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Abstract
Exportin 5 (XPO5) is a shuttle protein that mediates precursor miRNA (pre-
miRNA) export from the nucleus to the cytoplasm, an important step in miRNA
maturation.We previously demonstrated that XPO5was phosphorylated by ERK
kinase and subsequently underwent conformation change by the peptidyl-prolyl
isomerase Pin1, leading to the reduced miRNA expression in hepatocellular car-
cinoma (HCC). Protein phosphorylation modification serves as a reversible reg-
ulatory mechanism precisely governed by protein kinases and phosphatases.
Here we identified that the phosphatase PP2A catalyzed XPO5 dephosphoryla-
tion. PP2A holoenzyme is a ternary complex composed of a catalytic subunit,
a scaffold subunit, and a regulatory subunit that determines substrate speci-
ficity. In this study, we characterized the involvement of B55β subunit in XPO5
dephosphorylation that favored the distribution of XPO5 into the cytoplasm and
promoted miRNA expression, leading to HCC inhibition in vitro and in vivo.
Our study demonstrates the regulatory role of B55β-containing PP2A in miRNA
expression and may shed light on HCC pathogenesis.
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1 INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most preva-
lent malignancies with high lethality and recurrence
worldwide.1 The onset and progression of HCC involve
multiple external factors combinedwith altered expression
of proteins and noncoding RNAs (ncRNAs). MicroRNAs
(miRNAs) represent small ncRNAs of 20–22 nucleotides
that tunes gene expression at post-transcriptional level
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to maintain homeostasis.2 However, the overall expres-
sion of miRNAs is downregulated in HCC, which is
largely attributed to the defective miRNA biogenesis.3–5
Therefore, clarifying the molecular mechanisms underly-
ing miRNA biogenesis is essential for understanding HCC
pathogenesis.
The canonicalmiRNA biogenesis initiates with the tran-

scription of miRNA genes mainly by RNA polymerase
II into primary transcripts (pri-miRNAs), which can be
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subsequently spliced by RNase III Drosha to produce pre-
cursormiRNAs (pre-miRNAs) with a stem loop structure.6
With the assistance of RanGTP, exportin 5 (XPO5) trans-
ports pre-miRNAs into the cytoplasm, where they fur-
ther undergo cleavage by another RNase III Dicer and
are loaded onto argonaute (AGO) protein to generate the
effector complex called RNA-induced silencing complex
(RISC).7
XPO5-mediated export of pre-miRNAs is an important

step for miRNA maturation.8–11 Overexpression of XPO5
enhances export efficiency and miRNA function.9 During
cell cycle entry, XPO5 can be promptly induced and serves
as a critical molecular hub controlling gene expression via
a global elevation of miRNAs.12 However, the dysregula-
tion of XPO5 occurs in cancer, which yields profound effect
on miRNA expression and aggravates tumorigenesis.13,14
In a subset of tumors with microsatellite instability, a
genetic defect in XPO5 traps pre-miRNAs in the nucleus
and reduces miRNA processing, whereas reexpression of
the wild-type XPO5 reverses the impaired pre-miRNA
export and the aggressive cellular phenotype, indicating
XPO5’s tumor-suppressive property.13 Our previous stud-
ies showed that ERK kinase-mediated phosphorylation of
XPO5 at proline-directed serine/threonine sites, coupled
with the peptidyl-prolyl isomerase Pin1-catalyzed con-
formation change, impaired the nuclear export of pre-
miRNAs and downregulated miRNA expression during
HCC development,15–18 highlighting the important role of
phosphorylation in determining XPO5 function. Phospho-
rylation is a reversible regulatory mechanism precisely
controlled by protein kinases and protein phosphatases.
Given that serine/threonine phosphatase PP2A can coor-
dinate with Pin1 and catalyze the dephosphorylation of
proline-directed serine/threonine sites on many proteins,
such as c-Myc, Cdc25c, and Tau,19,20 we hypothesized that
PP2A could be involved in the dephosphorylation of XPO5.
PP2A belongs to the phosphoprotein phosphatase (PPP)

superfamily andmaintains cellular homoeostasis by coun-
teracting many kinase-driven signals.21 The core enzyme
of PP2A is composed of a scaffold subunit (A subunit)
and a catalytic subunit (C subunit). To achieve full activ-
ity toward particular substrates, the core enzyme further
interacts with a variable regulatory subunit (B subunit) to
constitute the heterotrimeric PP2A holoenzyme.22,23 The
B subunit can fall into four unrelated families: B (B55), B’
(B56), B’’ (B72, B130, PR48, andG5PR), and B’’’ (Striatin).24
The structure of these subunits varies greatly, allowing for
the association of PP2A with diverse substrates. For exam-
ple, the alpha isoform of B55 is responsible for the dephos-
phorylation of threonine 308 of Akt,25 while the alpha iso-
form of B56 interacts with c-Myc and regulates the phos-
phorylation status of serine 62.19 In mammals, both A and
C subunits are ubiquitously expressed, while the abun-

dance and subcellular localization of B subunits are tis-
sue and developmental-stage specific.26 Given that distinct
B subunits associate with the overlapping binding sites
on the A subunit within PP2A core enzyme in a mutu-
ally exclusive manner,27 the B subunit dictates subcellular
compartmentalization and substrate specificity for PP2A.
In this study, we identified that the beta isoform of B55

(B55β)-containing PP2A is involved in the dephosphory-
lation of XPO5, thus facilitating XPO5-mediated miRNA
maturation and HCC suppression. Moreover, the expres-
sion of B55β was downregulated in HCC tumor samples.
Therefore, our findings demonstrate the regulatory role
of B55β-containing PP2A in miRNA expression and HCC
pathogenesis, suggesting a novel target for HCC therapy.

2 RESULTS

2.1 PP2A is responsible for the
dephosphorylation of XPO5

The PPP family members share high homology in the
catalytic subunits.21,23 In order to determine which phos-
phatase is involved in the dephosphorylation of XPO5,
we overexpressed constitutively active MEK (MEKDD) in
HEK-293T cells to activate ERK/XPO5 cascade and sub-
sequently transfected these cells with distinct catalytic
subunits of serine/threonine phosphatases (PP1, PP2B,
and PP2A). The level of phosphorylated XPO5 (p-XPO5)
was decreased upon the overexpression of the C sub-
unit of PP2A (Figure 1A). To further validate the effect
of PP2A on XPO5, we transfected HEK-293T cells with
plasmids expressing myc-tagged XPO5, and immunopre-
cipitated XPO5 protein with antibody to the myc tag.
Clearly, theC subunit of PP2Adownregulates p-XPO5 level
(Figure 1B). To test whether XPO5 protein could complex
with the PP2A core enzyme, co-immunoprecipitation was
performed and the protein complexes were analyzed. As
shown in Figure 1C, XPO5 was specifically recovered with
the C subunit of PP2A. These results indicate that PP2A
participates in XPO5 dephosphorylation.

2.2 The PP2A regulatory subunit B55β
mediates the dephosphorylation of XPO5

Considering that the B subunit determines the specificity
of PP2A substrate, we next tended to identify the B sub-
unit specific for XPO5 dephosphorylation. HEK-293T cells
were transfected with the available B subunits in hand and
p-XPO5 level was measured. As indicated in Figure 2A,
B55β subunit particularly decreased p-XPO5, suggesting
the involvement of B55β in XPO5 dephosphorylation. For
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F IGURE 1 PP2A catalyzes the dephosphorylation of XPO5. (A) HEK-293T cells were transfected with plasmids expressing MEKDD and
different catalytic subunits of serine/threonine phosphatases (PP1, PP2B, and PP2A). The phosphorylated and total XPO5/ERK proteins were
detected via Western blot. (B) HEK-293T cells were transfected with plasmids expressing MEKDD, myc-XPO5 and C subunits of PP2A and
myc-XPO5 was immunoprecipitated from cell lysates. The immunoprecipitates were immunoblotted with the indicated antibodies. (C) The
lysates from HEK-293T cells co-transfected with the indicated plasmids were subjected to immunoprecipitation via anti-myc antibody. The
enriched complexes were immunoblotted with the indicated antibodies. MEKDD: constitutively active MEK; p-XPO5 (416): phosphorylated
XPO5 at serine 416.

F IGURE 2 B55β is specifically engaged in XPO5 dephosphorylation. (A) HEK-293T cells were transfected with plasmids expressing
MEKDD and different regulatory subunits. The phosphorylated and total XPO5/ERK proteins were detected via Western blot. (B) SK-Hep1
cells were transfected with plasmids expressing different regulatory subunits. The phosphorylated and total XPO5 proteins were detected via
Western blot and the protein bands were quantified by ImageJ software. Comparison of the intensity of p-XPO5 bands (using total XPO5 as
loading control) was indicated as fold change relative to ctrl set. (C) SK-Hep1 cells were co-transfected with the indicated plasmids and
myc-XPO5 was immunoprecipitated from cell lysates. The immunoprecipitates were immunoblotted with the indicated antibodies.

further validation in HCC, we also screened these regula-
tory subunits in HCC SK-Hep1 cells. Consistently, overex-
pression of B55β promoted the dephosphorylation of XPO5
(Figure 2B). Moreover, when XPO5 was immunoprecipi-

tated in SK-Hep1 cells following the transfection of B55β,
we observed a marked reduction of p-XPO5 (Figure 2C),
supporting the engagement of B55β regulatory subunit in
XPO5 dephosphorylation.
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2.3 B55β reduces the proliferation,
migration, and invasion abilities of HCC
cells

Compelling evidence highlights that PP2A is functionally
inactivated in cancers, typically through loss of heterozy-
gosity and/or aberrant expression of PP2A subunits.28
Previous studies reported that the B55β-coding gene,
PPP2R2B, was epigenetically silenced due to the upregu-
lation of the histone methyltransferase EZH2 in HCC.29
To verify the expression of B55β in HCC, paired tumorous
samples and their adjacent normal tissues were collected
and analyzed. The results showed that B55β was dramat-
ically reduced in HCC tissues (Figure 3A), suggesting its
tumor-suppressive role in HCC progression. Because SK-
Hep1 and Huh-7 HCC cell lines show the highest and the
lowest p-ERK/p-XPO5 levels among the HCC cell lines we
examined, respectively,16 they were chosen to investigate
B55β function. Based on the decreased expression of B55β
in HCC, we established the stable cell line overexpressing
B55β and scramble vector in SK-Hep1 cells (SK-Hep1 B55β
and SK-Hep1 ctrl). SK-Hep1 B55β cells exhibited a lower p-
XPO5 level as well as a decreased proliferation ability com-
pared to the control cells (Figure 3B–D). Accordingly, B55β
overexpression remarkably suppressed cell migration and
invasion in SK-Hep1 cells (Figure 3E and F).
To further determine the phenotype of B55β in HCC,

Huh-7 stable cell line overexpressing MEKDD (Huh-7
MEKDD) were established to trigger ERK/XPO5 signal-
ing (Figure 3G), along with the promoted cell prolif-
eration ability (Figure 3H and I). However, subsequent
upregulation of B55β decreased p-XPO5 level and rescued
cellular phenotypes (Figure 3G–I), implying that B55β
might exert its antitumor activity via antagonizing ERK-
induced XPO5 phosphorylation. Moreover, we observed a
reversible transformation of cellular morphology in these
transfectants (Supplementary Figure S1), supporting the
regulatory role of B55β in cell movement. To test this,
transwell migration and wound healing assays were per-
formed. As expected, B55β abrogated ERK-induced cell
migration (Figure 3J and K). Collectively, B55β exerts a
tumor-suppressive role in HCC at least in part by counter-
acting ERK-driven signals.

2.4 B55β regulates miRNA expression in
HCC cells

SinceXPO5primarily shuttles between thenucleus and the
cytoplasm to transport pre-miRNAs and our previous find-
ings indicated that ERK-induced XPO5 phosphorylation
trapped XPO5 in the nucleus,15 we next examined whether
B55β-mediated dephosphorylation could impinge on the

subcellular distribution of XPO5. As indicated in Figure 4A
and Supplementary Figure S2A, XPO5 was spread in both
the nucleus and the cytoplasm of Huh-7 cells with low
XPO5 phosphorylation. Increased XPO5 phosphorylation
by ERK activation kept XPO5 in the nucleus, whereas B55β
overexpression recovered the cytoplasmic localization of
XPO5 (Figure 4A and Supplementary Figure S2A). Anal-
ogously, SK-Hep1 B55β cells with lower p-XPO5 showed
more cytoplasmic distribution of XPO5 when compared
with the control cells (Figure 4B and Supplementary
Figure S2B). These findings indicate the involvement of
B55β in modulating the cellular distribution of XPO5.
Given that XPO5-mediated nuclear export is important

for miRNA maturation, we explored whether B55β-
catalyzed XPO5 dephosphorylation affected miRNA
expression. We previously demonstrated that ERK-
triggered XPO5 phosphorylation, coupled with subse-
quent conformation change, hindered the expression
of miR-122 and miR-200b in HCC.15,16 miR-122 is a
hepatocyte-specific miRNA accounting for about 70%
of total liver miRNAs and exerts a dominant role in
liver homeostasis and hepatocarcinogenesis.30–32 Huh-7
cells resemble normal hepatocytes in high abundance
of miR-122.33 In accord with the alternation in XPO5
compartmentalization (Figure 4A), ERK-triggered XPO5
phosphorylation impeded miR-122 expression, which was
rescued by B55β augmentation (Figure 4C). The similar
results were observed in SK-Hep1 cells (Figure 4D).
Additionally, miR-200b, a frequently downregulated
tumor suppressor in a variety of tumors, was also elevated
by B55β-induced XPO5 dephosphorylation (Figure 4D).
Taken together, the expression of these tumor-suppressive
miRNAs is negatively correlated with the level of XPO5
phosphorylation, and the regulatory B55β subunit could
antagonize the effect of ERK kinase on XPO5, thereby
promoting the expression of these miRNAs.

2.5 B55β inhibits cell proliferation and
migration through modulating miRNA
expression

Based on the above findings that the regulatory B55β sub-
unitmodulatesmiRNAexpression, we further investigated
whether B55β exerted its biological significance through
affecting these miRNAs. miR-200b is illustrated to inhibit
tumor metastasis by regulating epithelial-mesenchymal
transition (EMT).34,35 To provide evidence for the engage-
ment of miR-200b in B55β-mediated anti-HCC program,
SK-Hep1 B55β cells were transfectedwith anti-miR-200b to
lower its expression (Figure 5A). As indicated in Figure 5B
and C, B55β-mediated suppression of cell migration
was reversed by the subsequent inhibition of miR-200b,
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F IGURE 3 B55β inhibits growth, migration and invasion abilities of HCC cells. (A) The protein lysates of human HCC and adjacent
normal tissues were subjected to SDS-PAGE and then stained with coomassie blue or immunoblotted with anti-B55β antibody. (B) B55β level
was determined by Western blot in SK-Hep1 stable cell lines with or without B55β overexpression. (C–F) MTT assays (C), cloning formation
(D), transwell migration and invasion assays (E), and wound healing (F) for SK-Hep1 B55β overexpression and ctrl cells. (G) B55β level was
detected by Western blot in Huh-7 stable cell lines with or without MEKDD/B55β overexpression. (H-K) MTT assays (H), cloning formation
(I), transwell migration assays (J), and wound healing (K) for Huh-7 stable cell lines with or without MEKDD/B55β overexpression. Data are
shown as the means ± SD. *p < 0.05.
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F IGURE 4 B55β regulates XPO5 distribution and miRNA expression. (A) Immunofluorescence of subcellular localization of XPO5 (Red)
in Huh-7 cells transfected with the indicated plasmids. (B) Immunofluorescence of subcellular localization XPO5 (Red) in SK-Hep1 Ctrl and
B55β overexpression cells. (C) The miR-122 expression in Huh-7 cells transfected with the indicated plasmids was determined by qRT-PCR.
(D) The expression of miR-122 and miR-200b in SK-Hep1 ctrl and B55β overexpression cells was examined by qRT-PCR. Data are shown as the
means ± SD. *p < 0.05, **p < 0.01.

indicating that the antimigratory activity of B55β is
achieved in part by upregulating miR-200b. Similarly, the
antiproliferative effect of B55β was weakened upon the
inhibition of miR-122 expression (Figure 5D–F), imply-
ing the active involvement of miR-122 in B55β-mediated
regulatory network. Therefore, B55β-mediated HCC inhi-
bition is at least in part through elevating these tumor-
suppressive miRNAs.

2.6 B55β suppresses HCC development
in vivo

We next evaluated the in vivo function of B55β in the HCC
xenograft model. In line with the above findings, B55β sig-
nificantly inhibited tumor growth when compared with
control set (Figure 6A and B). Importantly, p-XPO5 was
downregulated, whereas miR-122 and miR-200b were ele-
vated in SK-Hep1 B55β tumor (Figure 6C andD), indicating
that B55β exerts in vivo anti-HCC role through dephospho-
rylating XPO5 and promoting some miRNA expression.

3 DISCUSSION

The spatial and temporal expression of miRNAs are key
for cell lineage decisions and tissue homeostasis, while
the overall downregulation of miRNA is observed in HCC
and causally involved in tumor development.3–5 Increasing
evidence supports the defect in miRNA biogenesis drives
miRNA dysregulation and subsequent oncogenic transfor-
mation of various cell types.4,5 Our previous work showed
that ERK-induced phosphorylation of XPO5, followed by
Pin1-mediated isomerization, hindered miRNA biogene-
sis in HCC.15–18 However, little is informed about the pro-
cess of XPO5 dephosphorylation. In this study, we revealed
that the serine/threonine phosphatase PP2A specifically
catalyzed the dephosphorylation of XPO5, while this mod-
ulatory mechanism was impaired due to PP2A downregu-
lation in HCC (Figure 7). Further augmentation of PP2A
restored the cytoplasmic distribution of XPO5 and pro-
moted the expression of several tumor-suppressive miR-
NAs. Thus, our study provides new insight into miRNA
dysregulation in HCC.
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F IGURE 5 B55β-induced HCC inhibition is partially attributed to the regulation of miRNA expression. (A) SK-Hep1 ctrl and B55β
overexpression cells were transfected with or without anti-miR-200b, followed by the examination of miR-200b expression via qRT-PCR. (B)
Transwell migration assays and (C) wound healing assays for SK-Hep1 stable cell lines transfected with or anti-miR-200b. (D) miR-122
expression was detected by qRT-PCR in Huh-7 cells transfected with or without anti-miR-122. (E) MTT assays and (F) cloning formation
assays for Huh-7 stable cell lines transfected with or without anti-miR-122. Data are shown as the means ± SD. *p < 0.05.

F IGURE 6 B55β represses HCC progression via tuning miRNA expression in vivo. (A) Photograph and (B) tumor growth curve of
SK-Hep1 ctrl and B55β overexpression xenografts in nude mice. (C) Phosphorylated and total XPO5 as well as B55β in xenografts was detected
by Western blot. (D) miRNA expression in xenografts was measured by qRT-PCR. Data are shown as the means ± SD. *p < 0.05, **p < 0.01.
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F IGURE 7 Schematic diagram of how PP2A modulates miRNA expression. In normal conditions, phosphatase PP2A dephosphorylates
XPO5 and modulating the transport ability of XPO5, thus promoting miRNA expression. In HCC, PP2A downregulation coupled with ERK
activation favors XPO5 phosphorylation, leading to the compromised miRNA expression.

The PP2Aholoenzyme is a ternary complex consisting of
a catalytic subunit, a scaffold subunit, as well as a regula-
tory subunit responsible for recruiting substrates. Among
the available PP2A regulatory subunits in hand, we identi-
fied that the B55β subunit remarkably reduced the level of
p-XPO5 in both HEK-293T and HCC cell lines (Figure 2A
and B), and further confirmed the involvement of B55β
in XPO5 dephosphorylation via immunoprecipitation of
XPO5 upon B55 augmentation and examination of the
phosphorylated status of the recovered protein (Figure 2C).
In viewof the diversity of the PP2A regulatory subunit fam-
ily, we can’t rule out the possibility that other regulatory
subunits are also engaged in the regulation of XPO5 phos-
phorylation.
PP2Aprimarily functions as a tumor suppressor through

tuning the phosphorylation status and the function of
important cancer-associated proteins, such as c-Myc and
p53.19,36,37 Our study identified XPO5 as a potential sub-
strate for B55β-containing PP2A and further clarified that
B55β-containing PP2A can inhibit HCC progression by
promoting XPO5-dependent maturation of several tumor-
suppressive miRNAs, providing another potential mecha-
nism to interpret the anti-tumor role of PP2A. Cancer cells
employ various strategies to evade PP2A-mediated tumor
suppression, such as dysregulation of PP2A subunits and
its binding partners, or loss of phosphatase activity.38–41 For
example, PPP2R2A, the α isoform of B55 regulatory sub-
unit family, is frequently deleted in luminal B breast can-
cers, which adds a significant pathophysiological feature to

this cancer subtype.39 In this study, we examined expres-
sion of B55β subunit in paired HCC and adjacent normal
samples and showed the general downregulation of B55β
in HCC tissues (Figure 3A), supporting it as a potential
target for HCC therapy. Currently, pharmacological strate-
gies for targeting PP2A in human cancer are developed.
For example, small molecules are designed to selectively
promote the assembly of the holoenzyme with specific
subunits.42–44 These findings instill promise for restoring
the function of B55β-containg PP2A in HCC in a selective
manner.
Our findings found that PP2A-mediated dephosphory-

lation of XPO5 restored the biogenesis of several impor-
tant tumor-suppressive miRNAs (e.g., miR-122 and miR-
200b) via antagonizing ERK kinase (Figure 4). MiR-122,
the most abundant miRNA in normal liver, is drasti-
cally downregulated in HCC.45 Deletion of the miR-122
gene leads to hepatocarcinogenesis in mice.31,32 MiR-200b
is another key tumor-suppressive miRNA that inhibits
tumor metastasis through regulating various proteins,
such as ZEB and moesin.34,35,46 However, it is clear that
not all miRNA is governed by PP2A/XPO5 axis. In addi-
tion to the canonical miRNA biogenesis, recent studies
have characterized the alternative pathways for miRNA
processing.6,47 During cellular quiescence, a subset of
pri-miRNAs with a 2,2,7-trimethylguanosine (TMG)-cap
is induced and processed in a XPO5-independent but
XPO1-dependant manner.47 Therefore, miRNA biogen-
esis is much more complex than previously supposed
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and further work is needed to illustrate the detailed
network.

4 MATERIALS ANDMETHODS

4.1 Reagents

Anti-XPO5, anti-actin, anti-PP2A catalytic subunit, anti-
p-ERK, anti-ERK, and anti-myc tag antibodies for West-
ern blot were from Cell Signaling Technology (Danvers,
MA, USA). Anti-B55β antibody for Western blot was pur-
chased fromProteintech (Wuhan, China). Anti-XPO5 anti-
body for immunofluorescence was from Novus Biologi-
cals (USA). Antibodies to the Ser416 phosphorylation site
of XPO5 were generated in collaboration with Lifetein
LLC. Anti-c-Myc agarose beads were from Sigma-Aldrich
(St. Louis, MO, USA). Anti-miRNA oligos were purchased
from GenePharma Company.

4.2 Plasmids

The plasmids B55α (#13804), B55β (#16181), B56α (#14532),
B56β (#14533), B56γ1 (#14534), B56γ3 (#14535), B56δ
(#14536), and B56ε (14537) were bought fromAddgene. The
full length of B55β (#16181, Addgene) cDNAwas subcloned
into the pCDH-CMV-MCS-EF1-copGFP vector.

4.3 Cell culture

SK-Hep1, Huh-7, and HEK-293T cells were cultured in
DMEM medium with 10% fetal bovine serum at 37◦C in
a 5% CO2 incubator.

4.4 Cell transfection

For transient expression, cells were transfected with
plasmids using Lipofectamine 2000 transfection reagent.
Briefly, cells were seeded into 6-well plates at a density of 3
× 105 cells per well and incubated overnight prior to trans-
fection. Plasmids and Lipofectamine 2000 were diluted
separately in Opti-MEM medium (Invitrogen) and left for
5 min at room temperature. The diluted DNA and Lipofec-
tamine 2000 were then gently mixed together at a ratio of
1 μg DNA/2.5 μl Lipofectamine 2000 and incubated for 20
min at room temperature. Finally, the mixture was added
to cells and incubated for a certain time before perform-
ing subsequent experiments. The medium was changed
after 6 h. For lentivirus preparation, HEK-293T cells were
co-transfected with pCDH-CMV-MCS-EF1-copGFP plas-
mids expressing B55β, the packaging plasmid pCMV-dR8.2

dvpr and the envelope plasmid pCMV-VSVG (System Bio-
science). SK-Hep1 and Huh-7 cells were infected with the
resultant lentivirus and stable cell lineswere obtained after
GFP sorting.

4.5 Clinical samples

Primary HCC tumor tissues and the adjacent normal tis-
sues were obtained from West China Hospital with writ-
ten informed consent for research purpose. All procedures
were approved by the Ethics Committee of West China
Hospital of Sichuan University. For total protein prepara-
tion, the patient tissues were cut up and grounded into
powder in liquid nitrogen. Subsequently, RIPA buffer was
added and sonicated, followed by centrifugation at 12,000
rpm for 15min at 4◦C. The resultant supernatantswere col-
lected for Western blot analysis.

4.6 Western blot

Total proteins were extracted with RIPA buffer (25 mM
Tris-HCl, pH 7.5, 0.1% SDS, 1% Nonidet P-40, 1% sodium
deoxycholate, 150 mM NaCl) supplemented with phos-
phatase inhibitor and protease inhibitor cocktail and quan-
tified with the BCA assay. Equal amounts of proteins were
added to each well of SDS-PAGE gels and transferred to
PVDFmembranes (Millipore). After blockingwith 5%non-
fat milk or BSA for 1 h at room temperature, membranes
were incubated with primary antibody at 4◦C overnight
and secondary antibody at room temperature for 1 h. The
chemiluminescence signals were detected using SuperSig-
nal West Dura Extended Duration Substrate (Thermo Sci-
entific).

4.7 MTT assay

Cells were seeded into 96-well plates at a density of 3 ×
103 cells per well and cultured for a certain time. At the
indicated time points, 10 μl of MTT (5 mg/ml, Sigma) was
added into each well and incubated at 37◦C for 3 h. After
the supernatant was removed, the resultant purple for-
mazan crystals were dissolved in DMSO. The absorbance
wasmeasured at awavelength of 570nmbyUV spectropho-
tometer (Thermal Fisher).

4.8 Cloning formation assay

Cells were seeded into 6-well plates at a density of 3 × 103
cells per well and cultured for several days. The plates were
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then fixed by 4% paraformaldehyde (PFA) for 20 min and
stained with 1% crystal violet for 15 min.

4.9 Transwell migration and invasion
assay

Transwell chambers (8.0 μm) with or without Matrigel
coating were used for cell migration and invasion assays.
For migration assay, 1 × 105 cells were suspended in 200 μl
of serum-freemedium and seeded into the top chambers in
the 24-well plate, while medium with 10% FBS was added
into the bottom chambers. For invasion assay, the chamber
was precoated with Matrigel (BD Biosciences) and 2 × 105
cells were seeded in each chamber. After 24 h incubation,
cells in the top chambers were fixed with 4% PFA for 20
min and stained with 1% crystal violet for 15 min.

4.10 Wound healing assays

For wound healing assays, cells were cultured in 6-well
plates to full confluency. The sterilized pipet tips were used
to scratch the monolayer cells. After washing three times
with PBS, cells were cultured in DMEM medium with
0.5% FBS. Images were taken using themicroscope after 48
or 72 h.

4.11 Immunoprecipitation assay

The immunoprecipitation assay was performed as previ-
ously described.16 Briefly, cells were co-transfected with
plasmids expressing myc-XPO5 and B55β. After 48 h of
transfection, cells were collected and lysed with cold
lysis buffer (0.1% NP-40, 100 mM NaCl, 20 mM Tris-
HCl, pH 7.5, 0.5 mM EDTA, and protease and phos-
phatase inhibitor cocktail). After incubation on ice for 15
min, cells were homogenized for 30 strokes. The lysates
were then centrifugated at 2000 × g for 15 min and
subjected to immunoprecipitation with anti-myc agarose
beads (Sigma). Immunoprecipitates were washed three
times with washing buffer (0.5% NP-40, 150 mM NaCl, 0.5
mM EDTA, 20 mM Tris-HCl, pH 7.5). The bound proteins
were eluted with SDS-PAGE loading buffer for Western
blot.

4.12 Immunofluorescence analysis

Huh-7 or SK-Hep1 stable transfectants were seeded on the
glass cover slides and incubated overnight. Then cells were
fixed with 4% PFA, permeabilized with 0.5% Triton X-100,
blocked with 7% BSA, and incubated with anti-XPO5 anti-

body at 4◦Covernight. Afterwashingwith PBS three times,
cells were incubated with Alexa Fluor 647 dye-conjugated
secondary antibodies at room temperature for 1 h and
stained with DAPI solution for 10 min at room temper-
ature. Confocal fluorescence images were acquired using
Leica STELLARIS 5 confocal spectral microscope.

4.13 miRNA quantification

TRIzol reagent (Invitrogen) was used to extract total RNAs
from cells, and M-MLV Reverse Transcriptase Kit (Invitro-
gen) was used to generate cDNAs according to the manu-
facturer’s instructions. qRT-PCR was performed to exam-
ine the levels of mature miRNAs by SYBR Green Master
Mix Kit (Applied Biosystems) and QuantStudio™ 6 Flex
Real-Time PCR System (Applied Biosystems). U6was used
as the internal control. Primers specific for miRNA quan-
tification were ordered from GenePharma.

4.14 Animal experiment

All the procedures in mice experiments were approved by
the Ethics Committee of West China Hospital of Sichuan
University. Mice were randomly assigned to experimen-
tal groups. SK-Hep1 stable cell lines were collected and
suspended at 5 × 106/ml in saline solution with 50%
Matrigel (Corning). Then 100 μl of cells were subcuta-
neously injected into BALB/c nude mice. The length and
width of xenografts were measured every 3 days with
calipers. Tumor volume was calculated using the formula:
volume (mm3) = ab2/2 (a, long diameter; b, short diam-
eter). Proteins and RNAs in xenografts were extracted for
B55β as well as phosphorylated and total XPO5 detection.

4.15 Statistical analysis

The experimental data were represented as the mean ±

SD of at least three biological replicates. Two-tailed Stu-
dent’s t test was used to determine the statistical signif-
icance of parametric data. Statistical tests were analyzed
using GraphPad Prism software. p Values less than 0.05
was considered statistically significant.
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