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Abstract XPO5 (Exp5, Exportin-5) is a transporter pro-

tein mainly mediating pre-microRNAs’ nuclear export.

Recent studies have demonstrated that XPO5 may play

crucial roles in a few of cancers. However, little is known

about XPO5 in hepatocellular carcinoma (HCC). In the

present study, we elucidated the expression of XPO5 by

quantitative real-time PCR (qRT-PCR) and immunohisto-

chemical staining in HCC samples and conducted several

functional analyses to address its effects on HCC devel-

opment. The results demonstrated that both mRNA and

protein levels of XPO5 were downregulated in HCC tissues

compared to adjacent non-cancerous livers. Ectopic

expression of XPO5 significantly suppressed cell prolifer-

ation, colony formation, growth in soft agar, and tumori-

genicity in nude mice, whereas knockdown of XPO5 by

RNA inference showed opposite phenotypes. Moreover,

XPO5 knockdown promoted HCC cell migration and

decreased the expression of E-cadherin and p53. Addi-

tionally, after treatment with DAC and TSA, the mRNA

level of XPO5 was upregulated in HCC cells tested,

implicating that epigenetic modulation may be involved in

the transcription of XPO5. Collectively, our findings sug-

gest that XPO5 functions as a potential tumor suppressor in

the development and progression of HCC as well as a

promising molecular target for HCC therapy.
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Introduction

Hepatocellular carcinoma (HCC) is the most common

primary malignancy of hepatocytes, which serves as the

third leading cause of cancer-related death worldwide

[1]. Surgical resection or liver transplantation is the

mainstay of treatment for early HCC patients; however,

the majority of patients present at an advanced stage.

Accordingly, several other treatment modalities includ-

ing chemotherapy and radiotherapy are used to treat HCC

but their effects are still not satisfactory. So, it is urgent

to identify more effective diagnostic markers and thera-

peutic strategies associated with the initiation or pro-

gression of HCC [2].

Growing evidences have shown that the genes in

processing pathway of microRNA (miRNA) are involved

in the regulation of a large variety of human cancer types

[3]. Alteration of these genes such as DGCR8, Dicer,

XPO5, AGO2, and TRBP by genomic mutations, aberrant

expression, or other means could significantly affect

cancer initiation, progression, and metastasis [4–6].

Among them, XPO5 is a member of the karyopherin b
family that uses the GTPase Ran to control cargo asso-

ciation. It is mainly responsible for exporting precursor

microRNAs (pre-miRNAs) through the nuclear mem-

brane to the cytoplasm [7]. A previous study indicates
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that the XPO5-inactivating mutations in its C-terminal

have been found in a subset of human cancers with

microsatellite instability, including colon, stomach, and

endometrium [8]. This genetic defect traps pre-miRNAs

in the nucleus, decreases miRNA processing, and reduces

the target repression of mature miRNAs, thereby leading

to cancer development. In addition, a single-nucleotide

polymorphism (SNP, rs11077) of the XPO5 gene in its 30

UTR region could increase the risk of renal cell carci-

noma [9], could have association with survival of

advanced small-cell lung cancer patients [10], and also

could predict independently worse survival for HCC

patients [11]. Notably, there have been implications that

XPO5 is upregulated in urothelial carcinoma of the

bladder and breast cancer [12, 13]. Inhibition of XPO5

induction during cell cycle results in delayed G1/S tran-

sition and suppresses cell growth [14]. Therefore, the

roles of XPO5 in different cancer cells seem to be

conflicting.

In the present study, we evaluated the expression of

XPO5 in HCC tissues and conducted several in vitro and

in vivo assays to characterize the exact function of XPO5

in HCC cell growth and migration. Our final data suggest

that XPO5 is frequently downregulated in cancer samples

and this downregulation may contribute to HCC.

Materials and methods

Tissue specimens and cell culture

Thirty seven pairs of human HCC and adjacent non-tumor

tissues were obtained from patients who underwent surgi-

cal liver resection and signed an informed consent in

Shanghai East Hospital, Tongji University, China. The

diagnoses of these liver cancer samples were verified by

pathologists. The samples were frozen in liquid nitrogen

and stored at -80 �C until processed. The human HCC

tissue array (HLiv-HCC150CS-01) was purchased from

Shanghai Outdo Biotech Corporation, China, which con-

tains 75 pairs of HCC samples. The immunohistochemical

staining was performed according to the commercial pro-

tocol (Outdo Biotech). XPO5 expression was assessed

using an anti-XPO5 antibody (Cat#ab57491, Abcam, USA)

at a dilution of 1:100. The use of all above tissue materials

for research was approved by the Ethics Committee of

Shanghai East Hospital. HCC cell lines were taken from

our laboratory stocks. All of the cells were maintained in

Dulbecco’s Modified Eagle’s Medium (DMEM) supple-

mented with 10 % fetal bovine serum (FBS) (Gibco, USA)

and antibiotics (50 U/ml penicillin and 50 lg/ml strepto-

mycin) (Gibco, USA) at 37 �C in a 5 % CO2 humidified

incubator.

RNA interference and plasmid construction

The specific small interference RNA (siRNA) against

XPO5 was chemically synthesized by GenePharma,

Shanghai, China, which has been described previously [7].

The siXPO5 sequence was as follows: sense 50-GAUG

CUCUGUCUCGAAUUGUATTdTdT-30. The irrelevant

nucleotides not targeting any annotated human genes were

used as a negative control (si-NC): sense 50-UUCUCC

GAACGUGUCACGUdTdT-30. The full-length cDNA of

XPO5 is a gift from Dr. Bryan R. Cullen, Duke University

Medical Center. The ORF of XPO5 was amplified and then

subcloned into pcDNA3.1, generating pcDNA3.1-XPO5.

Accurate reading frame insertion was verified by DNA

sequencing. The lentivirus-overexpressing XPO5 (LV-

XPO5, 1 9 108 TU/ml) and knocking down XPO5 (LV-

shXPO5, 1 9 108 TU/ml) were packaged and purchased

from Tuzhu Biotech and GenePharma, Shanghai, respec-

tively, using the above corresponding sequences. HCC

cells were infected with lentivirus at 10–20 MOI, and pools

of infected cells were selected with 3 lg/ml puromycin.

Cell transfection

Cell transfection with plasmids or siRNAs was conducted

using Lipofectamine 2000 (Invitrogen, USA) in accordance

with the manufacturer’s instructions.

Cell proliferation and colony formation assay

Cell proliferation was measured using the Cell Counting

Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) as previously

described [15]. For colony formation, HCC cells (1 9 104

per 6-cm plate) transfected with empty vector or

pcNDA3.1-XPO5 were selected in appropriate medium

with the addition of 0.6–0.8 mg/ml G418 (Life Technolo-

gies, USA). After 3 weeks, the colonies stained with

crystal violet were photographed and counted.

Soft agar colony formation assay

HCC cells were suspended in the media containing 0.4 %

agar and overlaid on 1 % agar in 24-well plates (1000 cells/

well). After 2–4 weeks, colonies were counted and pho-

tographed. All experiments were independently repeated at

least three times.

Western blot analysis

Total protein extracts of HCC cells were prepared as

described previously [16]. Samples were boiled for 5 min,

subjected to electrophoresis in SDS-PAGE, and transferred

onto a polyvinylidene difluoride (PVDF) membrane. The
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membrane was blocked in PBS with 5 % nonfat milk for

2 h at room temperature and then incubated with the pri-

mary antibody overnight at 4 �C. Incubation with the

secondary antibody was performed for 1 h at room tem-

perature. Anti-E-cadherin (#14472, Cell Signaling Tech-

nology, USA), XPO5, P53, and b-actin (sc-66885, sc-126,

sc-47778, Santa Cruz Biotechnology, CA, USA) antibodies

were used in this study. Detection of proteins was achieved

using the Odyssey Infrared Imaging System (Li-COR,

USA).

Cell migration assay

Migration assays were performed using 24-well transwell

chambers (8 lm pore size, BD biosciences, USA)

according to the instructions of the manufacturer. Briefly,

serum-starved cells were trypsinized and counted. 5 9 104

of HCC cells in 200 ll serum-free medium were placed

into the upper chamber. The lower chamber was filled with

500 ll of 10 % FBS–DMEM. After 24–48 h, cells that

migrated to the lower chamber were fixed and stained with

0.5 % crystal violet. Cells in at least five random micro-

scopic fields (magnification 9100) were counted and

photographed. All experiments were performed in dupli-

cate and repeated three times.

Tumor implantation study

One group of 4–5-week-old nude mice (strain BALB/c

nude; SLAC Laboratories Animal, Shanghai, China)

received subcutaneous injections with the following

amount of HCC cells: 1.5 9 106 of Sk-Hep-1 cells stably

expressing XPO5 or empty vector, 1 9 106 of MHCC-

LM3 cells stably silencing XPO5 expression, or control

shNC. Tumor growth was measured weekly for 4–5 weeks

and the isolated tumors were weighed after mice were

sacrificed. All animal handling and experimental proce-

dures were approved by the Ethics Committee of the

Shanghai East Hospital, Tongji University.

RNA extraction and quantitative real-time PCR

HCC cells were treated with decitabine (DAC, 1 lM,

Selleck, USA) for 48 h or trichostatin A (TSA, 0.3 lM,

Selleck, USA) for 24 h. Cells treated with DMSO were

used as a control. Total RNA was extracted from HCC cells

or HCC samples using TRIZOL reagent (Invitrogen, USA)

and was reverse transcribed into cDNA using M-MLV

reverse transcriptase kit (Promega, USA). Quantitative RT-

PCR was performed with Thermal Cycler Dice Real Time

System (TaKaRa, Japan) and SYBR Green I reagent

(TaKaRa, Japan). The mRNA level of XPO5 was nor-

malized by b-actin prior to comparative analysis using

2�DCt method. The following primer sets were used: For

XPO5, forward: 5-CACAACAAGGAGAGGTGATGAG-

3; reverse: 5-AAGGTGAGAAGACGGAACAGAG-3. For

b-actin, forward: 5-AGAGCCTCGCCTTTGCCGATCC-3;

reverse: 5-CTGGGCCTCGTCGCCCACATA-3. All reac-

tions were performed independently at least three times in

triplicate.

Statistical analysis

All statistical analyses were performed with Student’s t test

using GraphPad Prism 5 software. P values of less than

0.05 were considered statistically significant.

Results

XPO5 is downregulated in HCC samples

Quantitative real-time PCR (qRT-PCR) was performed to

detect XPO5 expression in 37 pairs of HCC specimens.

The results showed that XPO5 expression in HCC samples

was much lower than that in the corresponding adjacent

non-cancerous tissues (Fig. 1a). Among them, 17/37

(45.9 %) of HCC samples have at least a 1.5-fold decrease.

Furthermore, immunohistochemistry for XPO5 expression

was performed on additional 75 pairs of HCC samples in a

tissue microarray. 32/75 (42.7 %) of cancerous tissues

displayed weak staining compared with their normal

counterparts. Two pairs of representative tissue images of

XPO5 staining are shown in Fig. 1b. These results indi-

cated that both mRNA and protein level of XPO5 were

downregulated in HCC, implicating that XPO5 may play

tumor-suppressive roles in HCC development. In addition,

we also explored the expression of XPO5 in a series of

HCC cell lines by qRT-PCR (Fig. 1c). Based on the data,

we employed Huh7, HepG2, or Sk-Hep-1 cells for XPO5

overexpression and MHCC-LM3 and PLC/PRF/5 cells for

XPO5 silencing in the following functional assays.

XPO5 overexpression inhibits and knockdown

promotes HCC cell growth

To elucidate the effect of XPO5 on cell growth,

pcDNA3.1-XPO5 plasmid was transiently transfected into

Hhu7 cells and specific siRNAs against XPO5 were tran-

siently transfected into MHCC-LM3 and PLC/PRF/5 cells.

Western blot results confirmed that XPO5 was successfully

overexpressed or silenced in these cells (Fig. 2a). The

effect of XPO5 on cell growth was evaluated through

CCK8 method in the three HCC cell lines above. Fig-

ure 2b–d shows that overexpression of XPO5 inhibits
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Huh7 cell growth and knockdown of XPO5 promotes

MHCC-LM3 and PLC/PRF/5 cell growth.

XPO5 overexpression reduces and knockdown

enhances colony formation of HCC cells

Next, colony formation assays were carried out to further

examine the suppression of XPO5 on cell growth. As

expected, overexpression of XPO5 in Huh7 and HepG2

cells weakened colony formation on the normal culture

plates, where the colonies were smaller and less than those

with control vector (Fig. 3a). Furthermore, we also detec-

ted the growth ability of HCC cells influenced by XPO5

expression in soft agar. This anchorage-independent

growth manner reflects the cancer cell malignancy and

metastatic potential. As shown in Fig. 3b, knockdown of

XPO5 in MHCC-LM3 cells increased colony formation

and overexpression of XPO5 in Sk-Hep-1 cells decreased

colony formation when cells were allowed to grow in soft

agar.

Fig. 1 Expression pattern of XPO5 in HCC samples and cell lines.

a XPO5 expression was measured in 37 pairs of HCC and non-HCC

tissues by qRT-PCR. Relative transcript levels were normalized by

DCt method using b-actin as an internal reference. N non-cancerous

tissue, C cancerous tissue. **P\ 0.01. b Representative pictures

showing XPO5 expression in two pairs of human HCC samples.

Magnification 9200. c Relative mRNA level of XPO5 was evaluated

in HCC cell lines by qRT-PCR, where b-actin was used as an internal

control
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XPO5 plays a suppressive role in xenograft tumor

growth

To address whether XPO5 expression could play a role in

xenograft tumor growth, HCC cells were subcutaneously

injected into two flanks of the same nude mice (n = 6).

Figure 4a shows the images and weights of tumors derived

from Sk-Hep-1 cells stably expressing XPO5 and control

cells, indicating that XPO5 overexpression significantly

suppressed xenograft tumor growth. Conversely, the

tumors derived from MHCC-LM3 cells stably knocking

down XPO5 were larger in size and more in weight than

those from the corresponding control cells (Fig. 4b). These

results strongly suggested that XPO5 suppresses tumori-

genicity of HCC cells in nude mice.

Knockdown of XPO5 facilitates HCC cell migration

We next elucidated the role of XPO5 in cell migration by

transwell chamber assay. As shown in Fig. 5, a larger

number of PLC/PRF/5 cells migrated to the underlayer of

membrane in XPO5 knockdown group compared with

control group. In the meantime, similar results were

observed in MHCC-LM3 cells (Fig. 5), suggesting that

XPO5 suppresses migration of HCC cells.

Knockdown of XPO5 results in downregulation

of E-cadherin and p53

To explore the mechanism by which XPO5 suppresses HCC

cell growth and migration, a series of cancer proliferation-

and metastasis-related factors were detected by western blot

analysis. Figure 6a indicates that E-cadherin and p53, two

well-documented tumor suppressors, were reduced in XPO5

knockdown cells, suggesting that the two factors may be

involved in the XPO5-mediated suppression of HCC

development. Due to the potential mesenchymal phenotype

of MHCC-LM3 cells, the epithelial marker E-cadherin was

not detected by western blot. In addition, DAC (decitabine, a

DNA demethylation agent) and TSA (trichostatin A, a his-

tone deacetylase inhibitor) were used to test whether XPO5

expression is regulated epigenetically. As shown in Fig. 6b,

XPO5 expression level was significantly increased after

treatment with DAC or TSA in both Sk-Hep-1 and MHCC-

LM3 cells, implying that DNA methylation and histone

deacetylation inhibit XPO5 expression.

Fig. 2 Effect of XPO5 expression on cell proliferation. a Ectopic

expression of XPO5 in Huh7 cells and silencing expression by

siXPO5 in MHCC-LM3 and PLC/PRF/5 cells were analyzed by

western blotting. b Cell viability assays were performed to explore the

effect of XPO5 overexpression on cell growth in Huh7 cells. c and

d Cell viability assays were performed to explore the effect of XPO5

knockdown on cell growth in MHCC-LM3 and PLC/PRF/5 cells. The

bars represent the standard deviation of independent experiments

conducted in triplicate (mean ± SD). *P\ 0.05; **P\ 0.01

Mol Cell Biochem (2016) 415:197–205 201

123



Discussion

Nucleocytoplasmic transport plays important roles in a

series of cellular processes, dysregulation of which often

results in abnormal cell growth, apoptosis, differentiation,

and even cell transformation to tumor [17, 18]. Here we

report that a nucleocytoplasmic transporter, the pre-

miRNA export machinery XPO5 is involved in the sup-

pression of HCC and is downregulated in HCC samples for

the first time.

Cell viability and colony formation assays demonstrated

that XPO5 upregulation or downregulation significantly

affected HCC cell growth and malignancy. Moreover, the

results from subcutaneous xenograft tumor growth model

Fig. 3 Effect of XPO5 expression on colony formation of HCC cells.

a Ectopic expression of XPO5 inhibited colony formation of Huh7

and HepG2 cells on normal plates. b XPO5 knockdown in MHCC-

LM3 cells enhanced and XPO5 overexpression in Sk-Hep-1 cells

decreased cell growth ability in soft agar, where si-NC and empty

vector were used as controls. The histogram shows the mean and

standard deviation of three independent experiments. *P\ 0.05;

**P\ 0.01
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provided the in vivo evidence that XPO5 plays tumor-

suppressive roles in HCC cells, in line with the result from

the in vitro assays. Importantly, XPO5 was also identified

as a tumor suppressor in colorectal cancer cells when

similar experiments were employed [8]. We also performed

cell migration assay by transwell chambers. Our data

indicated that XPO5 may mediate the suppression of cell

mobility in vitro. Although there is no report on the role of

XPO5 in cell migration before, a study on Dicer has

provided some insights into the miRNA processing path-

way involved in the regulation of epithelial-to-mesenchy-

mal transition (EMT) [19]. As for the mechanisms by

which XPO5 suppresses cell growth and migration, we

found that E-cadherin and p53 could act as the downstream

effector of XPO5 since the western blot results showed

downregulation of the two factors with XPO5 knockdown.

In addition, after treatment of DAC and TSA, XPO5 is

increased in mRNA level, implying that XPO5 is under

Fig. 4 XPO5 plays suppressive roles in tumor growth of subcuta-

neous xenograft. a Overexpression of XPO5 in Sk-Hep-1 cells

suppressed xenograft tumor growth in nude mice (n = 6), where

those with empty vector were used as a control. b Tumor growth was

also observed in nude mice injected with MHCC-LM3 cells in which

XPO5 was stably knocked down (n = 6). Nude mice were sacrificed

at the end of experiment, and tumors were excised and weighed

Fig. 5 XPO5 knockdown promotes cell migration. PLC/PRF/5 and

MHCC-LM3 cells were stably infected with lentivirus-silencing

XPO5 or control (LV-shXPO5 and LV-shNC), and then these cells

were suffered to determine migration ability through transwell

chambers. The histogram shows the mean and standard deviation of

three independent experiments. *P\ 0.05; **P\ 0.01
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control epigenetically. A previous report has shown that the

promoter region of XPO5 is suffered with DNA methyla-

tion and this alteration in the methylation pattern of XPO5

promoter could be a risk biomarker in breast cancer [13].

As known, miRNAs are short noncoding RNAs that are

involved in a wide range of biological and pathological

processes through regulating target gene expression [20].

Currently, a great number of miRNAs have been identified

as oncogenes or tumor suppressors in various cancer types.

By modulating oncogenic and tumor suppressor pathways,

they could, in principle, control human cancer develop-

ment, progression, or metastasis [21, 22]. A report reveals

that the global downregulation of mature miRNAs is

emerging as a common feature of human cancers [23].

There has also been evidence that global change in miRNA

level was caused by expression alteration and gene muta-

tion in those miRNA processing machineries, such as

Dicer, TRBP, and XPO5 [5, 8]. In terms of XPO5, studies

have shown that the expression alteration or mutation of

XPO5 gene has a significant effect on global miRNA level

since XPO5 acts as the determiner of pre-miRNAs trans-

porting from nucleus to cytoplasm [8]. Besides, XPO5

could also recognize and export a few types of structured

RNAs, including adenovirus VA1 RNA, tRNA, and the

signal recognition particle (SRP) RNA [24–26], along with

certain other proteins, such as STAU2, ILF3, JAZ, and

ADAR1 [27–29]. XPO5 seems to play different roles in

different cell types, which is possibly due to these complex

potential cargoes in tumor. Further studies should be

performed to classify which cargoes are induced to Dys

translocation by XPO5 alteration in HCC or in other can-

cers in future.

In summary, this is the first time the function and

expression of XPO5 in HCC has been explored. Our

findings support the notion that XPO5 functions as a tumor

suppressor in tumor. XPO5 may serve as a potential target

for the therapy of HCC and also help gain some insights

into the conflicting functions of XPO5 in different cancer

cell types.
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