and HepG2.2.15 cells was determined. Representative wound closing cells 
(48 h/72 h) after onset of scratching (0 h) are shown. (B) Transwell migration assay and (C) Matrigel invasion assay were performed to 
determine the migration and invasion cell numbers respectively. Representative images of crystal violet-stained cells are shown (400×). The 
bars represent the mean±SD of three independent experiments performed in triplicate. *P<0.05, ***P<0.005.
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might inhibit the transcriptional activity of KIAA0101 in 
HepG2 cells in a negative feedback loop.

KIAA0101 tv2 increases the transcriptional 
activity of p53 in HepG2 cells

Our previous work showed that KIAA0101 
tv1 suppressed the acetylation of p53 at Lys382 and 

inhibited the transcriptional activity of p53 [12]. In 
this study, we found KIAA0101 tv2 down-regulated 
the expression of KIAA0101 tv1 and promoted HepG2 
cell apoptosis. To verify the relationship between these 
roles of KIAA0101 tv2 and the activity of cell signaling 
pathways, KIAA0101 tv2 was overexpressed in HepG2 
cells. Then, we examined the changes in expression of the 
tumor suppressor p53 and its downstream target genes. 

Figure 4: Overexpression of KIAA0101 tv2 induces cell cycle arrest and apoptosis. (A-B) Cell cycle analysis. NIH3T3, HepG2, 
and HepG2.2.15 cells transfected with the indicated plasmids were harvested and fixed with ice-cold 70% ethanol at –20°C overnight. Cells 
were washed with PBS and incubated with propidium iodide (PI) containing RNase for 15 min. DNA content was determined by flow 
cytometry. *P<0.05, **P<0.01, or ***P<0.005 compared to the control group. (C) HepG2 cells stained with Annexin V/PI were used to 
detect apoptosis with a flow cytometer. All graphs show the mean±SD of at least three independent experiments. *P<0.05, **P<0.01.
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Figure 5: KIAA0101 tv2 overexpression suppresses the expression level of KIAA0101 tv1 in HCC cells. HepG2 and 
HepG2.2.15 cells were transfected with KIAA0101 tv2 plasmid. shKIAA0101 tv1 was used as the positive control. pcDNA3.1(-) or 
scrambled shRNA (sh(-)) was used as the negative control. Mock transfection was used as the blank control. The mRNA and protein levels 
of KIAA0101 tv1 were determined in the indicated cells using (A) real-time RT-PCR and (B) western blot respectively. (C) Luciferase 
activity assay. KIAA0101 tv2 expression plasmids were transiently co-transfected with either pGL3-KIAA0101 promoter or pGL3-basic 
into HepG2 cells. Luciferase activity was measured following 48 h of incubation. All graphs show the mean±SD of at least three independent 
experiments. *P<0.05, **P<0.01, ***P<0.005.
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As shown in Figure 6A-6B, the total expression levels of 
p53 and its target genes (such as BAX, NOXA, PUMA, 
and p21) were increased in HepG2-KIAA0101 tv2 cells. 
P53 modifications at both Ser46 and Lys382 are necessary 
for p53 transcription during apoptosis [28]. Furthermore, 
phosphorylation of P53 at S46 is required for P53-K382 
acetylation [29]. Therefore, we also detected the level of 
P53-K382 acetylation and P53-S46 phosphorylation. Our 
results showed that KIAA0101 tv2 could increase both 
K382 acetylation and S46 phosphorylation of P53 (Figure 
6B). These data indicate that KIAA0101 tv2 may exert an 
anti-tumor effect in HCC by increasing the transcriptional 
activity of p53.

KIAA0101 tv2 competes with KIAA0101 tv1 for 
binding to p53 protein

Interactions between KIAA0101 tv2 and P53 were 
examined in HEK293T cells by immunoprecipitation 

analysis. As shown in Figure 7A, KIAA0101 tv2 and 
P53 interacted, suggesting that KIAA0101 tv2 forms a 
complex with P53.

In our previous study, KIAA0101 tv1 was shown 
to physically interact with the p53 protein [12]. Since 
both KIAA0101 tv2 and tv1 could bind to p53, we 
tested whether there was a competitive effect between 
KIAA0101 tv2 and tv1. The same amount of KIAA0101 
tv1 and p53 plasmids were co-transfected with increasing 
amounts of Flag-tagged KIAA0101 tv2 plasmids into 
HEK293T cells. Increasing concentrations of Flag-
KIAA0101 tv2 increased the interaction between P53 and 
KIAA0101 tv2 and decreased the binding between P53 
and KIAA0101 tv1 (Figure 7B).

DISCUSSION

KIAA0101, also called p15 (PAF), OEATC-1 
(overexpressed in anaplastic thyroid carcinoma-1), or 

Figure 6: Exogenous expression of KIAA0101 tv2 increases p53 activity. (A) HepG2 cells were transiently transfected with the 
empty plasmid or with the expression plasmid for KIAA0101 tv2. 48 hours after transfection, total mRNA was prepared and subjected to real-
time RT-PCR using specific primers. β-actin was used as the control. The experiments were performed at least three times. (B) Western blot. The 
protein levels of P53, P53 (K382), P53 (S46), and two downstream target genes were assessed in pcDNA3.1(-) or KIAA0101 tv2 expression 
plasmid-transfected HepG2 cells. All bars show the intensity of the bands quantitated by densitometry based on three independent experiments. 
*P<0.05, **P<0.01, **P<0.005.
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NS5ATP9 (HCV NS5A-transactivated protein 9), was 
initially identified as a proliferating cell nuclear antigen 
(PCNA) associated protein [30–32]. It is a transcription 
factor that regulates several target genes involved in the 
modulation of cellular processes such as DNA replication, 
DNA repair, proliferation and cell cycle regulation [5, 6, 
9, 33]. KIAA0101 overexpression is associated with the 
development of several cancers, including pancreatic 
cancer [9], renal cell carcinoma [10], esophageal cancer 
[11], primary lung cancer [13], and HCC [16].

There are two main variants derived from the AS 
of KIAA0101 pre-mRNA (KIAA0101 tv1+Ex3; KIAA0101 
tv2-Ex3) according to NCBI. Compared to KIAA0101 tv1, 
KIAA0101 tv2 lacks exon 3, which contains a conserved 
PCNA binding motif known as a PIP-box [32]. Transcripts 
from more than 90% of human multi-exon genes undergo 
AS [34]. Aberrant AS is proposed as a crucial mechanism 
in the development of cancer [20, 35]. Increasing evidence 
shows that spliced variants exert distinctive expression 
patterns in different types of cancers [36–38]. Our study 

Figure 7: KIAA0101 tv2 competes with KIAA0101 tv1 for binding to P53 in mammalian cells. (A) 48 hours after 
transfection, whole cell lysate was immunoprecipitated (IP) using anti-FLAG antibody and subsequently immunoblotted (IB) with anti-P53 
antibody. The cell lysate was also immunoprecipitated using anti-P53 antibody and IB with the anti-FLAG antibody. IP lysate (5%) was 
used as input. (B) Increasing concentrations of KIAA0101 tv2 prevented the co-IP of KIAA0101 tv1 with P53. HEK 293T cells were co-
transfected with pcDNA3.1(-)-KIAA0101 tv1 (1 μg), pcDNA3.1(-)-P53 (1 μg), and increasing amounts (0_4 μg) of Flag-KIAA0101 tv2 
plasmids. Cell lysate was immunoprecipitated using the anti-FLAG antibody and subsequently IB with anti-P53 and anti-KIAA0101 tv1 
antibodies. Cell lysate was also immunoprecipitated using anti-P53 antibody and then IB with antibodies against P53, Flag, and KIAA0101 
tv1. Densitometric analysis presented as mean ± SEM. IP lysate (5%) was used as input.
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also showed that KIAA0101 tv1 was overexpressed in 
HCCs compared to NTs, especially in late stage HCC 
[12], whereas KIAA0101 tv2 was highly expressed in NTs 
compared to HCCs (Figure 1 and Table 1), suggesting the 
expression pattern of KIAA0101 variants were opposite 
in HCC.

Differentially expressed variants in cancer and non-
oncogenic cells may play disparate roles [38, 39], so we 
hypothesized that KIAA0101 tv2 might have distinct 
functions from tv1 in HCC. We previously found that 
KIAA0101 tv1 could promote NIH3T3 cells proliferation, 
colony formation, and tumor xenografts in nude mice [12]. 
It could also protect cells against doxorubicin-induced 
apoptosis [12]. Interestingly, our data showed KIAA0101 
tv2 failed to promote NIH3T3 cells proliferation, colony 
formation, tumor xenografts in nude mice, cell motility, 
and invasion (Supplementary Figure 1, 2), suggesting 
KIAA0101 tv2 did not possess the oncogenic properties 
of KIAA0101 tv1. Additionally, several reports show the 
opposing roles of spliced variants from the same gene 
in cancer [26, 40, 41]. We also found KIAA0101 tv2 
could induce cell cycle arrest and apoptosis, as well as 
inhibit the malignant properties in HCC cells (Figure 2, 
3, 4), indicating that KIAA0101 tv2 might have tumor 
suppressor properties opposite to KIAA0101 tv1.

Alterations in the splicing patterns of genes 
may contribute to the regulation of gene functions by 
generating endogenous inhibitor isoforms [24–27]. For 
instance, Basigin-3 inhibits cell invasion by interacting 
with Basigin-2, which promotes cell invasion in HCC, 
as an endogenous inhibitor [26]. Interestingly, our data 
revealed that KIAA0101 tv2 inhibited the expression of 
KIAA0101 tv1 by suppressing the KIAA0101 promoter 
activity in HCC cells (Figure 5). The function of 
KIAA0101 tv2 is similar to shKIAA0101 tv1 in inhibiting 
the malignant potential of KIAA0101 tv1 in HCC (Figure 
2, 3). Thus, our results imply that KIAA0101 tv2 might 
be the endogenous negative regulator of KIAA0101 tv1.

Endogenous regulators exert their function through 
regulation of the variants involved in signaling pathways 
[24, 25]. Our previous study showed that KIAA0101 
tv1 inhibited the transactivation of p53 [12]. Hence, 
we explored whether KIAA0101 tv2 could regulate 
the transactivation of p53. In this study, we found that 
KIAA0101 tv2 overexpression significantly up-regulated 
the expression of total p53 and its target genes, the 
acetylation level of P53 at K382 and the phosphorylation 
level of P53-S46 (Figure 6). These results indicate that 
the p53 transactivation activity was increased, which 
mediated cell cycle arrest and apoptosis. The KIAA0101 
tv2 regulation of p53 was opposite to tv1, as well [12]. 
KIAA0101 tv2 physically interacted with p53 by 
competing with KIAA0101 tv1 (Figure 7). KIAA0101 
tv2 exerts anti-tumor activity in HCC as an endogenous 
competitor of oncogenic KIAA0101 tv1. KIAA0101 
tv2 could be used as a negative regulator of KIAA0101 

tv1 in HCC molecular therapy. In addition, it provides 
a potential isoform-selective therapeutic target for HCC 
treatment, which could improve efficacy while reducing 
the undesirable side effects.

In conclusion, KIAA0101 tv2 is overexpressed in 
NTs compared to HCC, and exerts different expression 
patterns from KIAA0101 tv1 in HCC tissues. It possesses 
tumor suppressor properties and inhibits the expression 
and function of KIAA0101 tv1 in HCC, similar to 
KIAA0101 tv1 shRNA. Consequently, KIAA0101 
tv2 could serve as a competitor of KIAA0101 tv1 that 
suppresses the malignant properties of KIAA0101 tv1 
in HCC development. Furthermore, developing novel 
isoform-selective drugs in HCC is a promising strategy, 
which will provide opportunities for precision medicine-
based therapies. At the same time, it could also provide 
novel insights into developing innovative strategies for 
HCC therapy.

MATERIALS AND METHODS

Patients and tissue specimens

Paired HCC tissues from 42 patients were 
obtained from Ren-Min Hospital of Wuhan University 
in China from 2014 to 2016. Sample collections were 
under consensus agreements, and were approved by the 
Institutional Review Board of Wuhan University, School 
of Medicine. The samples were stored at –80°C until 
experiments were performed.

Western blot

Protein samples (50 μg) were separated in 
4% to 15% SDS-PAGE gel and transferred onto a 
nitrocellulose membrane (Amersharm Pharmacia 
Biotech, San Francisco, CA). Western blot was 
performed as formed standard procedures using the 
primary goat polyclonal antibody against KIAA0101 
tv1 (ab126848, Abcam, Cambridge, UK), the primary 
rabbit polyclonal antibody against KIAA0101 tv2 
(NBP-80555, Novus Biologicals, Littleton, CO), P53 
(10442-1-AP, Proteintech, Chicago, IL, USA), P53 
(acetyl K382) (ab75754, Abcam), P53 (phosphor S46) 
(ab76242, Abcam), BAX (50599-2-Ig, Proteintech), 
P21 (10355-1-AP, Proteintech). Peroxidase-conjugated 
anti-goat IgG (sc-2768, Santa Cruz, California, USA) 
and anti-rabbit IgG (7074, Cell Signaling Technology, 
MA, USA) were used as secondary antibody. Anti-β-
actin-peroxidase monoclonal antibody (A3854, Sigma-
Aldrich, Bedford, MA, USA) was used to probe the 
internal standard. For KIAA0101 tv2, the membranes 
were treated with 0.5% glutaraldehyde for 1 h before 
blocking and immunodetection. The immunoblot signal 
was visualized through enhanced chemiluminescence kit 
(Pierce Biotechnology, Rockford, IL, USA).
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Immunohistochemistry (IHC)

IHC stainings were carried out as described 
previously [12] using the primary rabbit polyclonal 
antibody against KIAA0101 tv2 (NBP-80555, Novus 
Biologicals). Peroxidase-conjugated anti-rabbit IgG 
(7074, Cell Signaling Technology) was used as secondary 
antibody.

Plasmids construction

The KIAA0101 tv2 coding regions was cloned 
into the BamHI and HindIII sites of vector pcDNA3.1(-) 
(Invitrogen, Carlsbad, CA, USA) and pCMV-Tag 2B 
(Invitrogen) to generate pcDNA3.1(-)-KIAA0101 tv2 and 
Flag-KIAA0101 tv2 respectively using the primers P1-
Forword and P1-Reverse (Supplementary Table 2).

The KIAA0101 promoter was amplified by primers 
P2-Forword and P2-Reverse, and then subcloned into the 
luciferase reporter vector pGL3-basic (Promega, Madison, 
WI, USA) to create pGL3-KIAA0101.

All constructs were confirmed by sequencing.

Cell culture and transfection

HepG2 and mouse fibroblast cell line NIH3T3 were 
purchased from the Cell Bank of Shanghai institute of Cell 
Biology, Chinese Academy of Sciences (Shanghai, China) 
in 2011; HepG2.2.15 cell line (derived from HepG2 cells 
transfected with a plasmid carrying two head-to-tail 
copies of the HBV genome DNA serotype ayw, genotype 
D) was obtained from XiangYa Cell Center of Central 
South University (Changsha, China) in 2010. These 
cell lines were grown in Dulbecco’s modified Eagle’s 
medium (GIBCO BRL, MD, USA) containing 10% 
fetal bovine serum, 100 units/ml penicillin, and 100 μg/
ml streptomycin sulfate at 37°C in 5% CO2; HepG2.2.15 
cells were additionally maintained in medium containing 
380 μg/ml G418 (Invitrogen; Carlsbad, CA, USA). These 
cell lines have been tested to be mycoplasm-free and 
authenticated by their examination of morphology and 
growth profile. HepG2 was additionally authenticated 
by the Cell Bank of Shanghai institute of Cell Biology, 
Chinese Academy of Sciences using short tandem repeat 
pro-filing.

Cells were transiently transfected with indicated 
plasmid(s) DNA for 48 h using Lipofectamine 2000 
(Invitrogen) according to the manufacture’s protocol.

Crystal violet assay

Cells were lysed with 1% SDS for 30 min and 
absorbance was read at 570 nm using a spectrophotometer 
(Thermo Scientific Multiskan FC; Thermo Scientific, 
Wilmington, DE, USA). The percentage of cell survival 
was defined as the relative absorbance versus cells 
transiently transfected with empty vector.

Colony formation assay and tumor xenograft 
assay

NIH3T3, HepG2 and/or HepG2.2.15 cells 
were transfected with indicated plasmid, and were 
maintained in 400 μg/ml of G418 at 24 h post 
transfection. G418-resistant colonies were isolated after 
3-4 weeks of selection. The colony formation assay and 
tumor xenograft assay were performed as described 
previously [12].

Wound healing assay

Cells were cultured to confluent in six-well plates. 
24 h after transfection with indicated plasmids, cells 
were entertained serum starvation (DEME supplemented 
with 1% FBS) for another 24 h. Then linear wounds 
were created by scratching the monolayer with a 
standard 200 μl pipette tip. Cells migration into the 
wound area was monitored using an inverted phase 
contrast microscope (Olympus CH-40; Olympus, Tokyo, 
Japan) at the time the wound was created and each 24 
h later. Four different equidistant points were measured 
for each plate. The migration rate was calculated as 
the proportion of the mean distance between both 
borderlines after closure versus the mean distance 
measured at 0 h for each plate.

Transwell migration assay and matrigel invasion 
assay

Transwell migration assay and matrigel invasion 
assay were done using 24-well Transwell with an 8 μm 
diameter pore membrane (Costar, Cambridge, MA, USA) 
as described previously [42]. For matrigel invasion assay, 
Matrigel (BD Biosciences, San Jose, CA, USA) diluted 
to 200 μg/ml was used. After incubation at 37°C for 24 h, 
the cells adhered to the lower surface were fixed, stained 
with crystal violet, and counted under a light microscope 
(Olympus CH-40). Four fields in four separate quadrants 
of each membrane were counted and averaged.

Flow cytometry

For cell cycle detection, approximately 106 cells 
were harvested and fixed with ice-cold 70% ethanol 
at –20°C overnight. Cells were washed with PBS and 
incubated with staining solution containing 40 μg of 
propidium iodide (PI)/ml and 100 μg of RNase A/ml. After 
15 min of incubation at 4°C, DNA content was determined 
by using a Beckman Coulter Epics Altra with Expo32 
software (Beckman Coulter, Fullerton, CA, USA).

For apoptosis assay, the cells were stained with 
Annexin V/PI after washed with PBS. Then apoptosis was 
detected with a flow cytometer.
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RNA extraction and real-time reverse-
transcriptase-PCR (RT-PCR)

Total RNA was extracted using TRIzol® 
reagent (Invitrogen) according to the manufacturer’s 
recommendation. RNA was treated with RQ1 RNase-Free 
DNase (Promega) and reverse transcribed using AMV-RT 
(Promega).

Quantification real-time RT-PCR was performed 
on the iCycler System (Bio-Rad, Hercules, CA, USA). 
Comparative quantification was used, normalizing 
KIAA0101 tv1, p53, BAX, NOXA, PUMA, and p21 to 
an internal standard gene (β-actin). The results were given 
as d-Ct values. The primers for β-actin were P3-Forword 
and P3-reverse (Supplementary Table 2). The primers for 
KIAA0101 tv1 were P4-Forword and P4-reverse. Specific 
primers for p53 were P5-Forword and P5-reverse. The 
primers for BAX were P6-Forword and P6-reverse. The 
primers for NOXA were P7-Forword and P7-reverse. The 
primers for PUMA were P8-Forword and P8-reverse, and 
the primers for p21 were P9-Forword and P9-reverse. The 
cycling conditions were 95°C for 2 minutes, then 95°C for 
10 seconds, 58°C for 10 seconds, and 72°C for 10 seconds 
for 40 cycles.

Luciferase reporter assay

The Dual-Luciferase® reproter assay system 
(Promega) was used according to the manufacture’s 
instruction. The activity of firefly luciferase was detected 
by a Luminometer. The transfection efficiency was 
normalized by Renilla reniformis activity.

Immunoprecipitation

HEK293T cells were co-transfected with 
appropriate plasmids and incubated for 48 h. Cells were 
lysed in NTEP buffer (150 mM NaCl, 25 mM Tris-HCl, 
pH 7.5, 5 mM EDTA, 0.5% NP-40) plus freshly added 
1× protease inhibitor cocktail (Sigma-Aldrich). Then 
Protein G Sepharose 4 Fast Flow beads (GE Heathcare, 
Piscataway, NJ, USA) were used to immunoprecipitate 
according to the manufacture’s instruction. Immuno-
complex precipitated by anti-FLAG antibody (66008-
2-Ig, Proteintech) or anti-P53 antibody (10442-1-AP, 
Proteintech) were analysed by 4%-15% SDS-PAGE 
followed by western blot with anti-P53 or anti-FLAG or 
anti-KIAA0101 tv1 antibody.

Statistical analysis

All experiments were performed in triplicate. 
SigmaPlot version 12.0 for Windows (Systat software Inc., 
USA) was used for the statistical analysis. All of these data 
were presented as mean±standard error of mean (SEM), 
or mean±standard deviation (SD). Statistical analysis was 
performed using χ2-test or Student’s t-tests, with P < 0.05 

taken as statistically significant. All the experiments were 
performed blindly.

Abbreviations

HCC, hepatocellular carcinoma; tv, transcript 
variant; NTs, adjacent non-tumorous liver tissues; 
shRNA, short hairpin RNA; NCBI, National Center for 
Biotechnology Information; AS, alternative splicing; 
IHC, immunohistochemistry; OEATC-1, overexpressed in 
anaplastic thyroid carcinoma-1; NS5ATP9, HCV NS5A-
transactivated protein 9; PCNA, proliferating cell nuclear 
antigen; RT-PCR, reverse-transcriptase-PCR; SEM, 
standard error of mean; SD, standard deviation

Author contributions

This study was supported by the Wuhan University. 
Liu L conducted the overall study, performed the 
experiments, and drafted the manuscript; Liu Y performed 
the western blot; Chen X contributed to sample collection 
and data analysis; Wang M carried out luciferase activity 
assay; Zhou Y and Zhou P carried out data analysis; Li W 
conceived the study design; Zhu F conceived the study 
design, revised of the manuscript, and provided the study 
supervision.

CONFLICTS OF INTEREST

The authors disclose no conflicts of interest.

FUNDING

This work was supported by the National Natural 
Science Foundation of China (81502418, 31470264), the 
key Program of Natural Science Foundation of Hubei 
Province of China (2014CFA078), the Hubei Provincial 
Natural Science Foundation of China (2015CFB168), 
the Scientific Research Innovation Team in Hubei 
(2015CFA009), the General Financial Grant from the 
China Postdoctoral Science Foundation (2014M550411), 
the Fundamental Research Funds for the Central 
Universities (2042014kf0029), the Tianqing Liver Disease 
Research Fund from the China Foundation for Hepatitis 
Prevention and Control (TQGB20140250), the Innovation 
Seed Fund of Wuhan University School of Medicine.

REFERENCES

1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, 
Rebelo M, Parkin DM, Forman D, Bray F. Cancer incidence 
and mortality worldwide: sources, methods and major 
patterns in GLOBOCAN 2012. International journal of 
cancer. 2015; 136:E359-386.

2. Jelic S, Sotiropoulos GC, Group EGW. Hepatocellular 
carcinoma: ESMO Clinical Practice Guidelines for 



Oncotarget44002www.impactjournals.com/oncotarget

diagnosis, treatment and follow-up. Annals of oncology. 
2010; 21:v59-64.

3. Llovet JM, Bruix J. Molecular targeted therapies in 
hepatocellular carcinoma. Hepatology. 2008; 48:1312-1327.

4. Chuma M, Terashita K, Sakamoto N. New molecularly 
targeted therapies against advanced hepatocellular 
carcinoma: From molecular pathogenesis to clinical 
trials and future directions. Hepatology research. 2015; 
45:E1-E11.

5. De Biasio A, de Opakua AI, Mortuza GB, Molina R, 
Cordeiro TN, Castillo F, Villate M, Merino N, Delgado 
S, Gil-Carton D, Luque I, Diercks T, Bernado P, et al. 
Structure of p15(PAF)-PCNA complex and implications for 
clamp sliding during DNA replication and repair. Nature 
communications. 2015; 6:6439.

6. Chang CN, Feng MJ, Chen YL, Yuan RH, Jeng YM. 
p15(PAF) is an Rb/E2F-regulated S-phase protein essential 
for DNA synthesis and cell cycle progression. PloS one. 
2013; 8:e61196.

7. Emanuele MJ, Ciccia A, Elia AE, Elledge SJ. Proliferating 
cell nuclear antigen (PCNA)-associated KIAA0101/PAF15 
protein is a cell cycle-regulated anaphase-promoting 
complex/cyclosome substrate. Proceedings of the National 
Academy of Sciences of the United States of America. 
2011; 108:9845-9850.

8. Turchi L, Fareh M, Aberdam E, Kitajima S, Simpson F, 
Wicking C, Aberdam D, Virolle T. ATF3 and p15PAF are 
novel gatekeepers of genomic integrity upon UV stress. Cell 
death and differentiation. 2009; 16:728-737.

9. Hosokawa M, Takehara A, Matsuda K, Eguchi H, Ohigashi 
H, Ishikawa O, Shinomura Y, Imai K, Nakamura Y, 
Nakagawa H. Oncogenic role of KIAA0101 interacting 
with proliferating cell nuclear antigen in pancreatic cancer. 
Cancer research. 2007; 67:2568-2576.

10. Fan S, Li X, Tie L, Pan Y, Li X. KIAA0101 is associated 
with human renal cell carcinoma proliferation and migration 
induced by erythropoietin. Oncotarget. 2016; 7:13520-
13537. doi: 10.18632/oncotarget.5876.

11. Cheng Y, Li K, Diao D, Zhu K, Shi L, Zhang H, Yuan D, 
Guo Q, Wu X, Liu D, Dang C. Expression of KIAA0101 
protein is associated with poor survival of esophageal 
cancer patients and resistance to cisplatin treatment in vitro. 
Laboratory investigation; a journal of technical methods 
and pathology. 2013; 93:1276-1287.

12. Liu L, Chen X, Xie S, Zhang C, Qiu Z, Zhu F. Variant 1 
of KIAA0101, overexpressed in hepatocellular carcinoma, 
prevents doxorubicin-induced apoptosis by inhibiting p53 
activation. Hepatology. 2012; 56:1760-1769.

13. Kato T, Daigo Y, Aragaki M, Ishikawa K, Sato M, Kaji M. 
Overexpression of KIAA0101 predicts poor prognosis in 
primary lung cancer patients. Lung cancer (Amsterdam, 
Netherlands). 2012; 75:110-118.

14. Su X, Zhang T, Cheng P, Zhu Y, Li H, Li D, Liu Z, Gao H, 
Zhao Z, Zhao Y, Liu H. KIAA0101 mRNA overexpression 

in peripheral blood mononuclear cells acts as predictive 
marker for hepatic cancer. Tumour biology: the journal of 
the International Society for Oncodevelopmental Biology 
and Medicine. 2014; 35:2681-2686.

15. Zhu K, Diao D, Dang C, Shi L, Wang J, Yan R, Yuan D, 
Li K. Elevated KIAA0101 expression is a marker of 
recurrence in human gastric cancer. Cancer science. 2013; 
104:353-359.

16. Yuan RH, Jeng YM, Pan HW, Hu FC, Lai PL, Lee 
PH, Hsu HC. Overexpression of KIAA0101 predicts 
high stage, early tumor recurrence, and poor prognosis 
of hepatocellular carcinoma. Clin Cancer Res. 2007; 
13:5368-5376.

17. Chen H, Xia B, Liu T, Lin M, Lou G. KIAA0101, a target 
gene of miR-429, enhances migration and chemoresistance 
of epithelial ovarian cancer cells. Cancer cell international. 
2016; 16:74.

18. Nilsen TW, Graveley BR. Expansion of the eukaryotic 
proteome by alternative splicing. Nature. 2010; 
463:457-463.

19. Dehm SM. mRNA splicing variants: exploiting modularity 
to outwit cancer therapy. Cancer research. 2013; 
73:5309-5314.

20. Liu L, Xie S, Zhang C, Zhu F. Aberrant regulation of 
alternative pre-mRNA splicing in hepatocellular carcinoma. 
Critical reviews in eukaryotic gene expression. 2014; 
24:133-149.

21. David CJ, Manley JL. Alternative pre-mRNA splicing 
regulation in cancer: pathways and programs unhinged. 
Genes & development. 2010; 24:2343-2364.

22. Narita K, Matsuhara K, Itoh J, Akiyama Y, Dan S, Yamori 
T, Ito A, Yoshida M, Katoh T. Synthesis and biological 
evaluation of novel FK228 analogues as potential isoform 
selective HDAC inhibitors. European journal of medicinal 
chemistry. 2016; 121:592-609.

23. Wang X, Ding J, Meng LH. PI3K isoform-selective 
inhibitors: next-generation targeted cancer therapies. Acta 
pharmacologica Sinica. 2015; 36:1170-1176.

24. Rosenstiel P, Huse K, Till A, Hampe J, Hellmig S, Sina 
C, Billmann S, von Kampen O, Waetzig GH, Platzer 
M, Seegert D, Schreiber S. A short isoform of NOD2/
CARD15, NOD2-S, is an endogenous inhibitor of NOD2/
receptor-interacting protein kinase 2-induced signaling 
pathways. Proceedings of the National Academy of 
Sciences of the United States of America. 2006; 
103:3280-3285.

25. Li M, Li Z, Morris DL, Rui L. Identification of 
SH2B2beta as an inhibitor for SH2B1- and SH2B2alpha-
promoted Janus kinase-2 activation and insulin signaling. 
Endocrinology. 2007; 148:1615-1621.

26. Liao CG, Kong LM, Song F, Xing JL, Wang LX, Sun ZJ, 
Tang H, Yao H, Zhang Y, Wang L, Wang Y, Yang XM, Li 
Y, Chen ZN. Characterization of basigin isoforms and the 
inhibitory function of basigin-3 in human hepatocellular 



Oncotarget44003www.impactjournals.com/oncotarget

carcinoma proliferation and invasion. Molecular and 
cellular biology. 2011; 31:2591-2604.

27. Zaika E, Bhardwaj V, Wei J, Washington MK, Souza R, 
El-Rifai W, Zaika A. Proinflammatory cytokines and bile 
acids upregulate DeltaNp73 protein, an inhibitor of p53 and 
p73 tumor suppressors. PloS one. 2013; 8:e64306.

28. Puca R, Nardinocchi L, Sacchi A, Rechavi G, Givol D, 
D'Orazi G. HIPK2 modulates p53 activity towards pro-
apoptotic transcription. Molecular cancer. 2009; 8:85.

29. Hofmann TG, Moller A, Sirma H, Zentgraf H, Taya Y, 
Droge W, Will H, Schmitz ML. Regulation of p53 activity 
by its interaction with homeodomain-interacting protein 
kinase-2. Nature cell biology. 2002; 4:1-10.

30. Zhang M, Zhang J, Liu S, Wang Q, Lin G, Qiu R, Quan 
M, Cheng J. NS5ATP9 suppresses activation of human 
hepatic stellate cells, possibly via inhibition of Smad3/
phosphorylated-Smad3 expression. Inflammation. 2015; 
38:278-289.

31. Mizutani K, Onda M, Asaka S, Akaishi J, Miyamoto S, 
Yoshida A, Nagahama M, Ito K, Emi M. Overexpressed in 
anaplastic thyroid carcinoma-1 (OEATC-1) as a novel gene 
responsible for anaplastic thyroid carcinoma. Cancer. 2005; 
103:1785-1790.

32. Yu P, Huang B, Shen M, Lau C, Chan E, Michel J, Xiong 
Y, Payan DG, Luo Y. p15(PAF), a novel PCNA associated 
factor with increased expression in tumor tissues. 
Oncogene. 2001; 20:484-489.

33. Povlsen LK, Beli P, Wagner SA, Poulsen SL, Sylvestersen 
KB, Poulsen JW, Nielsen ML, Bekker-Jensen S, Mailand 
N, Choudhary C. Systems-wide analysis of ubiquitylation 
dynamics reveals a key role for PAF15 ubiquitylation in DNA-
damage bypass. Nature cell biology. 2012; 14:1089-1098.

34. Wang ET, Sandberg R, Luo S, Khrebtukova I, Zhang L, 
Mayr C, Kingsmore SF, Schroth GP, Burge CB. Alternative 
isoform regulation in human tissue transcriptomes. Nature. 
2008; 456:470-476.

35. Zhang J, Manley JL. Misregulation of pre-mRNA 
alternative splicing in cancer. Cancer discovery. 2013; 
3:1228-1237.

36. Zhang Z, Pal S, Bi Y, Tchou J, Davuluri RV. Isoform level 
expression profiles provide better cancer signatures than 
gene level expression profiles. Genome medicine. 2013; 
5:33.

37. Piggin CL, Roden DL, Gallego-Ortega D, Lee HJ, Oakes 
SR, Ormandy CJ. ELF5 isoform expression is tissue-
specific and significantly altered in cancer. Breast Cancer 
Res. 2016; 18:4.

38. Koga H, Tsedensodnom O, Tomimaru Y, Walker EJ, Lee 
HC, Kim KM, Yano H, Wands JR, Kim M. Loss of the 
SxxSS motif in a human T-cell factor-4 isoform confers 
hypoxia resistance to liver cancer: an oncogenic switch in 
Wnt signaling. PloS one. 2012; 7:e39981.

39. Camacho-Vanegas O, Narla G, Teixeira MS, DiFeo A, 
Misra A, Singh G, Chan AM, Friedman SL, Feuerstein BG, 
Martignetti JA. Functional inactivation of the KLF6 tumor 
suppressor gene by loss of heterozygosity and increased 
alternative splicing in glioblastoma. International journal 
of cancer. 2007; 121:1390-1395.

40. Lai J, Yang F, Zhang W, Wang Y, Xu J, Song W, Huang 
G, Gu J, Guan X. TAp73 and DeltaNp73 have opposing 
roles in 5-aza-2'-deoxycytidine-induced apoptosis in breast 
cancer cells. Molecules and cells. 2014; 37:605-612.

41. Dey P, Jonsson P, Hartman J, Williams C, Strom A, 
Gustafsson JA. Estrogen receptors beta1 and beta2 have 
opposing roles in regulating proliferation and bone 
metastasis genes in the prostate cancer cell line PC3. 
Molecular endocrinology. 2012; 26:1991-2003.

42. Wang W, Wu F, Fang F, Tao Y, Yang L. Inhibition of 
invasion and metastasis of hepatocellular carcinoma cells 
via targeting RhoC in vitro and in vivo. Clin Cancer Res. 
2008; 14:6804-6812.


