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Abstract

MicroRNA (miRNA) dysregulation is associated with the tumorigenesis and development of numerous human cancers. The
defect in miRNA biogenesis is the main cause of miRNA dysregulation. We previously demonstrated that ERK-induced
phosphorylation of XPOS5 followed by peptidyl-prolyl cis/trans isomerase Pinl-mediated isomerization downregulates
miRNA expression and contributes to hepatocellular carcinoma (HCC) development. However, how Pinl precisely regulates
miRNA biogenesis in HCC remains elusive. Here we reveal that Pinl has a pivotal role in the miRNA maturation process by
modulating phosphorylated Serine-Proline (pS-P) motif of XPOS in a phosphorylation-dependent manner. By recognizing
and binding to XPOS5 via its WW domain, Pinl catalyzes the conformation change of XPOS5 and diminishes XPOS ability to
export pre-miRNAs from the nucleus to the cytoplasm, resulting in the reduced mature miRNA levels and promoted HCC
development. Furthermore, downregulation of Pinl by shRNA restores XPO5-dependent pre-miRNA export and effective
biogenesis of mature miRNAs, leading to both in vitro and in vivo HCC inhibition. Therefore, our research discloses a new
posttranscriptional regulatory mechanism of miRNA biosynthesis and provides the experimental basis for a novel HCC
therapy by targeting Pinl.

Introduction

MicroRNA (miRNA) is a class of non-coding single-
stranded RNAs with key roles in cellular post-
transcriptional regulation [1]. By inducing target mRNA
degradation and/or translational inhibition, miRNAs parti-
cipate extensively in cell proliferation, differentiation,
apoptosis, and other biological processes. It is well recog-
nized that miRNAs are generally downregulated in many
malignancies [2], and their altered expression is causally
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involved in different steps of tumor development [3—-5]. So
far, compelling evidence has revealed that the defective
miRNA biogenesis, rather than enhanced miRNA degra-
dation, drives aberrant miRNA expression and cancer
development [6]. Thus, investigating the mechanism of
miRNA biogenesis is crucial to understand miRNA dysre-
gulation in human cancers.

miRNA biogenesis can be summarized as the following
steps: (1) transcription of miRNA gene to primary miRNA
(pri-miRNA) by RNA polymerase II; (2) cleavage of
pri-miRNA by Drosha and its cofactor (such as DGCRS)
into precursor miRNA (pre-miRNA) with short hairpin
structure; (3) export of pre-miRNA from the nucleus to the
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Fig. 1 Pinl promotes cell growth, migration and invasion in HCC cells. a Western blotting and b quantification of Pinl expression in human HCC
tumors and their adjacent normal tissues. CB: Coomassie blue staining. ¢, f, i, j Pinl expression measured by western blotting in SK-Hep1-stable
transfectants ¢ or Huh-7 MEKDD stable transfectants f expressing shPinl and shCtrl, in LM3, SK-Hep 1, and Huh-7 cells i, or in LM3 cells with or
without Pinl overexpression j. d, g, k MTT assays for SK-Hep!1 shPinl and shCtrl cells d, Huh7 MEKDD shPin1 and shCtrl cells g, or LM3 Pinl
and LM3 Ctrl cells k. e, h, 1 Transwell migration and invasion assays for SK-Hep1 shPinl and shCtrl cells e, Huh7 MEKDD shPinl and shCtrl
cells h, or LM3 Pinl and LM3 Ctrl cells 1. Error bars indicate + SD. Statistical significance was determined by the Student’s t-test. *P < 0.01.
Experiments were repeated three times.

cytoplasm by the Ran/GTP-dependent transporter exportin-  AGO2 [7]. This process is precisely regulated at multiple
5 (XPOS5); and (4) processing of pre-miRNA by Dicer to  levels, particularly the posttranslational modifications of
produce mature miRNA and subsequent assembly of the  involved proteins. For example, the phosphorylated TRBP
miRNA-associated RNA-induced silencing complex by  protein stabilizes the Dicer—TRBP complex and promotes
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miRNA biosynthesis [8], whereas the phosphorylated
AGO2 protein cannot effectively bind to Dicer, thereby
inhibiting miRNA generation [9].

One of the key proteins participating in miRNA
maturation is XPOS5, which belongs to the karyopherin-f
family and uses the Ran/GTP complex to control cargo
association [10, 11]. The pre-miRNA export by XPOS5 is a
rate-limiting step in miRNA biogenesis [10]. Notably, little
is known about the post-translational regulation of XPOS5.
In this regard, we recently discovered new phosphorylation
modifications of XPOS5. To be specific, ERK-activated
serine/threonine phosphorylation coupled with peptidyl-
prolyl isomerase Pinl-mediated regulation of XPOS5 inhibits
miRNA expression and contributes to hepatocellular carci-
noma (HCC) development [12]. However, the precise
mechanism how Pinl interacts with XPOS5 and impairs
miRNA biogenesis has not been fully elucidated yet.

The peptidyl-prolyl cis/trans isomerase Pinl is a
parvulin-type enzyme containing an N-terminal WW
domain and a C-terminal PPlase domain. The WW domain
specifically recognizes and binds to the phosphorylated
serine/threonine-proline (pS/T-P) motif and the PPlase
domain catalyzes the cis/trans isomerization [13, 14]. Pinl-
mediated switch of protein conformation affects stability,
activity, and phosphorylation status of the substrates [15].
Prevalent overexpression of Pinl occurs in several tumors
including HCC and correlates with poor clinical prognosis
[16]. Mechanistically, overexpressed Pinl has been found
to activate multiple oncogenes and inactivate several tumor
suppressors. For example, Pinl regulates p-catenin protein
turnover and subcellular localization by interfering with its
interaction with adenomatous polyposis coli protein (APC)
[17]. Pinl also interacts with Notchl and potentiates Notchl
cleavage by y-secretase, resulting in an increased release of
the active intracellular domain and ultimately enhanced
Notchl transcriptional and tumorigenic activity in breast
cancer [18]. In addition, Pinl was found to downregulate
tumor suppressor p27"P! expression through inhibiting the
transcriptional activity of FOXO4 [19]. These findings
verify that Pinl plays a central role in tumorigenesis and
tumor development by activating and/or amplifying
numerous cancer-driving pathways [16].

In this report, we demonstrate a novel posttranscriptional
regulatory mechanism of miRNA biogenesis mediated by
Pinl in HCC. Briefly, Pinl interacts with and catalyzes cis/
trans isomerization of XPOS5 in a phosphorylation-
dependent manner, which impairs XPOS activity for
exporting pre-miRNA from the nucleus to the cytoplasm,
leading to decreased miRNA production. Moreover, the
involvement of Pinl in HCC development is achieved, at
least in part, by downregulating miRNA expression.
Knockdown of Pinl restores XPOS function and miRNA
biogenesis, thereby inhibiting HCC proliferation and
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migration. Our findings highlight the importance of post-
transcriptional regulation of miRNA biogenesis in tumors
and provide Pinl as a potential target for HCC treatment.

Results

Pin1 induces cell proliferation, migration, and
invasion in HCC cells

Pinl is overexpressed in several human malignancies
including HCC and has a crucial role in tumorigenesis [16].
Comparing Pinl levels in human HCC tissues with their
adjacent normal tissues, we found upregulated Pinl
expression in human HCC tissues (Fig. la,b), consistent
with previous findings [20-22]. Both SK-Hepl and Huh-7
cell lines were chosen to study Pinl function in HCC,
because they displayed the highest and lowest phospho-
ERK level, leading to different phosphorylation status of
XPOS5 (Supplementary Figure la, 1b, and 1c). To investi-
gate cellular function of Pinl, we established the SK-Hep1-
stable transfectants expressing shPinl (SK-Hepl shPinl)
and scramble vector (SK-Hepl shCtrl) (Fig. 1c). Cell pro-
liferation of SK-Hepl shPinl cells was suppressed com-
pared to shCtrl cells (Fig. 1d). Moreover, Pinl knockdown
significantly reduced cell migration and invasion (Fig. le
and Supplementary Figure 1d). To further examine the
phenotype of Pinl, Huh-7 MEKDD stable transfectants
expressing constitutively active MEK to activate ERK were
established and verified by increased pXPOS5 and pERK
compared with the control cells (Supplementary Figure le).
After the knockdown of Pinl expression in Huh-7 MEKDD
cells (Fig. 1f), cell proliferation, migration, and invasion
were significantly inhibited (Fig. 1g,h and Supplementary
Figure 1f). Besides the above loss-of-function experiments,
we also took advantage of gain-of-function strategy to
confirm the cellular function of Pinl. As LM3 cells dis-
played relatively low expression of Pinl (Fig. 1i), we
overexpressed Pinl in LM3 cells (Fig. 1j). As expected,
upregulation of Pinl expression promoted cell proliferation,
migration, and invasion (Fig. 1k,1). In addition, the
decreased cell proliferation, migration, and invasion in SK-
Hep1-shPinl and Huh7-MEKDD-shPin1 cells were rescued
by the overexpression of short hairpin RNA-resistant Pinl
(R-WT) (Supplementary Figure 1g-11). Therefore, these
results strongly indicate that Pinl promotes cell prolifera-
tion, migration and invasion in HCC cells.

Pin1 interacts with XPO5 in a phosphorylation-
dependent manner

Recently, we demonstrated that Pinl participates in HCC
development by regulating XPOS5 function and miRNA
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expression [12]. To test whether Pinl interacts with XPOS,
co-immunoprecipitation was performed. SK-Hepl cells
were transfected with plasmids expressing myc-tagged
XPOS5 and flag-tagged Pinl, and protein complexes recov-
ered by immunoprecipitation with monoclonal antibody to
the flag tag were analyzed by western blotting. Clearly,
XPO5 was specifically recovered with Pinl (Fig. 2a).
Moreover, we expressed and purified glutathione S-trans-
ferase (GST)-tagged Pinl and GST in Escherichia coli, and
incubated with XPOS5 for GST pull-down assay. As shown
in Fig. 2b, XPOS5 could be pulled down by GST-Pinl,
indicating the direct interaction between XPOS5 and Pinl.
Moreover, co-localization of endogenous Pinl and XPOS5 in
the nucleus was observed by immunofluorescence (Sup-
plementary Figure 2a). The interaction between XPOS5 and
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XPO5 active

Pinl was further confirmed by co-immunoprecipitation
using mice tumor lystaes (Supplementary Figure 2b).

Pin1 protein consists of an N-terminal WW domain and a
C-terminal PPlase domain (Fig. 2¢). To identify the domain
of Pinl responsible for its interaction with XPOS5, we
expressed and purified His-tagged WW domain and PPlase
domain for His-tag pull-down assay. Western blotting
indicated that WW domain, not PPlase domain, specifically
interacts with XPOS5S (Fig. 2d and Supplementary
Figure 2¢). Importantly, W34 A mutant within the Pinl WW
domain, which inactivates the binding of Pinl to its sub-
strate, failed to bind XPOS5 in both SK-Hepl (Fig. 2e) and
Huh-7 MEKDD cells (Supplementary Figure 2d), further
confirming that Pinl WW domain is responsible for the
binding of XPOS5.

SPRINGER NATURE
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Fig. 2 Interaction between Pinl and XPO5 occurs in a
phosphorylation-dependent manner. a SK-Hepl cells were
co-transfected with myc-XPO5 and flag-Pinl or empty vector
expression plasmid. After cell lysis, flag-Pinl was immunoprecipitated
with anti-flag antibody. Immunoprecipitates were immunoblotted with
anti-myc and anti-flag antibodies. b Lysates from SK-Hepl cells
transfected with myc-XPOS5 expression plasmid were incubated with
GST or GST-Pinl. GST pull-down complexes were subjected to SDS-
PAGE and immunoblotted with anti-myc antibody or stained by
Coomassie blue (CB). ¢ Schematic diagram of full length Pinl and its
mutants (W34A and C113A), Pinl WW domain, and Pinl PPlase
domain. d Lysates from SK-Hepl cells transfected with myc-XPOS5
expression plasmid were incubated with His-tagged full-length Pinl
(His-Pinl FL), WW domain (His-Pinl WW), or PPlase domain (His-
Pinl PPlase), respectively. The pull-down complexes by Ni-NTA
agarose beads were subjected to SDS-PAGE and immunoblotted with
anti-myc antibody or stained by Coomassie blue (CB). e SK-Hepl
cells were co-transfected with myc-XPO5 and flag-Pinl (WT, C113A,
or W34A) or empty vector expression plasmid. After cell lysis, flag-
Pinl was immunoprecipitated with anti-flag antibody. Immunopreci-
pitates were immunoblotted with anti-myc and anti-flag antibodies. f
Lysates from SK-Hepl cells transfected with myc-XPOS5 expression
plasmid were incubated with or without CIP before the incubation with
GST or GST-Pinl. GST pull-down complexes were subjected to SDS-
PAGE and immunoblotted with anti-myc antibody or stained by
Coomassie blue (CB). g Lysates from SK-Hepl cells transfected with
myc-XPO5 (WT, 3A, or 3D) or empty vector expression plasmid were
incubated with GST or GST-Pinl. GST pull-down complexes were
subjected to SDS-PAGE and immunoblotted with anti-myc antibody
or stained by Coomassie blue (CB). 3A: T345A, S416A and S497A
mutations; 3D: T345D, S416D and S497D mutations; h Graphic
abstract of the mechanism how Pinl interacts with XPO5

Pin1 is the only peptidyl prolyl isomerase that recognizes
and catalyzes pS/T-P motif [16]. We previously showed that
XPO5 has phosphorylatable S416-P417 and S497-P498
motifs that are critical for its function [12]. To investigate
whether phosphorylation of XPOS5 is indispensable for
XPOS5-Pinl association, we performed an in vitro GST pull-
down assay with or without the treatment of calf intestine
phosphatase (CIP). Dephosphorylation of XPO5 by CIP
abolished the interaction between XPOS5 and Pinl (Fig. 2f
and Supplementary Figure 2e). Moreover, non-
phosphorylatable 3A mutant of XPO5 (3A), but not phos-
phomimetic 3D mutant (3D), failed to be pulled down by
GST-Pinl (Fig. 2g and Supplementary Figure 2f), strongly
demonstrating that this interaction was highly dependent on
XPOS5 phosphorylation. Taken together, these results exhi-
bit that Pinl directly interacts with XPOS5 in a
phosphorylation-dependent manner (Fig. 2h).

Pin1 mediates conformation change of XPO5

Given that Pinl recognizes a pS/T-P substrate and catalyzes
its cis—trans isomerization, we further tested whether XPO5
could be isomerized by Pinl. Partial proteolytic cleavage
assays were performed on myc-XPOS purified from tran-
siently transfected SK-Hepl or Huh-7 MEKDD cell lysates.

SPRINGER NATURE

As shown in Fig. 3a,b, subtilisin, a protease sensitive to
substrate conformation [14], is able to degrade XPOS5 (lane
4), but wild-type Pinl protected XPOS5 from subtilisin-
mediated proteolysis (lane 5), indicating that Pinl mediated
protein conformation change of XPOS. Furthermore, inac-
tive Pinl with C113A mutation in the PPlase domain has no
effect on subtilisin-mediated proteolysis of XPOS5 (lane 6),
suggesting that XPOS5 conformation change was catalyzed
by Pinl PPlase, rather than the steric hindrance caused by
Pinl binding. To further explore whether the pS-P motif of
XPOS is a bona fide Pinl client, we customized two XPOS5
polypeptides (494—499 residues) containing phosphorylated
(SVFpSPS-pNa) or non-phosphorylated (SVFSPS-pNa)
S497 and performed in vitro PPlase activity assay. As
shown in Fig. 3c, wild-type Pinl isomerized the phos-
phorylated S494-S499 peptide rather than the nonpho-
sphorylated peptide, indicating Pinl is specific to pS-P
motif. Moreover, treatment by juglone, a Pinl inhibitor,
significantly impeded isomerization of phosphorylated
peptide, but had little impact on the nonphosphorylated
counterpart (Fig. 3d). These results strongly demonstrate
that Pinl specifically recognizes and isomerizes phos-
phorylated XPOS via the pS-P motif.

Pin1 diminishes the nucleus-to-cytoplasm export of
XPO5 and pre-miRNAs

XPO5 is a transport protein that shuttles between the
nucleus and the cytoplasm in normal cells and we pre-
viously found that phosphorylated XPO5 by ERK kinase
was retained in the nucleus of HCC cells. Thus, we inves-
tigated whether Pinl-induced isomerization could change
the subcellular distribution of XPOS5. In Huh-7 cells with
low XPOS5 phosphorylation, XPOS5 was located in both the
nucleus and the cytoplasm (Fig. 4a). Increased XPOS5
phosphorylation caused by MEKDD-induced ERK activa-
tion led to the retention of XPOS5 in the nucleus, whereas
Pinl knockdown restored the nucleus—cytoplasm distribu-
tion of XPOS, implying that Pinl regulated the nucleus-to-
cytoplasm export of XPOS5 in a phosphorylation-dependent
manner (Fig. 4a). The similar phenomenon was observed in
SK-Hepl cells (Fig. 4b).

Considering that XPOS5 is an indispensable transport
vehicle for pre-miRNAs, we subsequently investigated if
Pinl could influence the pre-miRNA binding capacity of
XPOS5. Based on the abundance and importance of miR-122
and miR-146a during HCC development and our previous
results that SK-Hepl and Huh-7 cells highly express miR-
146a and miR-122, respectively, we chose them as study
objects and synthesized 3'-biotin-labeled pre-miR-146a and
pre-miR-122 for RNA pull-down assay. As expected, Pinl
downregulation in SK-Hepl cells contributed to the inter-
action between pre-miR-146a and XPO5 (Fig. 4c). Huh-7
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Fig. 3 Pinl catalyzes cis/trans conformation change of XPOS5. a, b
Partial proteolytic cleavage assay of XPOS5 immunoprecipitated from
SK-Hep-1 lysates a or Huh-7 MEKDD lysates b using GST, GST-
Pinl, or GST-Pinl C113A. ¢ In vitro isomerization assay of wild-type
Pinl using SVFSPS-pNa and SVFpSPS-pNa as substrates. d In vitro

cells accord with normal hepatic cells in highly expressing
miR-122 [23]; thus, a strong combination of pre-miR-122
and XPOS5 was observed in Huh-7 cells (Fig. 4d). Con-
sistent with XPO5 distribution in Fig. 4a, phosphorylation
of XPOS5 impeded its capacity to bind pre-miR-122,
whereas the lost function was rescued by Pinl knockdown
(Fig. 4d), suggesting that binding of XPOS5 to pre-miRNA
depends not only on the phosphorylation of XPOS5, but also
on the following conformation change catalyzed by Pinl.

To explore whether Pinl-induced dissociation of XPOS5
and pre-miRNAs could affect the location and biogenesis of
pri-/pre-/mature miRNAs, RNA solution hybridization was
performed in HCC cells. As shown in Fig. 4e.f,g, high Pinl
expression resulted in nuclear retention of pre-miRNAs.
Pinl knockdown promoted the nucleus-to-cytoplasm export
of pre-miRNAs and the mature miRNA biogenesis in
shPin1 cells was consequently increased compared to shCtrl
cells. Notably, the pri-miRNAs Ilevels were almost
unchanged after Pinl knockdown, suggesting that Pinl has
no effect on pri-miRNA transcription. Therefore, con-
formational change of XPOS5 mediated by Pinl impaired its
binding capacity to pre-miRNAs, resulting in the pre-
miRNAs retention in the nucleus and the decreased mature
miRNAs biogenesis.

Pin1 promotes cell proliferation, migration through
regulating miRNA biogenesis

As Pinl regulates miRNA expression through impairing the
nucleus-to-cytoplasm transport of pre-miRNAs, we
explored whether Pinl promotes cell proliferation and
migration through downregulating miRNAs biogenesis. As
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SVFpSPS-pNa as substrates. Before the assay, wild-type Pinl was
incubated with or without juglone. Assays were repeated three times.
Error bars represent + SD. Statistical significance was determined by
the Student’s r-test. *P < 0.05, **P < 0.01, ***P < 0.001

expected, the miRNAs acting as tumor suppressors in
human, such as miR-122, miR-200b, and miR-146a, were
significantly increased upon the downregulation of Pinl in
SK-Hepl cells (Fig. 5a). To test whether such miRNAs
were involved in Pinl-mediated tumorigenesis, we trans-
fected antago-miR-200b into SK-Hepl cells to reduce miR-
200b expression (Fig. 5b) and performed wound-healing
experiment, Transwell migration, and invasion assays. As
shown in Fig. 5c,d,e, the differences of cell migratory and
invasive ability between antago-miR-200b- and antago-
scramble-transfected SK-Hep1 shPinl cells were larger than
those in the SK-Hepl shCtrl cells, indicating that Pinl-
induced cell migration and invasion are, at least in part,
mediated by downregulation of miR-200b expression. We
also assessed the miRNA expression in Huh-7 MEKDD-
activated cells. MiR-122, which dominates the miRNA
content in normal liver and is frequently reduced in HCC
[24], was significantly increased in shPinl cells compared
to the shCtrl cells (Fig. 5f). Moreover, overexpression of
short hairpin-resistant Pinl (R-WT) in Huh-7 MEKDD
shPinl cells reduced miR-122 expression (Supplementary
Figure 3a). Upon an inhibition of miR-122 expression by
antago-miR-122, cell proliferation was increased, indicating
that Pinl-induced cell proliferation is attributed to miR-122
downregulation (Fig. 5g,h). It is well known that some
miRNAs act as oncogenic miRNAs in tumors. We further
tested the effect of Pinl on expression of such miRNAs, and
found that Pinl knockdown had negligible effect on some
well-recognized oncomiRNAs, such as miR-21, miR-92a,
and miR-221 (Supplementary Figure 3b). We cannot rule
out the possibility that Pinl affects the expression of some
oncogenic miRNAs. In views of the fact that miR-122
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Fig. 4 Pinl impairs pre-miRNA binding capacity of XPOS5. a, b
Confocal imaging of XPOS5 (Green) subcellular localization in Huh-7
non-activated, MEKDD-activated, and MEKDD-activated shPin1 cells
a, or in SK-Hepl shCtrl and shPinl cells b. ¢ Lysates from SK-Hepl
shCtrl or shPinl cells were incubated with 3'-biotin-labeled pre-miR-
146a. Biotin pull-down proteins were subjected to Western blotting. d

accounts for ~ 70% of the liver’s total miRNAs [24], change
of miR-122 expression level has an overwhelming effect
and may counteract the opposite impact caused by
oncogenic miRNAs with low abundance. Taken together,
Pinl-increased cell proliferation, migration, and
invasion in HCC cells are in part mediated by its
downregulation of some tumor suppressive miRNA
expression.

Pin1 induces HCC development in vivo by
modulating miRNA expression

We further tested our findings in vivo upon establishing
xenograft models in nude mice. As shown in Fig. 6a,b, the
tumor growth of SK-Hepl shPinl tumor was significantly
slower than that of the shCtrl group, exhibiting the tumor-
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Lysates from Huh-7-stable transfectants expressing empty vector,
MEKDD, MEKDD plus shCtrl, or MEKDD plus shPinl were incu-
bated with 3'-biotin-labeled pre-miR-122. Biotin pull-down proteins
were subjected to western blotting. e, f, g RNA solution hybridization
assays to examine pri-miRNA, pre-miRNA, and mature miRNA levels
of miR-146a e, miR-200b f, and miR-122 g

promoting role of Pinl in vivo. Consistent with the dis-
closed in vitro mechanism, tumor suppressive miRNAs
were also increased in SK-Hepl shPinl tumor (Fig. 6¢,d).
We also evaluated the Pinl function in Huh-7 xenografts
models. In agreement with the SK-Hepl model, Huh-7
shPinl tumor displayed lower growth rate and upregulated
miR-122 expression when compared with the Huh-7 shCtrl
group (Supplementary Figure 4). These data demonstrated
that Pinl promotes HCC tumor growth in vivo, at least in
part, by modulating some miRNA expression.

Discussion

Aberrant expression of miRNAs widely occurs in human
malignancies and the impaired miRNA biogenesis is the
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Fig. 5 Involvement of Pinl in HCC progression is partially mediated
by its regulated miRNA. a MiRNA expression in SK-Hep! shCtrl and
shPinl cells was examined by qPCR. b SK-Hepl shCtrl and
shPinl cells were transfected with antago-scramble or antago-miR-
200b. After the transfection, miR-200b expression was examined by
gPCR. ¢, d, e Transwell migration assays ¢, wound-healing assays d,
and Matrigel invasion assays e for SK-Hepl shCtrl and shPinl cells
transfected with antago-scramble or antago-miR-200b. f miR-122

main cause of miRNA dysregulation. During miRNA bio-
genesis, XPOS5-mediated nucleus-to-cytoplasm export of
pre-miRNAs is an indispensable step for miRNA matura-
tion [25, 26]. With the assistance of Ran-GTP, XPOS5 binds
to the 3’-overhang of pre-miRNAs by hydrogen bonds and
ionic interaction, and encapsulates pre-miRNAs in a base-
ball mitt-like structure to protect it from degradation in a
sequence-independent manner [27]. Increasing evidences
show that genetic disorders of XPOS5 gene are implicated in
human cancers. For example, XPOS5-inactivating mutation
in a subset of colorectal tumors traps pre-miRNA in the
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expression in Huh-7 MEKDD shCtrl and MEKDD shPinl cells was
examined by qPCR. g miR-122 expression measured by qPCR in Huh-
7 MEKDD shCtrl and MEKDD shPinl cells transfected with antago-
scramble or antago-miR-122. h MTT assays for Huh-7 MEKDD
shCtrl and MEKDD shPin1 cells transfected with antago-scramble or
antago-miR-122. In a, b, f, g, and h, assays were repeated three times.
Error bars represent + SD. Statistical significance was determined by
the Student’s r-test. *P < 0.05, **P <0.01, ***P <(0.001

nucleus and reduces miRNA expression [28], and the single
nucleotide polymorphisms in XPOS5 gene are associated
with prognosis and survival rate of HCC [29]. However,
little has been reported regarding XPOS5 regulation at pro-
tein level in human cancers. Although our recent work
suggests the involvement of Pinl in miRNA biogenesis, the
detailed mechanism how Pinl regulates XPOS still keeps
obscure. In this study, we present that Pinl directly binds to
the phosphorylated XPOS5, mediates the change of XPOS5
protein conformation and impairs its nucleus-to-cytoplasm
transport ability, thus leading to decreased miRNA
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Fig. 6 Pinl promotes HCC development by modulating miRNA
expression in vivo. a Photograph of SK-Hepl shCtrl and shPinl
xenografts in nude mice. b Tumor volumes of SK-Hepl shCtrl and
shPinl xenografts in nude mice. Graphic data shown as the means +
SD. ¢ Pinl expression in SK-Hep!l shCtrl and shPinl xenografts was

expression and increased cell proliferation, migration, and
invasion in HCC cells.

Pinl is the only enzyme that catalyzes the cis/trans
isomerization of pS/T-P motif and its prevalent over-
expression in tumors is closely related to tumor develop-
ment [16, 30]. In HCC, Pinl expression is elevated,
contributing to hepatic carcinogenesis [20, 21]. Moreover,
higher Pinl expression is significantly associated with
shorter overall survival and higher recurrence rate in HCC
patients [22]. MiRNA expression is generally down-
regulated in human tumors and has a significant negative
correlation with Pinl expression. For instance, miR-296
functions as tumor suppressive miRNA by targeting Pinl in
prostate cancer [31] and decreased expression of miR-200
family contributes to Pinl overexpression and promotes
cancer stem-like cell traits in breast cancer [32, 33]. How-
ever, how Pinl affects miRNA expression has not been
elucidated. In this study, we found that Pinl can in turn
inhibit the expression of tumor suppressor miRNAs,
including miR-200b (Figs. 4f, 5a, and 6d), which may serve
as a positive feedback loop of Pinl overexpression in
cancer.

By performing partial proteolytic cleavage assay and
in vitro isomerization assay, we proved that Pinl recognizes
and catalyzes cis/trans isomerization of pS-P motif of
XPOS (Fig. 3). In fact, both the cis- and trans-conformation
exist naturally owing to spontaneous equilibration, although
trans-conformation is a more beneficial one [34]. We also
exhibited that, via GST pull-down and co-IP assays
(Fig. 2d,e), Pinl directly binds at its WW domain to XPOS5.
It has been proposed that the WW domain of Pinl interacts
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examined by western blotting. d miRNA expression in SK-Hepl
shCtrl and shPinl xenografts was measured by qPCR. Assays were
repeated three times. Error bars represent + SD. In b and d, statistical
significance was determined by the Student’s -test. **P < 0.01, ***P
<0.001

with the frans-conformation of pS/T-P motif [35], thus, we
speculated that Pinl isomerizes pS-P motif on XPOS5 from
the trans-conformation to the cis-conformation. Moreover,
we have found that PP2A, a phosphatase specific for the
trans-pS/T-P  isomer [36], catalyzes XPOS5 depho-
sphorylation, which can be prevented by Pinl-induced
isomerization (data not shown), indicating a trans-to-cis
conformation change of XPOS5 mediated by Pinl. However,
further structural and functional researches are still needed
to fully elucidate the dynamic isomerization process.

The isomerization of XPOS5 impedes the nucleus-to-
cytoplasm export of several tumor suppressor miRNAs
(miR-146a, miR-200b, and miR-122) in HCC (Fig. 4e,f,g).
Among the tested miRNAs, miR-146a inhibits invasion and
metastasis by down-regulating VEGF in HCC [37], miR-
200b suppresses breast cancer metastasis in a moesin-
dependent manner [38], and the anti-HCC function of miR-
122 is unequivocally confirmed in miR-122-deletion mouse
model [39]. Our work demonstrated that Pinl-mediated
conformation change of XPOS5 reduces the biogenesis of
these tumor suppressive miRNAs. Whereas it is undeniable
that not all miRNA biogenesis is regulated through Pinl/
XPOS5 axis, as XPOS5 is the major but not the only trans-
porter of pre-miRNAs. A subset of miRNAs are generated
in a XPO5-independent manner [40]. Thus, our findings
provides a novel insight into the understanding of post-
transcriptional regulation of miRNA biogenesis, but the
whole process of miRNA biogenesis in human cancer needs
continued profiling in future.

In summary, Pinl modulates the biogenesis of tumor
suppressive miRNAs and promotes HCC development by
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catalyzing the conformational change of pS-P motif of
XPOS5. Our study gains an insight into the novel post-
transcriptional mechanism of miRNA biogenesis modulated
by Pinl/XPOS5 axis and suggests that Pinl is a potential
promising target for HCC treatment.

Materials and methods
Antibodies and reagents

Anti-Pinl and anti-XPOS5 antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA) and anti-
myc tag antibody was obtained from Santa Cruz (CA,
USA). Anti-flag tag antibody was provided by Huaan
Biotechnology (Hangzhou, China). Anti-XPOS5 antibody for
immunofluorescence was obtained from Novus Biologicals
(USA). Anti-Flag M2 agarose beads and anti-c-Myc agar-
ose beads were purchased form Sigma-Aldrich (St. Louis,
MO, USA). Glutathione-Sepharose and Ni-NTA agarose
were obtained from GE Healthcare (USA).

Plasmids

The full-length Pinl (#19027, Addgene) cDNA was sub-
cloned into the pCMVS5-flag vector. Pinl W34A and
C113A mutants were generated from pCMV5-Flag-Pinl by
QuikChange Site-Directed Mutagenesis Kit (Stratagene)
according to the manufacturer’s protocol. His-Pin1 FL (full-
length), His-Pinl WW, and His-Pinl PPlase were kindly
provided by Dr. Yih-Cherng Liou at Department of Biolo-
gical Science, National University of Singapore, Singapore.
The plasmids myc-XPOS5 (#12552, Addgene), GST-Pinl
(#19027, Addgene), and siPin1 (TRCN0000010577, sigma)
were bought from companies. The plasmids myc-XPO5 3A,
myc-XPO5 3D, and MEKDD were kindly provided by Hui-
Lung Sun at Department of Biochemistry and Molecular
Biology, Institute for Biophysical Dynamics, Howard
Hughes Medical Institute, University of Chicago, Chicago,
linois.

Cell culture

SK-Hep-1, Huh-7, LM3, HepG-2, and SNU-423 cells were
cultured in Dulbecco’s modified Eagle's medium (DMEM)
medium supplemented with 10% fetal bovine serum (FBS)
at 37 °C in a 5% CO, incubator.

Cell transfection

Cells were seeded overnight and transfected with Lipo-

fectamine 2000 in accordance with the manufacturer’s
instructions. The ratio of DNA to Lipofectamine 2000 is 1
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pg: 2.5 pl. Briefly, DNA and Lipofectamine 2000 were first
diluted into Opti-MEM medium (Invitrogen) separately and
stand at room temperature for 5 min. Then gently combined
the diluted DNA and Lipofectamine 2000 together, and
incubated at room temperature for 20 min. Lastly, the
mixture was added onto cells and incubated for certain time
for experiments. For lentivirus preparation, 293T cells were
transfected with pLKO.l-derived plasmid with siPinl,
packaging plasmid pCMV-dR8.2 dvpr, and envelope plas-
mid pCMV-VSVG (System Bioscience). The resultant
lentivirus infected SK-Hepl or Huh7 cells, and the stable
transfectants were obtained after selection by puromycin.

Patient samples

Primary HCC tumor tissues and their adjacent normal tis-
sues were collected from West China Hospital (China),
which was approved by the Ethics Committee of West
China Hospital of Sichuan University. Written informed
consent for research purposes was provided for the patients.
To examine Pinl expression in patients’ tissues, total pro-
teins were prepared from HCC tumor tissues and their
adjacent normal tissues. Briefly, the patients’ tissues were
dissected into small pieces, and grounded into powder in the
liquid nitrogen. Subsequently, cell lysates were obtained by
adding RIPA buffer into the powder and sonicated to effi-
ciently lyse the cells, followed by centrifugation at 12,000 r.
p-m. for 15min at 4 °C. The resultant supernatants were
subjected to western blotting analysis.

Western blotting

Total proteins were extracted in RIPA buffer (25 mM
Tris-HCI, pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 1%
sodium deoxycholate, 0.1% SDS, 1 x phosphotase inhibitor
and protease inhibitor cocktail, and separated on SDS-
polyacrylamide gel electrophoresis (PAGE) gel and elec-
troblotted onto polyvinylidene difluoride membrane (Mil-
lipore). The membrane was blocked for 1h at room
temperature in 5% non-fat dry milk or bovine serum albu-
min (BSA) in TBST buffer (20 mM Tris-HCI, pH 7.5,150
mM NaCl, and 0.1% NP-40), then incubated with the pri-
mary antibody at 4 °C overnight, washed, and incubated
with horseradish peroxidase-conjugated secondary antibody
for 1h. Blots were developed with SuperSignal chemilu-
minescent substrate (Pierce).

MTT assay
Cell viability was determined using the standard MTT (3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-

mide) assay. Briefly, 3,000 cells were seeded into 96-well
plate and cultured for certain time. Then MTT (Sigma) was
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added and incubated for 3 h, the resultant purple formazan
crystals were dissolved in 100 pl dimethyl sulfoxide, and
the absorbance was measured by UV spectrophotometer
(Thermal Fisher) at a wavelength of 570 nm.

Transwell migration assay, Matrigel invasion assay,
and wound-healing assays

Cell migration assay was performed using Transwell
chamber (Millipore) and cell invasion assay was done with
chambers uniformly covered with Matrigel (BD Bios-
ciences). Cells were suspended in serum-free DMEM
medium and seeded in the top chambers, whereas DMEM
supplemented with 10% FBS was added into the bottom
chambers. After 24 h, the top chambers were fixed by 4%
paraformaldehyde for 20 min and stained with 1% crystal
violet for 15 min. For wound-healing assay, cells were
cultured in the six-well plate to full confluency and scrat-
ched using a sterilized pipet tip. After washing three times
with phosphate-buffered saline (PBS), the cells were cul-
tured in DMEM medium containing 0.5% FBS. Images
were recorded using microscope after certain time.

Production and purification of recombinant proteins

E. coli BL21(DE3) harboring GST-tag, or His-tag fusion
construct, or empty vector was grown to Agyonm = ~ 0.8 in
Luria-Bertani (LB) medium supplemented with 100 pg/ml
ampicillin at 37 °C, then induced overnight by isopropyl
B-D-thiogalactoside (IPTG) to produce target protein at
16 °C. The bacteria were collected and resuspended in PBS
for sonication to lyse the cells. After centrifugation
(11,000 X r.p.m., 4 °C, 15 min). the resultant supernatants
were subjected to Glutathione Sepharose 4B (GE) for
GST-tag protein purification, or Ni-NTA column for
His-tag protein purification, in accordance with the
manufacturer’s instructions.

Immunoprecipitation and pull-down assay

For co-IP assay, cells were co-transfected with myc-XPOS5
and Flag-Pinl or Pinl mutant expression plasmids. Forty-
eight hours later, cells were collected and suspended in the
lysis buffer (100 mM NaCl, 20 mM Tris-HCI, pH 7.5, 0.5
mM EDTA, 0.1% NP-40, and protease and phosphatase
inhibitor cocktail (Thermo Fisher Scientific). After incuba-
tion on ice for 15min, cells were homogenized with
30 strokes of a homogenizer. Then the cell lysates were
clarified by centrifugation at 2,000 x g for 15 min and
immunoprecipitated with anti-Flag M2 agarose beads
(Sigma). The bound proteins were subjected to SDS-PAGE
and western blotting. For pull-down assay, cell lysates
containing myc-XPOS5 were incubated with purified GST-
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Pinl or His-Pinl protein at 4 °C for 4h, and then with
Glutathione Sepharose or Ni-NTA agarose beads for
another 1h at 4 °C. The pulled-down proteins were sub-
jected to SDS-PAGE and immunoblotted with anti-myc
antibody.

Partial proteolytic cleavage assay

Lysates from SK-Hepl cells transfected with myc-XPOS5
expression plasmid were incubated with anti-c-Myc agarose
beads. Purified myc-XPOS5 was incubated with GST, GST-
Pinl, or GST-Pinl (C113A) protein in the buffer containing
50 mM HEPES (pH 7.5), 100 mM NaCl, 1 mM MgCl,, and
phosphatase inhibitors at 20 °C for 30 min. Subtilisin A
(Sigma-Aldrich) was added for proteolytic cleavage at 4 °C.
One minute later, SDS sample buffer was added to stop the
reaction and the supernatants were subjected to
immunoblotting.

In vitro isomerization assay

GST-Pinl protein (80 nmol/l) was pre-incubated with or
without juglone (5 pM) for 10 min at room temperature and
then added to the reaction buffer containing 50 mM HEPES
(pH 7.5), a-chymotrypsin (6 mg/ml, Sigma), and synthe-
sized phosphorylated or non-phosphorylated polypeptide of
S497P motif on XPOS5 (50 pmol/l) at room temperature. The
absorbance of the released 4-nitroaniline was immediately
monitored at 390 nm for 180 s.

Immunofluorescence analysis

Cells after treatments were fixed in 4% paraformaldhehyde,
permeabilized with 0.5% Triton X-100, blocked with 5%
BSA, and incubated with primary anti-XPO5 or anti-Pinl
antibody at 4 °C overnight, followed by incubation with
Alexa Fluor dye-conjugated secondary antibodies for 1h.
Nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI) for 5min at room temperature before mounting.
Confocal fluorescence images were captured using Leica
TCS SP5 II confocal spectral microscope.

RNA pull-down assay

Synthetic pre-miRNAs (Sigma-Aldrich) were denatured at
65 °C for 5 min and then cooled down to room temperature
in the buffer (10 mM HEPES, 10 mM MgCl,, 0.1 M NaCl).
Cells transfected with myc-XPOS5 expression plasmid were
lysed by sonication in the buffer containing 150 mM NaCl,
20mM Tris-HCI (pH 7.5), 0.5 mM EDTA, 0.5% NP-40,
protease, and phosphatase inhibitor cocktail (Thermo Fisher
Scientific) and RNase Inhibitor (Invitrogen). After cen-
trifugation, the resultant supernatants were incubated with
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the above prepared pre-miRNAs at 4 °C for 4 h, followed by
incubation with Dynabeads MyOne Streptavidin T1 (Invi-
trogen) for another 1 h at 4 °C. Then the pull-down proteins
were subjected to western blotting.

RNA solution hybridization

Nuclear and cytoplasmic RNAs of SK-Hepl or Huh-7 cells
were extracted by PARIS kit (Ambion) according to the
manufacturer’s protocol. Oligonucleotide probes (miR-
146a: 5-AACCCATGGAATTCAGTTCTCA-3"; miR-
200b: 5-TCATCATTACCAGGCAGTATTA-3'; miR-122:
5'-AAACACCATTGTCACACTCCA-3") were labeled
with [y-32P]-ATP (PerkinElmer) by T4 polynucleotide
kinase (NEB). RNA samples were hybridized with oligo-
nucleotide probes for 3 h at 42 °C. Hybridized RNAs were
subjected to non-denaturing-PAGE and transferred onto
nitrocellulose membranes, and then examined by
autoradiography.

miRNA quantification

Total RNAs were extracted by TRIzol reagent (Invitrogen)
and the cDNAs were generated by M-MLV Reverse Tran-
scriptase Kit (Invitrogen). The mature miRNA levels were
examined by SYBR Green Master Mix Kit (Applied Bio-
systems) using U6 as control. Primers for miRNA quantif-
cation were purchased from GenePharma Company.

Xenografts in nude mice

The procedures involved in mouse experiments were
approved by the Ethics Committee of West China Hospital
of Sichuan University. SK-Hepl cells were collected and
suspended in saline solution containing 50% Matrigel
(Corning) at 5 x 10’/ml and Huh-7 cells were suspended at
3% 107/ml. Then 100pl of cells were subcutaneously
injected into Balb/c nude mice. Tumor volume was exam-
ined and calculated using the formula: volume (mm3) =ab’/
2 (a, long diameter; b, short diameter). After tumors were
removed from mice, proteins and RNAs in tumors were
isolated for Pinl and miRNAs detection.
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