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Article

ROCK-dependent phosphorylation of NUP62
regulates p63 nuclear transport and squamous cell
carcinoma proliferation
Masaharu Hazawa1,2,3,†,* , De-Chen Lin4,5,†, Akiko Kobayashi2, Yan-Yi Jiang4, Liang Xu4,

Firli Rahmah Primula Dewi2, Mahmoud Shaaban Mohamed2, Hartono2, Mitsutoshi Nakada1,6, Makiko

Meguro-Horike7, Shin-ichi Horike1,7, H Phillip Koeffler4,5 & Richard W Wong1,2,3,**

Abstract

p63, more specifically its DNp63a isoform, plays essential roles in
squamous cell carcinomas (SCCs), yet the mechanisms controlling
its nuclear transport remain unknown. Nucleoporins (NUPs) are a
family of proteins building nuclear pore complexes (NPC) and
mediating nuclear transport across the nuclear envelope. Recent
evidence suggests a cell type-specific function for certain NUPs;
however, the significance of NUPs in SCC biology remains
unknown. In this study, we show that nucleoporin 62 (NUP62) is
highly expressed in stratified squamous epithelia and is further
elevated in SCCs. Depletion of NUP62 inhibits proliferation and
augments differentiation of SCC cells. The impaired ability to main-
tain the undifferentiated status is associated with defects in
DNp63a nuclear transport. We further find that differentiation-
inducible Rho kinase reduces the interaction between NUP62 and
DNp63a by phosphorylation of phenylalanine–glycine regions of
NUP62, attenuating DNp63a nuclear import. Our results character-
ize NUP62 as a gatekeeper for DNp63a and uncover its role in the
control of cell fate through regulation of DNp63a nuclear transport
in SCC.
Subject Categories Cancer; Membrane & Intracellular Transport
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Introduction

Squamous cell carcinomas (SCCs) are lethal malignancies arising

from the stratified epithelia of skin, esophagus, cervix, and the head

and neck. Genomic analysis of SCCs identified genomic amplifi-

cation of TP63 in up to 30% of tumors, with overexpression of its

mRNA in the majority of SCCs [1–4].

TP63, a p53 homolog, is a master transcriptional regulator of

epithelial development and maintenance [5–12]. Deletion of TP63

during embryogenesis resulted in the absence of skin and limbs

[5,6]. TP63 contains two different promoters to drive two distinct

isoform classes either with or without N-terminal transactivation

domain, TAp63 and DNp63, respectively [9–11]. In addition, both

TAp63 and DNp63 have three variants with different C-termini (a, b,
and c) generated by alternative splicing [9–11]. DNp63a is the promi-

nent isoform in adult epidermis [7,13,14], where it contributes to

self-renewal ability or stemness [5–8,15–17]. Of note, pharmacologi-

cal inhibition of ROCK, a differentiation-inducible serine/threonine

kinase [18,19], resulted in induction of continuous proliferation abil-

ity with elevated DNp63a expression in keratinocytes [20].

In the context of cancer, the major isoform of p63 detected in SCC

is also DNp63a [21–25]. DNp63a functions as a transcriptional regula-

tor of different gene subsets [13,26,27]. Forced expression of DNp63a
was sufficient to drive proliferation and tumorigenesis [24], while

inducible genetic deletion of TP63 blocked chemical-induced SCC

formation [23], underscoring DNp63a as an oncogenic transcription

factor in SCCs. Although the role of DNp63a has been established, the

process controllingDNp63anuclear transport remains poorly understood.

The nuclear pore complex (NPC) is the sole gateway between the

nucleus and the cytoplasm [28–33]. NPCs consist of multiple copies

of roughly 30 different proteins known as nucleoporins (NUPs).
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About one-third of NUPs, including NUP62, contain unstructured

phenylalanine–glycine (FG) repeats, which form a soft and flexible

cobweb composed of ~200 intrinsically disordered polypeptide

chains, mediating selective nucleocytoplasmic transport [34,35].

Recently, new evidence suggests that NPC composition varies among

different cell types and tissues, and this heterogeneity is required for

distinct biological processes such as muscle development, neurogen-

esis, and embryonic stem cell pluripotency [36–41]. Importantly,

single NUP mutation resulted in developmental defects and diseases

[42], highlighting the significant role of NUPs in maintaining tissue

homeostasis. However, whether and how NUPs are involved in the

biology of stratified squamous epithelia remains largely unknown.

Here, we demonstrate that the expression of NUP62, one of FG-

NUPs, is abundant in stratified epithelia. Aberrant overexpression of

NUP62 is evident in human SCCs. NUP62 expression is required to

maintain undifferentiated status of SCCs through regulating DNp63a
nuclear transport. Mechanistically, pro-differentiation ROCK kinase

negatively regulates this DNp63a nuclear transport by limiting the

interaction between DNp63a and NUP62 through phosphorylation

of the FG regions of NUP62.

Results

Identification of NUP62 as a novel differentiation-preventing
factor in SCC

To explore the expression profile of NUPs in healthy human tissues,

we re-analyzed RNA-seq data from The Human Protein Atlas (see

Materials and Methods). The transcript levels of six NUPs (NUP107,

NUP85, NUP62, NUP54, NUP188, and TPR) were higher in repre-

sentative stratified epithelia, skin, and esophagus relative to other

NUPs (Fig 1A). Among them, NUP62 was the only gene displaying

increased expression during induction of the epidermal lineage

(Fig 1B). To examine expression profile of NUP62 in skin tissue, we

performed immunofluorescent confocal microscopic analysis using

healthy human skin sample (Fig 1C). We found that NUP62 was

expressed in the undifferentiated layer, indicating NUP62 is

expressed in the progenitor population.

In order to determine the expression profile of NUPs in SCC, we

compared the expression of above six NUPs mRNAs in normal

versus tumor samples using data from both the RNA-sequencing

from The Cancer Genome Atlas (TCGA) and the cDNA microarray

data from Gene Expression Omnibus (GEO; series GSE7410). We

found that NUP62 was the top gene with consistent overexpression

in primary SCC samples from both head and neck (Fig 1D) and

cervix (Fig 1E).

To dissect the role of the above six NUPs in SCC growth, we indi-

vidually silenced expression of each NUP (Figs 1F and EV1A), and

identified that NUP62 is required for the proliferation of SCC cells

(Figs 1G and EV1B). Next, we investigated whether other highly

expressed NUPs in SCCs (NUP62, NUP107, NUP85, and NUP54) regu-

late epidermal differentiation. We queried TCGA datasets to determine

co-expression profiles among these NUPs and epidermal differentia-

tion genes such as IVL and small proline-rich protein 1B (SPRR1B).

NUP62 was the only NUP showing an inverse correlation with both

IVL and SPRR1B (Pearson Score < �0.3; Fig 1H). Moreover, NUP62

depletion activated these epidermal differentiation genes, a result not

observed in any other NUPs (Fig 1I). Taken together, these data

strongly suggest that NUP62 has cell type-specific function to prevent

epidermal differentiation induction in SCCs.

NUP62 is required for the proliferation and prevent of
differentiation of SCC cells

To study the biological role of NUP62 in SCC, we silenced NUP62 in

a number of cell lines from cervical SCC (CSCC) and head and neck

SCC (HNSCC) by siRNA-mediated knockdown (Fig 2A). Notably,

silencing of NUP62 strongly inhibited the proliferation of various

types of SCC cells (Fig 2B). Several cell lines, including ME-180,

UMSCC1, and Ca9-22, barely grew in the absence of NUP62. Simi-

larly, shRNA-mediated NUP62 depletion resulted in significant

reduction in short-term cell proliferation and foci formation of SCC

cells (Fig EV1C–E).

As lack of differentiation is a hallmark of SCC, we measured

levels of molecular markers associated with squamous cell differen-

tiation such as SPRR1B, IVL, filaggrin (FLG), and loricrin (LOR).

Silencing NUP62 enhanced the expression of these genes (Fig 2C).

Interrogation of TCGA RNA-seq datasets showed that expression

levels of these differentiation related genes are inversely related to

levels of NUP62 (Fig 2D). Taken together, these data strongly

suggest that NUP62 is a functional requisite for SCCs.

▸Figure 1. Identification of NUP62 as epidermal differentiation-preventing factor in SCC.

A Heat map representing NUPs transcript levels across healthy tissues including skin, esophagus, bone morrow, brain, muscle, salivary grand, pancreas and liver from
The Human Protein Atlas (see URLs).

B Human H1 embryonic stem cells were differentiated to keratinocyte progenitors in vitro, and their global RNA expression profiles during differentiation were
analyzed using RNA-seq. Rectangle highlights NUP62.

C Expression profiles of NUP62 and IVL in normal skin tissue. Bar = 30 lm.
D Heat map showing the expression of NUP62 in non-tumor tissue, and primary head and neck squamous cell carcinoma (HNSCC) samples from TCGA. SI, SII, SIII, SIV

denote stages I, II, III and IV.
E NUPs expression levels in cervical squamous cell carcinoma (CSCC) samples. NUP62 mRNA levels were retrieved from GEO (accession number is shown above the

figure). Five data in healthy human samples (N) and 40 data in tumor patients (T). P values are based on unpaired two-tailed t-test with **indicating P < 0.01. n.s.
indicates not significant.

F Western blot analysis of each NUP in SCC cells at 72 h after siRNA-mediated knockdown.
G Plot showing the correlation between average effect of NUP depletion on SAS cell growth and differential gene expression (normal tissue versus HNSCC from TCGA).

NUP62 was highlighted in orange. TP63 was marked in purple as positive control for oncogene. Data show mean from two independent experiments (n = 2).
H Summary of correlation coefficient between each NUPs mRNA and epidermal differentiation genes (SPRR1B and IVL) in head and neck SCC from TCGA.
I qRT–PCR analysis of genes associated with epidermal differentiation after individual depletion of each NUPs. Transcripts of each gene with scrambled siRNAs is

considered 1.0. Data show mean � SD (n = 3; NUP62i) or mean (n = 2; others). P values are based on one sample t-test with *indicating P < 0.05.

Source data are available online for this figure.
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Transcriptome analysis of NUP62-regulated genes and processes

To delineate the SCC-associated functions of NUP62, cDNA microar-

ray was performed in UMSCC1 cells comparing the silencing of the

protein versus control cells. Loss of NUP62 altered the expression of

2,019 genes compared to control (twofold change, Fig 3A). Acti-

vated genes after NUP62 silence were enriched in Gene Ontology

terms related to phosphorylation, regulation of localization, Rho

guanine nucleotide exchange factors (GEF), negative regulation of

cell proliferation, epithelial cell differentiation, and regulation of

transport (Fig 3B). Interestingly, gene set enrichment analysis

(GSEA) identified a strong correlation between down-regulated

genes in NUP62-silenced cells and those in p63-depleted SCCs

(GSE88833; Fig 3C). As NUP62 depletion did not affect the level of

DNp63a transcript per se (Fig 3D and E). We next explored alterna-

tive mechanisms underlying this molecular association.

NUP62 regulates ΔNp63a nuclear transport in SCCs

To examine whether NUP62 affects p63 localization, we quantified

the amount of nuclear and cytoplasmic ΔNp63a using confocal

microscopy. Attenuated nuclear DNp63a level was detected in

NUP62-depleted SCC cells (Fig 4A and B). Concordantly, nuclear-

cytoplasmic fractionation demonstrated that DNp63a abundance in

the nuclear fraction was less in the NUP62 silenced SCC cells

compared to the control cells (Fig 4C).

To investigate whether the amount of nuclear DNp63a affects its

transcription activity, we performed qRT–PCR analysis to detect

A

C

D

B

Figure 2. NUP62 is required for proliferation and undifferentiated status of SCC cells.

A Western blot analysis of NUP62 in SCC cells after siRNA-mediated NUP62 depletion.
B Proliferation of NUP62-silenced SCC cells examined by MTT assay. Data show mean � SD from three independent experiments (n = 3). P values are based on

unpaired two-tailed t-test with *indicating P < 0.05 and **P < 0.01.
C qRT–PCR analysis of differentiation related genes in SCC cell line treated with scrambled siRNAs (CTLi) or NUP62 siRNAs (NUP62i). Data show mean � SD from three

independent experiments (n = 3). P values are based on one sample t-test with *indicating P < 0.05.
D Heat map showing mutual exclusivity between NUP62 expression and differentiation related genes. Samples were divided according to mRNA expression levels

[mRNA expression z-Scores (RNA-Seq V2 RSEM) > mean + 0.1 SD] from the TCGA cohorts. P values are based on fisher exact test.

Source data are available online for this figure.
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mRNA levels of DNp63a target genes (Fig 4D). The transcription

levels of well-defined DNp63a targets (EGFR [43], ADA [44], PERP

[45], EDAR [46], ZNF750 [47,48], WWC1 [25], PUMA [22],

CDKN1A [49], IHH [50], GLI2 [51], and SMAD7 [52]) significantly

changed upon NUP62 knockdown (Fig 4E). Of note, TAp63 target

genes (such as FN1 [26], FAS, and SKT11 [53]) showed unde-

tectable changes (Fig EV2). Collectively, these results suggest that

NUP62 mediates DNp63a nuclear transport.

ROCK pathway negatively regulates DNp63a nuclear transport in
human SCCs

As previous study suggested that MAP kinase-dependent phospho-

rylation of certain NUPs leads to their nuclear transport [54], we

explored whether protein phosphorylation pathway was involved

in NUP62-dependent DNp63a nuclear transport. Notably, our path-

way enrichment analysis found that focal adhesion was the top

signaling pathway affected by silencing of NUP62 (Fig 5A), and

GSEA confirmed that NUP62-regulated genes were associated with

a “genes controlled by ROCK” (GSE61226) signature (Fig 5B).

Since ROCK pathway is downstream of the focal adhesion path-

way and is regulated by rho GEF [55], we sought to determine

whether ROCK activity influenced DNp63a nucleocytoplasmic

transport. Confocal microscopy analysis showed that inhibition of

ROCK pathway by Y27632 significantly increased nuclear DNp63a
amounts (Fig 5C). Consistent with elevated DNp63a level in

nucleus, Y27632 treatment modulated transcript amount of target

genes of DNp63a (Fig 5D). On the other hand, ROCK activation

by overexpressing a constitutive active ROCK1, D3-ROCK1 [56],

inhibited DNp63a nuclear accumulation (Fig 5E and F), which

A B C

D

E

Figure 3. Transcriptome analysis of NUP62-regulated genes and processes.

A Heat map from microarray data showing up- and down-regulated genes after 3 days of knockdown of NUP62.
B GO analysis of the up-regulated genes upon NUP62 depletion.
C GSEA of NUP62 knockdown microarray datasets with down-regulated genes in HNSCC cell upon p63 knockdown (GSE88833).
D qRT–PCR analysis of p63 and NUP62 mRNA in various SCC cell lines depleted of NUP62. Expression levels of cells treated with scrambled siRNAs is considered 100%.

Data show mean � SD from three independent experiments (n = 3). P values are based on one sample t-test with *indicating P < 0.05 and **P < 0.01.
E Western blot analysis of DNp63a in SCC cells after siRNA-mediated NUP62 depletion.

Source data are available online for this figure.
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Figure 4. NUP62 regulates DNp63a nuclear transport in SCCs.

A, B Immunofluorescence confocal microscopic analysis of DNp63a in SCC cells after transient depletion of NUP62 by siRNA (72 h post transfection), (A) and shRNA (B).
Representative pictures [bar: 10 lm (A) and 20 lm (B)] and the quantifications as ratio of nuclear/cytoplasm signals were presented as scatter plot with
mean � SD from three independent experiments (n = 3). P values are based on unpaired two-tailed t-test with *indicating P < 0.05 and **P < 0.01.

C Western blot analysis of DNp63a protein levels in cytosol and nuclear fractions of SCC cells depleted NUP62.
D Transcriptional targets of DNp63a, grouped according to their known functions. Red; activated genes, Blue; suppressed genes.
E qRT–PCR analysis of DNp63a target genes mRNA in SCC cells depleted NUP62. Expression levels of cells treated with scrambled siRNAs is considered 100%. Data

show mean � SD from three independent experiments (n = 3). P values are based on one sample t-test with *indicating P < 0.05 and **P < 0.01.

Source data are available online for this figure.
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Figure 5. ROCK kinase inhibits DNp63a nuclear transport in SCCs.

A Pathway analysis of the up-regulated genes upon NUP62 depletion.
B GSEA after NUP62 knockdown with up-regulated genes by ROCK inhibition microarray datasets (GSE61226).
C Immunofluorescence confocal microscopic analysis of DNp63a in SCC cells treated with ROCK1 inhibitor (Y27632, 10 lM, 24 h). Representative pictures (bar: 10 lm)

and quantification as a ratio of nuclear/cytoplasm signals presented as a scatter plot with mean � SD from three independent experiments (n = 3). P value are based
on unpaired two-tailed t-test with *indicating P < 0.05.

D qRT–PCR analysis of DNp63a target genes mRNA in SCC cells after Y27632 treatment (24 h, 10 lM). Expression levels of cells treated with scrambled siRNAs is
considered 100%. Data show mean � SD from three independent experiments (n = 3). P values are based on one sample t-test with *indicating P < 0.05.

E Western blot analysis of exogenous constitutively active form of ROCK1 (D3-ROCK1).
F Immunofluorescence confocal microscopic analysis of DNp63a in SCC cells expressing D3-ROCK1 and the effect of ROCK inhibitor (Y27632, 10 lM, 24 h).

Representative pictures (bar: 10 lm) and quantification as a ratio of nuclear/cytoplasm signals presented as a scatter plot with mean � SD from three independent
experiments (n = 3). P values are based on unpaired two-tailed t-test with **indicating P < 0.01.

G Proliferation of SCC cells expressing D3-ROCK1 and effect of Y27632 (10 lM, analyzed by MTT assay). Data show mean � SD from three independent experiments
(n = 3). P values are based on unpaired two-tailed t-test with *indicating P < 0.05. and **P < 0.01.

H qRT–PCR analysis of IVL and SPRR1B mRNA in SCC cells treated with Y27632. Expression levels of cells with DMSO is considered 100%. Data show mean � SD from
three independent experiments (n = 3). P values are based on one sample t-test with *indicating P < 0.05 and **P < 0.01.

Source data are available online for this figure.
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was rescued by a ROCK inhibitor (Y-27632) but not by inhibitor

of CRM1, another major nuclear transporter (Fig EV3A), suggest-

ing that ROCK pathway regulates DNp63a-importing process

rather than DNp63a-exporting processes.

Because DNp63a promotes the malignant phenotypes of SCCs

[16,26,27], we asked whether the ROCK pathway affected SCC

growth potential. Blockade of ROCK activity using Y-27632 signifi-

cantly enhanced SCC growth (Fig EV3B and C), whereas D3-ROCK1
expression resulted in the opposite effect (Figs 5G and EV3D). We

further observed that Y27632 treatment rescued the impaired prolif-

eration induced by D3-ROCK1 (Figs 5G and EV3D). Importantly,

Y27632 treatment inhibited molecular markers associated with

squamous cell differentiation such as IVL and SPRR1B (Fig 5H),

supporting the role of the ROCK pathway as a differentiation-indu-

cible serine/threonine kinase [18–20]. Taken together, these results

suggest that ROCK pathway compromised differentiation status of

SCCs potently by limiting DNp63a nuclear transport.

Phosphorylation of FG domain of NUP62 mediates the
interaction between DNp63a and NUP62

In order to elucidate DNp63a nuclear transport system, we first

addressed whether it involves nuclear transport receptors (NTRs).

Since nuclear localization signal (NLS), an amino acid sequence

consisting of positively charged lysines (K) or arginines (R), tags

proteins for NTR-mediated traffic [57], we searched for nuclear

localization signal (NLS) on DNp63a. Based on NLS mapper

(http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi),

two potential NLSs was found in DNp63a (Fig 6A). To explore the

biological functions of those candidate NLSs, we generated full-

length DNp63a (DNp63aWT), NLS1-deleted DNp63a (DNp63aΔNLS1),
and NLS2-deleted DNp63a (DNp63aΔNLS2), all of which were fused

with GFP at the C-terminus (Fig 6A). Quantification by fluorescent

confocal microscopy showed that the vast majority of DNp63aWT

and DNp63aΔNLS2 localized in the nucleus (Fig 6B). In contrast,

~30% cells expressing DNp63aΔNLS1 exhibited signals in both the

cytosol and nucleus (Fig 6C). Importantly, NLS1 sequence on

DNp63 showed high similarity with validated NLS of both p53 and

p73 (Fig 6D) [58–60], suggesting that DNp63 nuclear import is

mediated through NLS1.

As importin b1/karyopherin b1 (KPNB1) plays a key role in NLS-

mediated nuclear traffic, we asked whether KPNB1 depletion affects

DNp63a nuclear transport. We confirmed that KPNB1 is expressed

in all cell lines tested, while DNp63a is specific for SCC cells

(Fig EV4A). Importantly, depletion of KPNB1 significantly decreased

DNp63a nuclear import in SCC cells, indicating that KPNB1 medi-

ates DNp63a nuclear traffic (Fig 6E and F). Collectively, these

results suggest that DNp63 nuclear transport is mediated by KPNB1-

dependent pathway.

NUP62 harbors FG repeated region in N-terminus required for

nucleocytoplasmic regulating factors, and coiled-coil (CC) domain

in C-terminus to bind with NUP54 [61] (Fig 6G). To explore the

basis for the functional relationship between ROCK1 pathway and

NUP62-dependent DNp63a nuclear transport, we constructed

NUP62 fragments and performed immunoprecipitation (IP) analy-

sis to determine p63-interacting regions on NUP62 (Fig 6G). Of

note, DNp63a preferably bound to the FG region (Fig 6H). Analy-

sis of PhosphoSitePlus (see Materials and Methods) revealed that

the FG domain of NUP62 includes potential phosphorylation sites,

S2 and T20 (Fig 6H), which are highly conserved (Fig EV4B).

Next, in order to examine whether the ROCK1 pathway phospho-

rylates FG domain, D3-ROCK1 was co-expressed with the FG frag-

ment, and cell lysates were immuno-precipitated with anti-GFP

antibodies and then immunoblotted with phosphor-serine/

threonine antibody (Fig 6I). Co-expression of the FG domain frag-

ment and D3-ROCK resulted in a prominent enrichment of FG

domain fragments having elevated phosphorylation (Figs 6I and

EV4C). Importantly, this phosphorylated FG domain fragment had

decreased interaction with DNp63a (Fig 6J). To explore further the

biological relevance of the phosphorylation on FG domain of

NUP62, we generated an alanine replaced mutant (Amt) NUP62

(Fig EV4D). Importantly, point mutations of the phosphorylation

sites (S2A and T20A) enhanced the interaction between NUP62

and DNp63a (Fig 6K), suggesting the phosphorylation of FG

domain of NUP62 decreased the interaction between NUP62 and

DNp63a.

▸Figure 6. ROCK1-dependent phosphorylation on the FG domain of NUP62 decreases the DNp63a–NUP62 interaction.

A Schematic representation of the structural and functional domains of DNp63a. DBD, DNA binding domain; OD, Oligomerization; TA, Transactivation; SAM, Steric
a-motif; TID, transactivation inhibitory domain (upper panel). Predicted NLSs in DNp63a by NLS mapper (middle panel). Diagram of mutations conducted in
DNp63a (bottom panel).

B, C Immunofluorescence confocal microscopic analysis of DNp63aWT, DNp63aΔNLS1 and DNp63aΔNLS2 in 293T. Representative pictures are shown (B). Bar indicates
10 mm. Phenotypes are quantified by counting [n = 2, (C)].

D Comparison of NLS score p53, p73 and p63.
E Western blot analysis of KPNB1 in SCC cells after siRNA knockdown.
F Immunofluorescence confocal microscopic analysis of DNp63a in KPNB1 silenced SCC cells. Representative pictures (bar: 10 mm) and quantification as a ratio of

nuclear/cytoplasm signals presented as scatter plot with mean � SD from three independent experiments (n = 3). P values are based on unpaired two-tailed t-test
with *indicating P < 0.05.

G Schematic representation of the structural and functional domains of NUP62. FG., FG repeat, CC., coiled-coil domain.
H Schematic representation of NUP62 GFP fusion constructs overexpressed in HEK293T cells. HEK293T cells were co-transfected with Flag-tagged DNp63a and GFP-

fused NUP62 fragments (FG, Middle, and CC as shown in right panel). Seventy-two hours after transfection, cells were harvested, lysed, followed by
immunoprecipitation (IP) assay using an anti-Flag antibody. Potential phosphorylation sites on FG is indicated.

I, J HEK293T cells were co-transfected with FG, D3-ROCK1 (I), together with Flag-tagged DNp63a (J). Twenty-four hours after transfection, cells were treated with
Y27632 (24 h, 10 lM). At 72 h after transfection, cells were harvested, lysed, and proceeded for IP assay using indicated antibody.

K Interaction between ectopic NUP62 and DNp63a is shown either with wild-type NUP62 (WT) or with a point mutation in the S2 and T20 of FG (Amt).

Source data are available online for this figure.
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DNp63a nuclear transport is mediated by the phosphorylation of
FG domain of NUP62

Finally, we performed confocal microscopy analysis to measure p63

nucleocytoplasmic transport in a variety of SCC cells expressing

either WT or Amt NUP62 (Fig 7A) including overexpressed

D3-ROCK1 (Fig 7B and C). Mutant NUP62 showed increased

DNp63a levels in the nucleus compared to WT NUP62 (Fig 7C). Of

note, D3-ROCK1 overexpression failed to compromise DNp63a
nuclear importing ability of Amt NUP62, suggesting the phosphory-

lation of FG (S2/T20 sites) of NUP62 is crucial for DNp63a nuclear

importation (Fig 7C). In parallel, this elevated DNp63a in the

nucleus modulated the level of transcript of DNp63a target genes

(Fig EV5A). Both WT and Amt NUP62 proteins co-localized with

another NPC molecule RanBP2 [62], suggesting those ectopic NUP

properly localized on the nuclear envelope (Fig EV5B).

A

D

G H

JI K

E F

B C

Figure 6.
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Concordantly, we observed increased proliferative ability of SCC

cells expressing Amt NUP62 compared to WT NUP62 based on both

short-term proliferation assays and foci formation assays (Figs 7D,

and EV5C and D). Taken together, our data suggest a model in

which NUP62 mediates DNp63a nuclear transport to maintain

proliferation and prevent differentiation of SCCs. ROCK pathway

A

C

D E

B

Figure 7. ΔNp63a nuclear transport is mediated by the phosphorylation of FG domain of NUP62..

A, B Western blot analysis of ectopic WT and Amt NUP62 in SCC cells (A), and exogenous D3-ROCK1 in those cells (B).
C Immunofluorescence confocal microscopic analysis of DNp63a in SCC cells expressing either WT or Amt NUP62 after D3-ROCK1 overexpression (72 h post

transfection). Representative pictures (bar: 10 lm) and quantification as a ratio of nuclear/cytoplasm signals presented as a scatter plot with mean � SD from
three independent experiments (n = 3). P values are based on unpaired two-tailed t-test with *indicating P < 0.05 and **P < 0.01. n.s. indicate not significant.

D SCC cell lines expressing either WT or Amt NUP62 were subjected either to MTT assay. Data show mean � SD from three independent experiments (n = 3).
P-values are based on unpaired two-tailed t-test with *indicating P < 0.05.

E Cross-section image of dermis and epidermis is modified from previous report [11]. Hypothetical model of NUP62 action in regulating cell fate.

Source data are available online for this figure.
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negatively regulates this process by limiting DNp63a–NUP62 inter-

action through the phosphorylation of the FG domain of NUP62

(Fig 7E).

Discussion

In this study, we showed novel trafficking regulation by NUP62 in

human SCCs. Importantly, NUP62 regulated DNp63a nuclear trans-

port to prevent epidermal differentiation in SCCs. ROCK pathway

inhibited the DNp63a nuclear transport by reducing interaction

between DNp63a and NUP62 through the phosphorylation of the FG

domain of NUP62.

Heterogeneity of NPC and the cell type-specific properties of

some pore components have been reviewed [42]. Based on in silico

analysis of NUPs transcripts across normal tissues, NUP62 expres-

sion levels were prominent in stratified epithelia tissues. We further

determined that basal progenitor cells tend to express NUP62 in

human skin tissue. In addition, SCC showed excessive levels of

NUP62 compared to healthy tissues. We validated the function of

NUP62 to maintain proliferative activity and suppress differentiation

of SCCs, highlighting the cell type-specific role of NUP62 to regulate

the cellular state of epidermal progenitor cells. Interestingly, Toda

et al [63] recently uncovered the cell type-specific role of NUP153 in

the control and maintenance of neural progenitor cells through

bimodal transcriptional regulation. Present study demonstrated the

role of NUP62 in SCC, however, how those NUPs cooperate in the

regulation and maintenance of cell identity in different tissues and

other types of cancer cells will be of interest.

We found that NUP62 regulated DNp63a nuclear transport to

maintain cellular undifferentiated status of SCCs. Importantly, p63

can be overexpressed including by genomic amplification, and the

expression level of DNp63a is a crucial clinical–pathological param-

eter affecting malignant potential of primary SCCs [1–4]. Further-

more, previous studies demonstrated the mechanistic action of

DNp63a in SCC [10,11]. For example, DNp63a inhibits the activity

of TAp73 [64] via transcriptional inhibition and, to a lesser extent,

direct interaction between both proteins [65]. Therefore, attenuation

of DNp63a nuclear transport can serve as a new strategy to compro-

mise its functions.

Nuclear transport receptors including KPNB1 are suggested to

aid the shuttle of macromolecules larger than ~40 kDa. These NTRs

bind to FG-NUPs, allowing the transport factors to cross NPC [66].

Here, we identified a candidate functional NLS (containing KKRR)

on DNp63a, which shows similarity with validated NLS on both p53

and p73 [58–60]. Previous studies demonstrated that destruction of

KKRR on p53 and p73 almost completely blocked their nuclear accu-

mulation [58–60]. In contrast, the effect of mutation of KKRR of

DNp63a was moderate in nuclear blockage. DNp63a forms hetero-

tetramers among p53 family members [10,11] and makes subcom-

plexes with cofactors such as p300 [67], which determine specificity

and selectivity of downstream targets of DNp63. Therefore, NLS on

interacting proteins may represent DNp63a nuclear traffic to some

extent. Identification of the p53 family protein complexes will

enhance our understanding of the DNp63a nuclear traffic system as

well as selectivity of downstream targets of DNp63a.
In addition, this study showed that the interaction between

DNp63a and FG domain of NUP62 is required for DNp63a to enter

the nuclear space in SCCs. Importantly, ROCK1-dependent phospho-

rylation on FG domain resulted in attenuated interaction with

DNp63a as well as the nuclear transport ability. The ROCK1-specific

inhibitor Y27632 was demonstrated to transform epithelial cells into

continuously proliferating cells by increasing progenitor cell factors

such as DNp63a [20], suggesting that the ROCK pathway inhibits

the self-renewal ability by suppressing DNp63a expression. Previ-

ously, Kosako et al reported that ERK phosphorylation of the repeat

region of FG of Nup50 reduced its affinity for particular NTRs,

resulting in impaired nuclear migration of the NTRs [47]. Taken

together, these findings suggest that transport ability and selectivity

of NPC are controlled by kinase-dependent phosphorylation on the

FG domain of FG-NUPs.

In summary, we show that high expression of NUP62 contributes

to preventing epidermal differentiation of SCCs originating from strati-

fied epithelia. Mechanistic studies reveal that NUP62 maintains

DNp63a entering NPC, whereas ROCK negatively regulates this

process. Our results highlight cell type-specific role of NUP62 control-

ling systematically DNp63a nuclear transport in SCCs. Our finding of

convertible trafficking activity of NUP62 highlights the potential for

therapeutic targeting of nuclear transport of this oncogene.

Materials and Methods

Cell culture

HEK293T, cervical SCC cell lines (HT3 and ME180), and head and

neck SCC cell lines (UMSCC1, 93UV147, Ca9-22, and SAS) were

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

mented with 10% (vol/vol) fetal bovine serum (FBS) and 1% (vol/

vol) penicillin/streptomycin (P/S) at 37°C, 5% CO2 in a humidified

atmosphere. Cell lines were authenticated by short tandem repeat

analysis with the Geneprint 10 System Kit (Promega, B9510) in 2014.

Cell proliferation assay

Cells were seeded into a 96-well plate at 3,000 cells/well and

cultured for the indicated time courses. Cell viability was assessed

using the MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazo-

lium bromide) method. In brief, 10 ll of 12 mM MTT solution was

added into each well followed by 3-h incubation, which was

stopped by adding 100 ll of STOP solution (2% acetic acid, 16%

SDS, 42% DMF). Samples were mixed thoroughly and measured at

570 nm for absorbance.

Foci formation assay

Squamous cell carcinoma cells were seeded into 6-well plates at

1,000 cells/well and cultured for 10 days, followed by fixation, stain-

ing with crystal violet and photographing the cells using LAS4000

(Fujifilm, Aichi, Japan). For quantification, the number of colonies

(> 0.1 mm2) was determined using Multi Gauge Ver3.0 (Fujifilm).

Western blotting

Cells were lysed with lysis buffer [20 mM HEPES (pH 7.4), 350 mM

sodium chloride, 1.5 mM magnesium chloride, 1 mM EGTA, 10%
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(v/v) glycerol, 1% Triton X-100, a mixture of protease inhibitors

(Roche), 0.2 mM sodium orthovanadate, and 1 mM phenylmethyl-

sulfonyl fluoride]. Cell lysates or immunoprecipitation elutes were

subjected to SDS–PAGE followed by conventional wet transfer.

Membranes were incubated with antibodies and exposed to

secondary horseradish peroxidase-conjugated antibodies (Milli-

pore). Images were detected by using an LAS-4000 image analyzer

(Fujifilm). Antibodies used in this study were listed in Table 1.

Immunoprecipitation

HEK293T cells were transiently transfected with the indicated

mammalian expression plasmids and harvested 72 h after transfec-

tion. In the case of Y27632 treatment, transfected cells were incu-

bated for 24 h before harvest. Indicated antibody was added and

incubated overnight with each cell lysate at 4°C. Dynabeads Protein

A/G (VERITUS, Tokyo, Japan) were added after washing for three

times with lysis buffer. After 2-h incubation, beads were washed

four times in IP buffer (50 mM Tris, pH 7.6, 100 mM NaCl, 2 mM

EDTA, 0.2% Nonidet P-40).

Tissue slide and immunofluorescent analysis

Human skin tissue sections (Kin08N004A5) were obtained from US

Biomax Inc. The slides were deparaffinized and blocked with goat

serum for 30 min at room temperature, followed by incubation with

mouse anti-NUP62 (1:50; sc-48373, Santa Cruz) and rabbit anti-IVL

(1:100; SAB4501594, Sigma) overnight at 4°C. After three washes,

slides were incubated with Alexa 488- and Alexa 568-linked

secondary antibody (Life Technologies) for 60 min. After three

washes, Pro-Long Gold Antifade reagent (Life Technologies) was

mounted onto samples and was examined by confocal microscopy

(FluoView� FV10i, Olympus, objective ×60/1.2).

Microscopic analysis using SCC cells

Cells on coverslips were incubated under indicated conditions. Cells

were fixed for 10 min in 4% paraformaldehyde in PBS, then perme-

abilized with 0.3% Triton X-100 in PBS for 3 min at room tempera-

ture. Coverslips were incubated with indicated primary antibody for

2 h. Coverslips were washed three times and incubated with Alexa

Fluor-conjugated secondary antibody (Life Technologies) for 1 h.

After three washes, samples were mounted onto coverslips using

Pro-Long Gold Antifade reagent (Life Technologies) and were exam-

ined by confocal microscopy (FluoView� FV10i, Olympus, objective

×60/1.2). Nuclear DNp63a signals were quantified with FV10i

(Olympus).

cDNA vectors and siRNAs

The NUP62 fragment vectors have been described previously [68].

Constructs for overexpressing NUP62 were made by cloning cDNA

derived from HaCaT into pLEX (Open Biosystems) using NotI/AgeI

with C-terminal FLAG tag with the following primers: NUP62-F:50-
ACAGTGGCGGCCGCGCCACCATGAGCGGGTTTAAT-30; NUP62-R:

50-GGCGACCGGTTTACTTGTCGTCATCGTCTTTGTAGTCGTCGTCAA
AGGTGATCCG-30. NUP62 CDS harboring mutations (S2A, T20A)

was generated with the following primers: S2A-F1: 50-ACAGTGG
CGGCCGCGCCACCATGGCCGGGTTTAAT-30; T20A-R: 50-CTTTGC
AGCGCCAAAC-30; T20A-F: 50-GTTTGGCGCTGCAAAG-30; Mt3end-R:

50-GGCGACCGGTTTACT. Two fragments were generated by PCR

with S2A-F/T20A-R and T20A-F/Mt3end-R. After purification, these

fragments were mixed and subjected to PCR using S2A-F/Mt3end-R.

Constructs for overexpressing MYC-tag-fused D3-ROCK1 were made

by cloning cDNA derived from HaCaT into pLEX (Open Biosystems)

using XhoI/AgeI sites. CDS-Seq was reported previously (National

Center for Biotechnology Information (NCBI), see URL). The siRNAs

targeting human nucleoporins are listed in Table 2, and scramble

siRNA (D-001210-01) was purchased from Thermo Scientific.

Transfections, viral particle production, and infection

DNA and siRNA transfections were performed using Lipofectamine

2000 and Lipofectamine RNAiMAX (Life Technologies), respec-

tively. Lentiviral particles were produced with the MISSION

Table 1. Antibodies.

Company Catalog #

Antibody

b-actin Santa Cruz
Biotechnology

sc-47778

NUP107 Sigma-Aldrich SAB3500333

NUP62 Sigma-Aldrich N1163

NUP188 Abcam ab86601

NUP54 Sigma-Aldrich SAB1300588

TPR Santa Cruz
Biotechnology

sc-101294

p63(ΔN) Biolegend 619001

RanBP2 Santa Cruz
Biotechnology

sc-74518

KPNB1 Abcam ab2811

GFP Wako 012-20461

GFP Thermo Fisher
Scientific

A6455

Flag Sigma-Aldrich F1804

Flag MBL PM020

Lamin A/C Cell Signaling
Technology

#2032

Fluorescent secondary antibody

Goat anti-Rabbit IgG (H+L), Alexa
Fluor 488

Thermo Fisher
Scientific

A11034

Goat anti-Mouse IgG (H+L), Alexa
Fluor 488

Thermo Fisher
Scientific

A11029

Goat anti-Rabbit IgG (H+L),
Rhodamine Red-X

Thermo Fisher
Scientific

R6394

HRP-linked antibody

anti-Mouse IgG Cell Signaling
Technology

7076S

anti-Rabbit IgG Cell Signaling
Technology

7074S

Protein A GE Healthcare N9120
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Lentiviral Packaging System (Sigma-Aldrich). SCCs cells were trans-

duced with the lentiviral particles in the presence of 8 lg/ml poly-

brene (Sigma-Aldrich) for 48 h.

cDNA preparation and quantitative Real-time RT–PCR assay

We used 500 ng RNA for cDNA preparation using ReverTra Ace�

qPCR RT Master Mix (TOYOBO). Quantitative real-time RT–PCR

was performed by SYBR� Premix Ex TaqTM II (Takara) in a Thermal

Cycler Dice� Real Time System (Takara) according to the manufac-

turer’s instructions. The relative mRNA expression level of target

genes was calculated using GAPDH as a loading control. The

primers are listed in Table 3.

Microscopic analysis

Cells on coverslips were overexpressed D3-ROCK1 and then

further incubated with either Y27632 or the CRM1 inhibitor for

24 h. For DNp63 staining, cells were fixed for 10 min in 4%

paraformaldehyde in PBS, then permeabilized with 0.2% Triton

X-100 in PBS for 20 min at room temperature. Permeabilization

was proceeded before fixation in RanBP2/Flag dual staining [68].

Coverslips were incubated with indicated primary antibody for

2 h. Coverslips were washed three times and incubated with

Alexa Fluor-conjugated secondary antibody (Life Technologies) for

1 h. After three washes, samples were mounted onto coverslips

using Pro-Long Gold Antifade reagent (Life Technologies) and

examined using confocal microscope (FluoView� FV10i, Olympus,

objective ×60/1.2). Nuclear p63 signals were quantified with

FV10i (Olympus).

DNA microarray analysis

Cyanine-3 (Cy3)-labeled cRNA was prepared from 0.2 lg RNA using

the Low Input Quick Amp Labeling Kit (Agilent Technologies)

according to the manufacturer’s instructions, followed by RNeasy

column purification (QIAGEN, Valencia, CA). Samples were hybri-

dized to Whole Human Genome microarray 4 × 44 K Ver. 2.0

(G4845A, Agilent Technologies). The slides were scanned on the

Agilent DNA Microarray Scanner (G2539A) using one color scan

setting for 4 × 44 k array slides. The scanned images were analyzed

with Feature Extraction Software 11.0.1.1 (Agilent) using default

parameters (protocol AgilentHD_GX_1Color and Grid:

026652_D_F_20120130) to obtain background subtracted and

spatially detrended Processed Signal intensities. The raw data have

been deposited in the Gene Expression Omnibus (GEO) database,

under number GSE103991.

Table 3. Primers.

Sequence (50–30)

GAPDH-F GTCAGTGGTGGACCTGACCT

GAPDH-R AGGGGTCTACATGGCAACTG

EGFR-F TAACAAGCTCACGCAGTTGG

EGFR-R GTTGAGGGCAATGAGGACAT

ADA-F GACCCGCTCATCTTCAAGTC

ADA-R GGTCGAGAAGCTCCCTCTTT

PERP-F CATGCTCTTCTGTGGCTTCA

PERP-R AAAGCCGTAGGCCCAGTTAT

EDAR-F GTATGCCAACGTGTGTGGAG

EDAR-R CCCAATCTCATCCCTCTTCA

ZNF750-F TAAGCCTCAATGTTGTGAAC

ZNF750-R CTGATTTCTTGGAGAGGTTG

WWC1-F CGCTGACGGAGAGGTTAAAG

WWC1-R GCTGAAGTGGAGGAGTCCAG

PUMA-F GACGACCTCAACGCACAGTA

PUMA-R CACCTAATTGGGCTCCATCT

CDKN1A-F GACACCACTGGAGGGTGACT

CDKN1A-R CTGCCTCCTCCCAACTCAT

SPRR1B-F TATTCCTCTCTTCACACCAG

SPRR1B-R TCCTTGGTTTTGGGGATG

IVL-F TTACTGTGAGTCTGGTTGAC

IVL-R TGTTTCATTTGCTCCTGATG

NUP62-F ACATCGATGCACAGCTCAAG

NUP62-R ACTGCAGTGAGTCCATGTGC

TP63-F ACCTGGAAAACAATGCCCAGA

TP63-R ACGAGGAGCCGTTCTGAATC

LOR-F GAGTAGCCGCAGCCAGAAC

LOR-R CTCCTCACTCACCCTTCCTG

FLG-F AATTTCGGCAAATCCTGAAG

FLG-R CTTGAGCCAACTTGAATACC

Gli2-F CAGCTGCGCAAACACATGA

Gli2-R TTGAGTGACTTGAGCTTCTCCTTCT

IHH-F CGGCTTTGACTGGGTGTATT

IHH-R GAAAATGAGCACATCGCTGA

Smad7-F GTGGATGGTGTGTGGGTGTA

Smad7-R CAAAGCTGATCTGCACGGTA

FASN-F CTGGCTCAGCACCTCTATCC

FASN-R CAGGTTGTCCCTGTGATCCT

SKT11-F GCTCTTACGGCAAGGTGAAG

SKT11-R TTTTGTGCCGTAACCTCCTC

FN1-F ACCAACCTACGGATGACTCG

FN1-R GCTCATCATCTGGCCATTTT

Table 2. siRNAs oligonucleotides.

siRNA Company Catalog #

Control Sigma-Aldrich SIC001

NUP107 Santa Cruz Biotechnology sc-45343

NUP85 Life Technologies 4392420

NUP62 Sigma-Aldrich SASI_Hs01_00038069

NUP54 Santa Cruz Biotechnology sc-89240

NUP188 Santa Cruz Biotechnology sc-92946

KPNB1 Sigma-Aldrich SASI_Hs01_00101673

TPR Santa Cruz Biotechnology sc-45343
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Bioinformatics and data analysis

NUP62 mRNA expression across normal tissues was examined from

The Human Protein Atlas (see URLs). The expression of NUP62,

NUP107, NUP85, NUP54, NUP188, TPR, SPRR1B, and IVL mRNA in

HNSCC was from The Cancer Genome Atlas (TCGA) through Cancer

RNA-Seq Nexus or cBioportal (see URLs). NUP62 protein expression

levels in stratified epithelia tissues were from Human Protein Atlas

(see URLs). Gene Ontology (GO) analysis and pathway were

performed via ConsensusPathDB (see URLs). Gene Set Enrichment

Analysis (GSEA) was performed with GSEA v2.2.2 software (see

URLs). Phosphorylated sites in NUP62 were from PhosphoSitePlus

(see URLs).

Statistical analyses

Following assays: cell proliferation assay, anchorage-dependent

colony formation assay, and real-time RT–PCR analysis were

performed in triplicates (n = 3) and independently replicated 2–4

times. Data are the average of independent experiments (n = 2 or 3).

Unpaired two-tailed t-test was performed by GraphPad Prism in the

statistical analysis of the following assays: cell proliferation assay,

anchorage-dependent colony formation assay, and real-time RT–PCR

analysis. P < 0.05 was considered statistically significant. When

control group is considered as 100%, one sample t-test was

performed using GraphPad QuickCalcs (see URLs).

URLs

The Cancer Genome Atlas (TCGA), http://cancergenome.nih.gov/;

cBio Cancer Genomics Portal, http://www.cbioportal.org/; Human

Protein Atlas, http://www.proteinatlas.org/; Gene Expression

Omnibus (GEO), http://syslab4.nchu.edu.tw/; Cancer RNA-Seq

Nexus, http://portals.broadinstitute.org/ccle/; Gene Set Enrich-

ment Analysis (GSEA), http://software.broadinstitute.org/gsea;

ConsensusPathDB, http://consensuspathdb.org/; PhosphoSitePlus,

http://www.phosphosite.org/homeAction.action. GraphPad Quick-

Calcs, http://graphpad.com/quickcalcs/OneSampleT1.cfm; NCBI,

https://www.ncbi.nlm.nih.gov/.

Expanded View for this article is available online.
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