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1  |  INTRODUC TION

Posttranslational modifications (PTMs) play essential roles in the 
regulation of biological processes. The rapid and reversible char-
acteristics of PTMs contribute long-term effective maintenance of 
their regulation.1,2 Sumoylation has been widely studied as a PTM in 
recent years. More than 3000 substrate proteins have been found to 
be sumoylated under certain conditions, most of which are nucleop-
roteins.3,4 According to the characteristics of the modified proteins, 
the biological functions of sumoylation include the regulation of 

subcellular localization, protein stability, and transcriptional activity 
and the maintenance of nucleolar and chromatin structures.4–9 Five 
sentrin/small ubiquitin-like modifiers (SUMOs) have been found in 
mammals, among which SUMO1, SUMO2 and SUMO3 are the most 
widely studied.10,11 Sumoylation is also a dynamic and reversible pro-
cess, that is catalysed by E1-activating enzymes, E2-conjugating en-
zymes and E3 ligases and SUMO moieties can be deconjugated from 
target proteins by sentrin/SUMO-specific proteases (SENPs).5,12

An increasing number of diseases for which sumoylation is in-
volved in the occurrence and development have been reported. 
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Abstract
Sentrin/small ubiquitin-like modifier (SUMO) has emerged as a powerful mediator 
regulating biological processes and participating in pathophysiological processes 
that cause human diseases, such as cancer, myocardial fibrosis and neurological dis-
orders. Sumoylation has been shown to play a positive regulatory role in keloids. 
However, the sumoylation mechanism in keloids remains understudied. We proposed 
that sumoylation regulates keloids via a complex. RanGAP1 acted as a synergistic, 
functional partner of SUMOs in keloids. Nuclear accumulation of Smad4, a TGF-β/
Smad pathway member, was associated with RanGAP1 after SUMO1 inhibition. 
RanGAP1*SUMO1  mediated the nuclear accumulation of Smad4 due to its impact 
on nuclear export and reduction in the dissociation of Smad4 and CRM1. We clari-
fied a novel mechanism of positive regulation of sumoylation in keloids and demon-
strated the function of sumoylation in Smad4 nuclear export. The NPC-associated 
RanGAP1*SUMO1 complex functions as a disassembly machine for the export recep-
tor CRM1 and Smad4. Our research provides new perspectives for the mechanisms of 
keloids and nucleocytoplasmic transport.
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For example, sumoylation plays an important role in the epithelial 
inflammatory signal of inflammatory bowel disease. It has also been 
reported that sumoylation is involved in the development of myo-
cardial fibrosis and liver fibrosis.13–15 The pathological nature of 
keloids entails excessive fibrosis of wounds.16 Studies have shown 
that sumoylation plays a positive regulatory role in keloids. However, 
in our previous study, when we knocked down SUMO proteases in 
keloids, the downstream phenotype of keloids was not consistent 
with the content of free SUMOs.17 Cheng et al.18 also found a con-
troversial effect of sumoylation on the stability of substrate proteins 
compared with that reported in previous studies in mice lacking pro-
teases. Therefore, we speculate that the regulation of sumoylation in 
keloids may be mediated by some specific SUMO complexes.

Ran is a nuclear Ras-like GTPase that has two forms: one bound 
with GTP and one bound with GDP. Similar to other GTPases, Ran 
is said to function as a molecular switch involved in nucleocytoplas-
mic transport by associating with and dissociating from interacting 
proteins through conformational changes induced by nucleotide 
exchange or GTP hydrolysis.1,19 Nucleotide exchange of Ran is cata-
lysed by the GTP exchange factor RCC1, while GTP hydrolysis is ca-
talysed by the GTPase-activating protein RanGAP1.1 RanGAP1 was 
the first identified substrate for modification by SUMO1. There are 
two forms of RanGAP1: one is in the cytoplasm, and the other is co-
valently modified by SUMOs and is concentrated at the cytoplasmic 
fibres of nuclear pore complexes (NPCs).20 Unlike other sumoylated 
targets, for which only a minor fraction is conjugated at any one time, 
the majority of the RanGAP1 content is sumoylated. SUMO conjuga-
tion localizes RanGAP1 to the cytoplasmic face of NPCs to form sta-
ble tetramer complexes with RanBP2 and Ubc9 to protect them from 
the deconjugation activities of SUMO proteases.21 The RanBP2/
RanGAP1*SUMO1/Ubc9 complex is a functional E3 ligase on a phys-
iologically relevant target, which is involved in mitosis and nucleocy-
toplasmic transport, but its specific role remains rarely studied.22,23

In this study, we aimed to explore the regulatory mechanism of 
sumoylation in keloids. As an intermediate carrier of sumoylation, 
RanGAP1*SUMO1 is hypothesized to mediate the nucleocytoplas-
mic transport of proteins in related signalling pathways and regulate 
the spatial distribution of intracellular proteins, affecting the down-
stream phenotype of keloids. The results of these study provide 
novel ideas for the understanding of sumoylation and nucleocyto-
plasmic transport, directions for relevant research and clues for the 
clinical treatment and drug development.

2  |  MATERIAL S AND METHODS

2.1  |  Patients and specimens

Human keloid specimens were obtained from the patients received 
keloid excision surgery from 2019 to 2021 at the Department of 
Plastic Surgery, the First Affiliated Hospital of Zhejiang University. 
Written informed consents were obtained from each patient prior to 
surgery. All procedures in this study were approved by the hospital 

ethics committee. Detailed information about these patients is pre-
sented in Table S1.

2.2  |  Cell culture

Human keloid fibroblasts (HKFs) were isolated from keloid speci-
mens. Tissues were digested by collagenase type I (Solarbio) and 
trypsin (Gibco). HKFs at passages four to six were used in the pre-
sent studies. All cells were routinely cultured in Dulbecco's modified 
Eagle's medium (DMEM, BI) supplemented with 10% foetal bovine 
serum (FBS, Gibco), 100 U/ml penicillin (Gibco) and 100 mg/ml strep-
tomycin (Gibco). Cells were incubated in 5% CO2, 37°C incubator 
(Thermo Scientific) with a humidified atmosphere.

2.3  |  Bioinformation databases

Publicly available datasets were analysed in this study. The PPI net-
work was predicted using STRING database (http://www.strin​g-db.
org/). STRING provided insights into the proteins associated with 
SUMOs. The interaction with top10  score was showed. The cor-
relation between the SUMOs and RanGAP1 was from cBioPortal 
database (http://www.cbiop​ortal.org/). A total of 124  samples of 
skin-related carcinoma with data available in both axes were ana-
lysed according to mRNA expression. The expression of RanGAP1 
in various organs was downloaded from the Human Protein Atlas 
(HPA, http://www.prote​inatl​as.org/).

2.4  |  Immunofluorescence

Human keloid fibroblasts were fixed with 4% paraformaldehyde so-
lution (Servicebio) for 15  min and permeabilized in 0.1% Triton X-
100 for 20 min on sterile glass slips in six-well plates. The slips were 
blocked with 5% bovine serum albumin (BSA, BBI) and incubated 
with primary antibody at 4°C overnight. Secondary antibody was 
used to incubate the cells for 1 h in the dark. Nuclei were stained 
with DAPI (Servicebio). The images were obtained by a fluorescence 
microscope (Olympus) and confocal microscopy. Quantitative analy-
sis of fluorescence intensity was used with Image J. All the antibody 
employed in this study are listed in Table S2.

2.5  |  RNA extraction and RT-PCR

Total RNA was extracted using RNA-Quick Purification Kit (YiShan 
Biotech). The cDNA was reverse transcribed using HiScript II QRT 
SuperMix for qPCR (Vazyme Biotech). QRT-PCR was performed with 
a CFX96TM Real-Time System (BioRad) using SYBR® Premix Ex Taq™ 
II (Takara) according to the manufacturer's instructions. The relative 
RNA amount was calculated by 2−ΔΔCt method and normalized to the 
level of GAPDH. All primers used in this study are listed in Table S3.

http://www.string-db.org/
http://www.string-db.org/
http://www.cbioportal.org/
http://www.proteinatlas.org/
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2.6  |  Protein extraction and Western blotting

Total protein was extracted using RIPA lysis buffer (Beyotime) supple-
mented with protease and phosphatase inhibitor cocktails (Thermo 
Scientific). Nuclear and cytoplasmic protein was extracted, respec-
tively, using NE-PER Nuclear and Cytoplasmic Extraction Reagents 
(Thermo Scientific). A Bicinchoninic Acid Protein Assay Kit (Thermo 
Scientific) was used to quantify the protein content. The equal amount 
of protein was separated by 4%–12% SDS-PAGE (GenScript) and 
transferred to 0.22 μm PVDF membranes (Millipore). The membranes 
were blocked with 5% non-fat milk in TBST for 1 h and incubated with 
primary antibody at 4°C overnight. After washing three times with 
TBST, the membranes were incubated with HRP-conjugated second-
ary antibodies for 1 h. The images were detected and analysed with 
Imaged Lab software (BioRad). GAPDH was selected to be the stand-
ard controls. HSP90 and Lamin B1 were served as reference proteins 
for cytosolic and nuclear fraction. All the antibody employed in this 
study are listed in Table S2.

2.7  |  Coimmunoprecipitation (CO-IP)

Coimmunoprecipitation (CO-IP) was performed using a Dynabeads™ 
Co-Immunoprecipitation Kit (Thermo Scientific). The detailed proce-
dures were operated according to the manufacturer's instructions. 
The protein complex was extracted by IP lysis buffer (5 × IP buffer, 
100 mM NaCl, 2 mM MgCl2, and 1 mM DTT) with beads premixed 
with antibodies. The protein complex was separated from beads 
after several washes. The proteins were identified by immunoblots. 
All the antibody employed in this study are listed in Table S2.

2.8  |  RNA interference and Lentivirus infection

Small interfering RNAs (siRNA) were synthesized by GenePharma 
Company (Shanghai). Each gene was interfered with by three effective 
siRNAs to reduce off-target effects. Transient transfection was per-
formed by Lipofectamine 2000 Reagent (Invitrogen) in accordance with 
the standard protocol. The final efficiencies were detected by qRT-PCR 
and western blotting. All siRNA sequences used in this study are listed 
in Table S3. The lentivirus (LV-RanGAP1-WT, LV-RanGAP1-K524R) 
were constructed by Bio link Company. HKF1 cells were chosen for 
stable RanGAP1 overexpression. 105 cells were planted into a six-well 
plate and infected at MOI of 50 for 24 h. Infections were supplemented 
with 3 mg/ml polybrene (Solarbio). The infection efficiency was evalu-
ated by fluorescence microscopy, and HKFs were selected using 2 μg/
ml puromycin (MCE) for 1 week.

2.9  |  Cell proliferation assay and wound 
healing assay

Cell proliferation ability was measured by Cell Counting Kit-8 
(CCK-8, Dojindo Laboratories). HKFs were seeded into a 96-well 

plate at 104 cells per well. CCK-8  solution was added to per well, 
and plate was incubated at 37°C for 2 h. The OD values were de-
tected at 450 nm for 4 consecutive days with MRX II absorbance 
reader (Dynex Technologies). HKFs were planted in a little lattice 
(Servicebio) with 5 × 103 per hole. After incubation overnight, the 
lattice was removed and created a shaped wound. The wound was 
washed with phosphate buffered saline (PBS) and photographed by 
a phase-contrast microscope (Olympus) 24 and 48 h later.

2.10  |  Migration and invasion assays

Migration and invasion assays were performed with 8 μm pore size 
transwell chamber (Corning) with or without coating with Matrigel (BD 
Bioscience). HKFs were transfected with siRanGAP1 and siNC and 
seeded into the upper chamber with serum-free medium. The bottom 
chamber was immersed in culture medium containing 12% FBS. After 
incubation for 48 h, the cells on the outside of membrane were fixed 
with methanol for 30 min and stained in a 0.5% crystal violet solution 
for 20 min. The cells were photographed and counted in five random 
fields under a microscope (Olympus) at a 100× magnification.

2.11  |  Dual-luciferase reporter assay

Reporter plasmids SBE-Luc and pGL-hRluc (Promega) were used to 
measure TGF-β-induced transcription. HKFs were planted into a 96-
well plate at 5 × 104 cells per well and co-transfected with 100 ng of 
the SBE-Luc and 50 nM siRanGAP1 and siNC. After 48 h transfec-
tion, cells were treated with TGF-β1 (5  ng/ml) for 6  h. Then, cells 
were harvested to access the luciferase activity using Dual-Glo 
Luciferase system (Promega). The fluorescein activity of the firefly 
was normalized to the expression to the Renilla luciferase in each 
sample. Each group was conducted in triplicate.

2.12  |  Statistical analysis

Statistical analysis was performed using SPSS 22.0 (SPSS Inc.) and 
GraphPad Prism 7.0  software (GraphPad Inc.). All experiments 
were repeated three times. Measure data were expressed as the 
mean ± SD. Two-tail Student's t-test was applied to compare quan-
titative data. A p-value of 5% or lower is consider to be statistically 
significant. (*p < 0.05; **p < 0.01).

3  |  RESULTS

3.1  |  RanGAP1 acts as a functional partner of 
SUMOs in keloids

We predicted the proteins interacting with SUMOs with the 
STRING website. Hundreds of proteins were predicted to inter-
act with SUMO1-3 in Homo sapiens, the top of which are shown 
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in Figure 1A. In addition to SUMO-activating enzymes (SAE1 and 
UBA2), SUMO-conjugating enzymes (UBE2I) and SENPs, which 
are involved in the processes of sumoylation and desumoylation, 
RanGAP1 was found to be closely related to SUMOs and had a high 
reliability score (Figure S1A). RanGAP1 was the first documented 
SUMO1 substrate and is one of the most prominent SUMO1 sub-
strates to date.20 Moreover, RanGAP1 is highly expressed in skin, 
but its expression in keloids has not yet been reported (Figure 
S1B). Therefore, we selected RanGAP1 as a binding partner of 
SUMOs to explore the regulatory mechanism of sumoylation in 
keloids.

We analysed 124  samples of skin-related carcinoma with data 
available from cBioPortal database and found significant posi-
tive correlations between the expression levels of RanGAP1 with 
SUMO1, SUMO2 and SUMO3 (Figure  1B). RanGAP1 and SUMOs 
expression was related in theses samples.

Normal skin and keloid tissues were stain with RanGAP1 and 
SUMOs. RanGAP1 was highly expressed in both samples, while 
the expression of SUMOs in keloid was higher than that in nor-
mal skin tissues (Figure S2). The immunofluorescence co-staining 
results revealed that SUMOs and RanGAP1 had an obvious rela-
tionship in keloids. Confocal microscopy images further demon-
strated that SUMO1 partially colocalized with RanGAP1 in human 
keloid fibroblasts (HKFs), predominantly at the cytoplasmic fi-
bres of NPCs (Figure 1C,D). Altogether, our results indicate that 
RanGAP1 acts as a functional partner of SUMOs in keloids, and 
the positive regulation of sumoylation in keloids might be related 
to RanGAP1.

3.2  |  SUMO1 affects the nucleocytoplasmic 
distribution of Smad4 in the TGF-β/Smad 
signalling pathway

RanGAP1 is a GTPase-activating protein for Ran, which is a key 
regulator of the Ran-GTP/GDP cycle. Thus, we speculate that the 
regulation of sumoylation in keloids may be related to the role of 
RanGAP1 in nucleocytoplasmic transport of proteins in HKFs. We 
used small interfering RNA (siRNA) to knockdown the expression of 
SUMO1 in HKF1 and HKF2 cells. The silencing efficiency of siRNA 
was verified by qRT-PCR and western blotting, and the content of 
RanGAP1*SUMO1 was also significantly decreased (Figure  2A). 
Next, we compared the nucleoplasmic distribution of karyophilic 
proteins, which enter the nucleus to perform functional roles, in 
several classical signalling pathways, such as TGF-β/Smad, NF-κB, 
MAPK, JAK/STAT and Wnt (Figure 2B). Most of the karyophilic pro-
teins showed no significant difference in nuclear distribution when 
the expression of SUMO1 was decreased (Figure S3A). However, the 
proportion of Smad4 in the nucleus was significantly increased in 
HKF1 and HKF2 cells (Figure 2C). The immunofluorescence results 
further demonstrated that the proportion of Smad4 in the nucleus 
was significantly increased, while the distribution of Smad2/3 in the 
nucleus and cytoplasm did not change significantly (Figure  2D,E). 
We next upregulated SUMO1  levels in HKF1 cells by transfecting 
them with lentiviruses carrying a SUMO1 overexpression construct 
and found that the proportion of Smad4 distributed in the nucleus 
was decreased, which was consistent with the previous conclusion, 
although the overall content of Smad4 was increased (Figure S3B).

F I G U R E  1  SUMOs and RanGAP1 are related in keloids. (A) The STRING database (http://www.strin​gdb.org/) predicted the top 10 
functional partners of SUMO1, SUMO2 and SUMO3. (B) The figure shows the mRNA expression levels of SUMOs and RanGAP1 in 
124 samples of skin-related carcinoma with data available from cBioPortal (http://www.cbiop​ortal.org/). The Spearman and Pearson 
correlation coefficients indicated that SUMOs and RanGAP1 were positively correlated in skin cancers.(C, D) Immunofluorescence double 
staining for SUMO1, SUMO2, SUMO3 and RanGAP1 was performed in HKF1 and HKF2 cells, and the results showed that SUMO1 and 
RanGAP1 were predominantly colocalized in the nucleus, especially in the cytoplasmic fibers of nuclear pore complexes. Images were taken 
with confocal microscopy (magnification 800×)

http://www.stringdb.org/
http://www.cbioportal.org/
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We also found that the proportion of RanGAP1 distributed at the 
cytoplasmic fibres of NPCs was significantly decreased when SUMO1 
was silenced in HKFs. Previous studies have reported that SUMO1 me-
diates the targeting of RanGAP1 to the cytoplasmic fibres of NPCs.24 
Although the results of western blotting (Figure 2F) and coimmuno-
precipitation (Figure 2G) showed increased binding of SUMO2/3 and 

RanGAP1 after transfection with siSUMO1, the compensatory effect 
of SUMO2/3 on the nucleoplasmic distribution of Smad4 identified in 
the previous results remains to be further studied.21 Altogether, our 
results indicate that SUMO1 affects the nucleocytoplasmic distribu-
tion of Smad4, a member of the TGF-β/Smad signalling pathway. A 
decrease in SUMO1 leads to the nuclear accumulation of Smad4.

F I G U R E  2  Inhibition of SUMO1 leads to the nuclear accumulation of Smad4 in HKFs. (A) qRT-PCR and western blotting were performed 
to determine the silencing efficiency of siSUMO1 in HKF1 and HKF2 cells (left IB:SUMO1; right IB:RanGAP1). The expression level 
of RanGAP1*SUMO1 was also apparently decreased after silencing of SUMO1 (*p < 0.05). (B) The table shows the classical signaling 
pathways and their karyophilic proteins in keloids. (C) The nucleocytoplasmic expression levels of Smad2/3 and Smad4 in the TGF-β/Smad 
signaling pathway were measured after extraction of nuclear and cytoplasmic proteins from HKF1 and HKF2 cells. HSP90 and Lamin B1 
were reference proteins in the cytosol and nucleus. The histogram shows the relative proportion of protein distributed in the nucleus 
(*p < 0.05). (D, E) The intracellular localization of Smad2/3 and Smad4 protein was detected by immunofluorescence staining (magnification 
600×). The histogram shows the relative proportion of fluorescence intensity in the nucleus (*p < 0.05). (F) The expression level of 
RanGAP1*SUMO2/3 was obviously upregulated in the siSUMO1 group, while the expression level of free SUMO2/3 was downregulated. (G) 
Coimmunoprecipitation showed an increased amount of RanGAP1 bound to SUMO2/3 in the siSUMO1 group compared with the negative 
control group
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3.3  |  SUMO1-mediated nuclear accumulation of 
Smad4 is associated with RanGAP1

There are a number of studies on the effect of sumoylation on pro-
tein subcellular localization, but the specific effect of sumoylation on 
the nuclear localization of Smad4 remains to be studied. To further 
explore whether the nuclear localization of SUMO1 or sumoylation 
is related to RanGAP1, we used the SUMO inhibitor ML-792, which 
is a potent, selective sumoylation inhibitor that specially targets 
SUMO activases. Previous studies have shown that ML-792 has an 
inhibitory effect on the formation of RanGAP1*SUMO1.25 As shown 
in Figure 3A, we chose 1 μM as the concentration of ML-792 to ad-
minister to HKFs (Figure  3A). The results showed that Smad4 ac-
cumulated in the nucleus of HKF1 cells after 2 h of treatment with 
1 μM ML-792, and the proportion of Smad4 in the nucleus increased 
significantly (Figure 3B).

Based on previous studies, lysine 524 is a sumoylation binding 
site in the C-terminal region of RanGAP1. We designed a mutant by 
replacing lysine 524 with arginine to disrupt the sumoylation site of 
RanGAP1 (Figure 3C). After lentivirus construction, we transfected 
mutant RanGAP1 and wild-type RanGAP1 into HKFs with low en-
dogenous RanGAP1. The results showed that when RanGAP1 lacked 
the sumoylation site, the proportion of Smad4 in the nucleus in-
creased significantly (Figure 3D). In summary, SUMO1-mediated nu-
clear accumulation of Smad4 is associated with RanGAP1, and the 

level of RanGAP1*SUMO1 is directly related to the nucleocytoplas-
mic distribution of Smad4.

3.4  |  RanGAP1*SUMO1 affects the nuclear 
export of Smad4

To explore how RanGAP1*SUMO1 causes a change in the nuclear 
cytoplasmic distribution of Smad4, we used siRNA to knock down 
the expression of RanGAP1 in HKF1 and HKF2 cells. The silenc-
ing efficiency of the siRNA was verified by western blotting, and 
the content of RanGAP1*SUMO1 also was significantly decreased 
(Figure 4A). To further activate the TGF-β/Smad signalling pathway 
and simulate the physiological condition of keloids, we treated HKFs 
with 5 ng/ml exogenous TGF-β1 for 6 h for subsequent experiments 
(Figure S4). The results indicated that when the level of RanGAP1 
was decreased, the proportion of Smad4 in the nucleus was signifi-
cantly increased, while the proportions of Smad2/3 and p-Smad2/3 
in the nucleus did not change (Figure 4B). The immunofluorescence 
images also confirmed this result (Figure 4C, Figure S3C).

Our previous studies showed that sumoylation is positively 
regulated in keloids, but the regulatory role of RanGAP1*SUMO1 
in keloids is still unknown. We used a CCK-8 assay to investigate 
the effect of RanGAP1*SUMO1 on cell proliferation. The re-
sults revealed that downregulation of RanGAP1  suppressed the 

F I G U R E  3  SUMO1 mediates the nuclear accumulation of Smad4 and is associated with RanGAP1. (A) HKF1 cells were treated with a 
certain concentration gradient of ML-792 for 2 h, and the inhibition of SAEs by ML-792 was assessed by western blotting for the RanGAP1-
SUMO1 complex and free SUMO1. (B) The nucleocytoplasmic expression levels of Smad2/3 and Smad4 were measured after treatment of 
HKF1 cells with 1 μM ML-792 for 2 h. HSP90 and Lamin B1 were reference proteins in the cytosol and nucleus, respectively. The histogram 
shows the relative proportion of protein in the nucleus (*p < 0.05). (C) Structural motifs of the wild-type and mutant RanGAP1 proteins. 
Both proteins contained eight leucine-rich repeats and highly acidic stretches. Lysine 524 was replaced by arginine in mutant RanGAP1 
to disrupt the sumoylation site of RanGAP1. (D) HKF1 cells with low endogenous RanGAP1 levels were transfected with wild-type and 
mutant RanGAP1 constructs. The nucleocytoplasmic expression levels of Smad2/3 and Smad4 were measured. HSP90 and Lamin B1 were 
reference proteins in the cytosol and nucleus, respectively. The histogram shows the relative proportion of protein in the nucleus (*p < 0.05)
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proliferation of HKF1 and HKF2 cells (Figure 4D), which might be 
related to the involvement of RanGAP1*SUMO1 in mitosis.26 Then, 
we investigated the role of RanGAP1 in the motility of HKFs. The 
results of the wound healing and transwell assays suggested that 
a decrease in RanGAP1  levels inhibited the motility of HKFs to a 
certain extent, but the difference was not significant (Figure S5). We 
selected COL and PAI as downstream genes of the Smad complex. 
The results showed that the mRNA and protein levels of COL-1 and 

PAI-1 were significantly decreased in siRanGAP1 HKFs (Figure 4E, 
Figure S3D). To further evaluate the role of RanGAP1*SUMO1 in 
the TGF-β/Smad signalling pathway, we examined the effects of 
RanGAP1 on Smad complex-mediated transcriptional activation 
using Smad-dependent gene reporters. We performed experiments 
with a Smad-binding element (SBE)-Luc reporter, and silencing 
RanGAP1 in HKFs caused a decrease in TGF-β1-dependent tran-
scription (Figure 4F), which suggested that the Smad4 accumulated 

F I G U R E  4  Inhibition of RanGAP1 leads to restriction of the nuclear export of Smad4 in HKFs. (A) Western blotting showed the silencing 
efficiency of siRanGAP1 in HKF1 and HKF2 cells (left IB:SUMO1; right IB:RanGAP1). The expression level of RanGAP1*SUMO1 was also 
apparently decreased after silencing of RanGAP1. (B) The nucleocytoplasmic expression levels of Smad2/3, pSmad2/3 and Smad4 were 
measured after transfection with siRanGAP1 in HKF1 cells. Both groups were treated with 5 ng/ml TGF-β1 for 6 h. HSP90 and Lamin B1 
were reference proteins in the cytosol and nucleus, respectively. (C) The intracellular localization of Smad2/3, pSmad2/3 and Smad4 protein 
was detected by immunofluorescence staining (magnification 600×). (D) The relative cell viability of the siRanGAP1 group was lower than 
that of the negative control group of HKF1 and HKF2 cells. The cell viability at 0 h was regarded as 1.0, and the cell viability was measured 
by CCK-8 assay at 24, 48 and 72 h after transfection. (E) The relative mRNA expression levels of COL-1 and PAI1 were measured by qRT-PCR 
after transfection of HKF1 and HKF2 cells with siRanGAP1 (*p < 0.05). (F) SBE-Luc reporter activity was measured in HKF1 and HKF2 cells 
transfected with siRanGAP1 and treated with 5 ng/ml TGF-β1 for 6 h. Values and error bars represent the mean and standard deviation of 
three experiments, respectively (*p < 0.05)
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in the nucleus did not participate in the Smad complex to regulate 
downstream genes and phenotypes. Altogether, our results sug-
gest that the RanGAP1*SUMO1*-mediated nuclear accumulation of 
Smad4 is due to its impact on nuclear export. Smad4 was unable 
to translocate into the cytoplasm, preventing continuous shuttling 
between the nucleus and the cytoplasm.

3.5  |  RanGAP1*SUMO1 functions as a disassembly 
machine for the export receptor CRM1 and Smad4

Studies on Smad protein nuclear export have suggested that R-Smad 
dephosphorylation leads to dissociation of Smad complexes in the 
nucleus and the export of monomeric Smad proteins to the cyto-
plasm. Smad2 and Smad3 require exportin 4 or RanBP3 for nuclear 
export, but the conserved sequence for nuclear export remains to be 
studied. However, the mechanism of Smad4 export from the nucleus 
has been shown to be mediated by CRM1,27 and this export relied 
on the canonical nuclear export signal (NES) in the N-terminal part 
of the linker region of Smad4 (Figure 5A). Inhibition of CRM1 medi-
ated nuclear export using CRM1 siRNA and inactivation of CRM1 by 
leptomycin B (LMB) resulted in nuclear accumulation of Smad4 in 
HKFs (Figure 5B). Coimmunoprecipitation showed increased binding 
of Smad4 and CRM1 after silencing of RanGAP1 and SUMO1. The 
results indicate that the effect of RanGAP1*SUMO1 on the nuclear 
export of Smad4 identified in the previous study was due to reduced 
dissociation of Smad4 and CRM1. RanGAP1 and SUMO1 played a 
synergistic role in this process, and RanGAP1 seemed to be more 
effective (Figure 5C). The loss of the SUMO binding site in RanGAP1 
also limited the dissociation of Smad4 and CRM1, but it did not seem 
to influence the sumoylation of Smad4 in HKFs (Figure 5D). In sum-
mary, RanGAP1*SUMO1  mediates the dissociation of Smad4 and 
CRM1 and affects the nuclear export of Smad4. The role of sumoyla-
tion of Smad4 in nuclear export remains to be studied.

4  |  DISCUSSION

Sumoylation and desumoylation are dynamic, reversible processed 
that can be reversed by SENPs in vivo.28 For most substrates, SUMO 
modification is time-dependent, which is necessary for the cycle of 
sumoylation, but it may cause bias for studies on the role of sumoyla-
tion.29 For example, hypoxia-inducible factor 1α (HIF-1α) is modified 
by SUMO1 and can still be hydrolysed by SENP1 under hypoxic con-
ditions. Two independent studies reported that sumoylation can aid 
the stabilization of the HIF-1α protein structure by adding SUMO1 
to lysines 391 and 477 in the HIF-1α oxygen-dependent degrada-
tion region to antagonize ubiquitination.30,31 However, Cheng et al.18 
refuted this conclusion by suggesting that the stability of HIF-1α de-
creased when the level of sumoylation was enhanced by knocking 
down SENP1. In our previous study, when we inhibited sumoyla-
tion and desumoylation in keloids by silencing SUMO1 and SENP1, 
the regulatory effect on HKFs was related to the content of SUMO 

complexes but not free SUMO.17 Therefore, we hypothesized that 
SUMO proteins can exist in complexes. When hydrolase is absent, 
although the proportion of free SUMO decreases, the proportion 
of SUMO complexes increases. This also explains why the effect 
of hydrolase knockdown and the effect of SUMO knockdown are 
contradictory in sumoylation studies. A SUMO-complex band was 
easily observed near 90 kDa, which was further confirmed to be the 
RanGAP1*SUMO1 form. The functional partners of SUMO proteins 
predicted by STRING also suggest that there is a close relationship 
between SUMO proteins and RanGAP1. In addition, RanGAP1 is co-
valently modified by SUMO1 and targeted to NPCs, which remain 
stably associated with the nuclear envelope.26 We chose to investi-
gate RanGAP1, as a chaperone of SUMO proteins, in our study of the 
effect of sumoylation on keloids.

RanGAP1 was initially purified as a homodimer of 70 kDa sub-
units located in the cytoplasm that specifically enhanced the rate 
of Ran-GTP hydrolysis by three orders of magnitude.1 Ran is a nu-
clear Ras-like GTPase that is converted to its GTP-bound form in the 
nucleus and hydrolysed to its GDP-bound form in the cytoplasm.32 
The concentration gradient of GTP/GDP is an important factor reg-
ulating nucleocytoplasmic transport. Later, RanGAP1 was found to 
be highly concentrated at NPCs and to form a stable complex with 
RanBP2 with SUMO1  modification.20,33 Our confocal microscopy 
images also showed that RanGAP1 was mainly distributed in the cy-
toplasm and enriched in the nuclear envelope in HKFs. Therefore, 
RanGAP1 is present in two forms: one that is cytoplasmic and an-
other that is concentrated at the cytoplasmic fibres of NPCs. The 
western blotting results showed 70 kDa unmodified RanGAP1 and 
90 kDa modified RanGAP1, as well as the 10 kDa free SUMO1 and 
90 kDa modified SUMO1. RanGAP1*SUMO1 plays essential roles in 
nucleocytoplasmic transport, mitotic spindle formation, checkpoint 
control and postmitotic nuclear envelope reassembly.34–36 The NPC-
associated form of RanGAP1*SUMO1 is targeted to RanBP2 and in-
teracts with RanBP2 and UBC9. The RanBP2/RanGAP1*SUMO1/
UBC9 complex is a multisubunit E3  ligase rather than an E2-E3 
complex. This difference is due to the formation of a stable UBC9-
containing E3 ligase complex and a lack of the typical E2-E3 inter-
action22  The complex can not only recruit proteins as substrates 
for sumoylation but also fine tune the transport machinery.37 We 
downregulated the expression of RanGAP1*SUMO1 by silencing 
SUMO1 and RanGAP1 and compared the nucleoplasmic distribu-
tion of karyophilic proteins in several classical signalling pathways 
via nucleocytoplasmic protein extraction and immunofluorescence 
staining. The results indicated that RanGAP1*SUMO1 affects the 
nucleocytoplasmic distribution of Smad4, a member of the TGF-β/
Smad signalling pathway.

Mediation of nucleocytoplasmic transport by sumoylation has 
been extensively documented: protein sumoylation effects on the 
physical properties of cargo proteins and/or regulates the functions 
of components of the transport machinery.38 The effects of sumoy-
lation on the nucleocytoplasmic transport of cargo proteins include 
four aspects: export inhibition, export stimulation, import inhibition 
and import stimulation.39–41 For example, SUMO proteins induce 
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colocalization of ATF7, which interacts with NPC components, lead-
ing to increased residence time of ATF7 at nuclear envelope and ul-
timately a slower rate of import.42 Sumoylation of p53 dramatically 
increases its nuclear export by facilitating disassembly of the trans-
port complex and cargo release into the cytoplasm.43 Smad4  has 
been reported to be endogenously modified by SUMO1 in Hela 
cells and human ovarian cells, and lysine 159 is the main sumoyla-
tion site.44 Furthermore, Smad4 was also found to strongly interact 
with UBC9 in yeast.45 Shimada et al.46 proposed that UBC9 affects 
the nuclear accumulation of Smad1 and Smad4 in the BMP signal-
ling pathway. In the present study, we showed that silencing SUMO1 
and RanGAP1 resulted in nuclear accumulation of Smad4, a member 
of the TGF-β/Smad signalling pathway, while Smad2/3 was not af-
fected. Therefore, we suggest that the RanBP2/RanGAP1*SUMO1/
UBC9 complex located at NPCs is the key factor that mediates the 
effect of sumoylation on the nucleocytoplasmic distribution of 
Smad4. In other words, sumoylation affects the nucleocytoplas-
mic transport of Smad4 because it regulates the functions of com-
ponents of the transport machinery. Our results indicate that the 
sumoylation of Smad4 is not significantly affected by the nuclear 
accumulation of Smad4. The effect of Smad4  sumoylation on the 
nucleocytoplasmic transport of Smad4 as a cargo protein remains to 
be further investigated.

Generally, the positive regulatory function of Smad4 should be 
enhanced by its accumulation in the nucleus and the increased Smad4 
content in the nucleus. However, when RanGAP1 was knocked 
down, the nuclear accumulation of Smad4 induced negative regu-
lation in HKFs, and the same results were observed when SUMO1 
was knocked down. Therefore, we propose that RanGAP1*SUMO1-
mediated nuclear accumulation of Smad4 affects its nuclear export 
such that Smad4 cannot translocate into the cytoplasm to continu-
ously shuttle between the nucleus and the cytoplasm, which leads to 
negative regulation in HKFs after knockdown of RanGAP1*SUMO1. 
It is clear that the nucleocytoplasmic distribution of Smads is not 
static, but instead the Smad proteins are continuously shuttled 
between the nucleus and the cytoplasm in the absence and pres-
ence of the TGF-β signal.27 The bulk Smad proteins are not de-
graded in the nucleus in response to a signal but rather engage in 
highly dynamic shuttling between the nucleus and the cytoplasm.47 
Smad4 shuttling involves R-Smad dephosphorylation, which leads to 
dissociation of Smad complexes in the nucleus and export of mono-
meric Smad proteins to the cytoplasm.48 The mechanism of Smad4 
export from the nucleus was identified to be mediated by CRM1. 
The critical nuclear export signal in the N-terminal part of Smad4 
is necessary for the nuclear export of Smad4. Our experiments 
with CRM1 siRNA and LMB indicate that nuclear export of Smad4 

F I G U R E  5  RanGAP1*SUMO1 mediates the dissociation of Smad4 and CRM1. (A) Structural motifs of the Smad2, Smad3 and Smad4 
proteins. R-Smad proteins and Smad4 share two conserved domains, the N-terminal MH1 domain and the C-terminal MH2 domain. These 
domains are connected by a proline-rich linker region. The regions of Smad proteins that interact with exportin are shown. The position of 
the NES in Smad4 is also shown. (B) The nucleocytoplasmic expression levels of Smad2/3 and Smad4 were measured after transfection with 
siCRM1 and treatment with 50 nM leptomycin B for 12 h. The histogram shows the relative proportion of protein in the nucleus (*p < 0.05). 
(C) CRM1 was coimmunoprecipitated with Smad4 in HKFs. The binding of CRM1 and Smad4 was increased after transfection with siSUMO1 
and siRanGAP1 (upper, second and third lane), which was consistent with the CRM1coimmunoprecipitation results. (D) Loss of the SUMO 
binding site in RanGAP1 made it more difficult to dissociate CRM1 and Smad4 (upper lane). The sumoylation of Smad4 was apparently 
unchanged (middle lane). (E) A schematic model illustrating our finding that RanGAP1*SUMO1 serves as a disassembly machine for the 
export receptor CRM1 and Smad4
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is CRM1-dependent. RanGAP1  mediated the disassembly of both 
trimeric export complexes and recycling of the import/Ran-GTP 
complex.49 Moreover, as most SUMO proteins are found within the 
nucleus, sumoylation is strategically positioned to regulate nuclear 
export.38 It has been reported that the RanBP2/RanGAP1*SUMO1/
UBC9 complex functions as an autonomous disassembly machine 
with a preference for the export receptor CRM1.50 In the present 
study, when the content of RanGAP1*SUMO1 was decreased, the 
binding of Smad4 and CRM1 significantly increased, which indicates 
RanGAP1*SUMO1 mediates the dissociation of Smad4 and CRM1 in 
nuclear export, as shown in Figure 5E.
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