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The promyelocytic leukemia protein (PML) is essential in the
assembly of dynamic subnuclear structures called PML nuclear
bodies (PML-NBs), which are involved in regulating diverse
cellular functions. However, the possibility of PML being
involved in cardiac disease has not been examined. In mice
undergoing transverse aortic constriction (TAC) and arsenic
trioxide (ATO) injection, transforming growth factor b1
(TGF-b1) was upregulated along with dynamic alteration of
PML SUMOylation. In cultured neonatal mouse cardiac fibro-
blasts (NMCFs), ATO, angiotensin II (Ang II), and fetal bovine
serum (FBS) significantly triggered PML SUMOylation and the
assembly of PML-NBs. Inhibition of SUMOylated PML by
silencing UBC9, the unique SUMO E2-conjugating enzyme,
reduced the development of cardiac fibrosis and partially
improved cardiac function in TAC mice. In contrast,
enhancing SUMOylated PML accumulation, by silencing
RNF4, a poly-SUMO-specific E3 ubiquitin ligase, accelerated
the induction of cardiac fibrosis and promoted cardiac func-
tion injury. PML colocalized with Pin1 (a positive regulator
for TGF-b1 mRNA expression in PML-NBs) and increased
TGF-b1 activity. These findings suggest that the UBC9/PML/
RNF4 axis plays a critical role as an important SUMO pathway
in cardiac fibrosis. Modulating the protein levels of the pathway
provides an attractive therapeutic target for the treatment of
cardiac fibrosis and heart failure.
Received 31 May 2016; accepted 25 December 2016;
http://dx.doi.org/10.1016/j.ymthe.2016.12.021.
3These authors contributed equally to this work.

Correspondence: Wen-Feng Chu, MD, PhD, Department of Pharmacology,
Harbin Medical University, 157 Baojian Road, Harbin, Heilongjiang 150081, P.R.
China.
E-mail: cwf76928@aliyun.com
Correspondence: Bao-Feng Yang, MD, PhD, Department of Pharmacology, Har-
bin Medical University, 157 Baojian Road, Harbin, Heilongjiang 150081, P.R.
China.
E-mail: yangbf@ems.hrbmu.edu.cn
INTRODUCTION
Heart failure is a major risk factor in human health and a prevalent
cause of both morbidity and mortality.1 Cardiac fibrosis is a common
morphological feature that is characterized by structural remodeling
of the cardiac interstitium, which can lead to increased stiffness and
diastolic dysfunction.2 The pleiotropic cytokine transforming growth
factor b1 (TGF-b1) plays a critical role in cardiac fibrosis as a key
mediator in cardiac ventricular remodeling. This remodeling results
in the abnormal accumulation of fibrillar collagen, which contributes
to excessive extracellular matrix deposition and affects overall func-
tion of fibroblasts through both the canonical Smad and non-canon-
ical signaling.3,4 Despite the fact that extensive studies have been
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published, the underlying mechanisms for TGF-b1 expression regu-
lation remain poorly understood.

The promyelocytic leukemia protein (PML) gene was originally
discovered through its fusion with the RAR gene, which can cause
acute promyelocytic leukemia. SUMOylation, a post-translational
modification, is accomplished by the covalent binding of the small
ubiquitin-like modifier (SUMO) to a target protein lysine residue,
which is regulated by UBC9, a unique SUMO E2-conjugating enzyme
responsible for substrate recognition.5 Notably, Zhang et al. revealed
that acute promyelocytic leukemia is highly sensitive to arsenic
trioxide (ATO) chemotherapy. ATO can bind directly to the PML
protein, resulting in covalent modification of PML by SUMOs;
namely, PML SUMOylation6 and PML degradation via RNF4, an
E3 ubiquitin ligase family member, through the ubiquitin-mediated
pathway.7 PML is a key organizer of nuclear bodies (NBs) that recruit
a number of regulatory proteins that are implicated in the regulation
of many biological processes such as senescence, viral infection, and
DNA damage.8 However, the function of PML in the heart remains
to be elucidated. Our group has previously demonstrated that ATO
can cause significant cardiac fibrosis by increasing TGF-b1 expres-
sion.9 These facts promoted us to propose that the PML-associated
SUMO processes may be a critical regulator of cardiac fibrosis.

Herein, we identified UBC9/PML/RNF4 as novel mediators of the
SUMO pathway of cardiac fibrosis and unraveled that modulating
these protein levels regulates TGF-b1 expression through the seques-
tering of a peptidyl-prolyl isomerase, Pin1, by PML-NBs.
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Figure 1. Alterations of PML SUMOylation in Mouse Models of Cardiac Fibrosis

(A and B) Masson’s trichrome-stained images in histological sections with the area of fibrosis (blue) in the left ventricle quantified after TAC for 3 weeks and ATO injection

(2mg/kg) for 1 week. Scale bar, 100 mm. (C) Representative electronmicroscopy (EM) images showing the characteristic changes and collagen production in the left ventricle

of the fibrotic mice. The red arrow indicates cardiac fibroblasts, and the blue arrow indicates collagen. (D) Representative immunoblots and quantitative results of TGF-b1

expression in the left ventricle. GAPDH served as a loading control. (E) Immunoblotting analysis of PML in mouse hearts at 2, 3, 4, 8, and 12 weeks post-TAC surgery, with

b-actin used as a loading control. (F and G) Immunoblotting analysis of PML in nuclear extracts from models established by (F) TAC for 3 weeks (3W) or (G) injected with ATO

for 1 or 2 weeks (1W and 2W, respectively). GAPDH and b-actin were used as internal controls for cytoplasmic and nuclear fractions, respectively. The molecular weight in

kilodaltons is shown on the right side of the each blot. S-PML, SUMOylated PML. n = 6 per group in (A)–(F) from three independent experiments with similar results. Data are

normalized to GAPDH and expressed as mean ± SEM, *p < 0.05 versus sham; #p < 0.05 versus saline.
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RESULTS
Alteration of SUMOylated PML in the Experimental Cardiac

Fibrotic Models Induced by Pressure Overload and by ATO

In order to gain insights into the possible role of PML SUMOylation
in cardiac fibrosis, we used two different experimental fibrotic
models: the TAC (transverse aortic constriction)-induced pressure
overload model and the ATO-injection (2 mg/kg) model. Masson
staining analysis demonstrated significant interstitial collagen deposi-
tion in the left ventricular (LV) myocardium in both TAC mice
(3 weeks) and ATO-injected mice (1 week) (Figures 1A and 1B).
Meanwhile, electron microscopic examination revealed considerable
proliferation of cardiac fibroblasts and aberrant accumulation of
collagen fibers in both models compared with control mice (Fig-
ure 1C). Furthermore, immunoblotting analysis indicated that
TGF-b1 expression was elevated in the ventricular myocardium of
both fibrotic models (Figure 1D).

In order to understand the role of PML in the development of cardiac
fibrosis, PML protein expression was examined in mice at different
time points post-TAC surgery. In the TAC models, the high-molecu-
lar-weight (HMW) PML species (>130 kDa) were increased initially
within 2 and 3 weeks post-TAC operation and subsequently declined
sharply by 8 weeks post-surgery (Figure 1E). After SUMO modifica-
tion, PML migrated from the nucleoplasm toward the subnuclear
structure NBs.10 Thus, unmodified PML was found in the soluble
fraction of the nucleus, while the SUMO-modified forms appeared
as HMW species.11 We then furthered our study to understand the
dynamic process of PML SUMOylation during pathological stress
with the nuclear proteins extracted from heart tissues. Immunoblot-
ting analysis revealed that PML isoforms with molecular weights
>95 kDa were primarily located within the nucleus (Figure S1). Signif-
icant accumulation of the HMW PML isoforms with SUMO-1 and
SUMO-2/3 conjugations was consistently observed in TAC mice
(3 weeks) (Figure 1F). Similarly, the HMW PML isoforms and the
SUMO molecules were increased 1 week after ATO-injected mice
but subsequently declined by 2 weeks (Figure 1G). These results sug-
gest that PML SUMOylation is dynamically regulated during the
transition from the compensatory process to cardiac fibrosis and
the associated structural remodeling.

PML SUMOylation Induced by ATO, Angiotensin II, and Fetal

Bovine Serum in Cultured Neonatal Mouse Cardiac Fibroblasts

Next, the possible roles of PML SUMOylation in cardiac fibrosis were
investigated in vitro. Neonatal mouse cardiac fibroblasts (NMCFs)
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Figure 2. PML SUMOylation and NB Formation in a

Cellular Model of Fibrosis with NMCFs

(A) Representative immunoblotting analysis examining the

endogenous expression of PML (top), SUMO-1 (middle),

and SUMO-2/3 (bottom) from whole-cell extracts of

NMCFs after the addition of ATO for 2, 4, and 24 hr. Ctl,

control. (B) Ang II or FBS at concentrations of 5%, 10%,

and 20%. GAPDH was used as an internal control. The

molecular weight in kilodaltons is shown on the right of

each blot. S-PML, SUMOylated PML. The experiments

shown are representative of three independent experi-

ments with similar results. (C) Detection of PML conju-

gated with SUMO-1 (upper panel) or SUMO-2/3 (lower

panel) in NMCFs was performed by co-IP after 20% FBS

treatment. IgG, immunoglobulin G; IB, immunoblot. (D)

Immunofluorescent analysis of NMCFs in response to

ATO (2 mM) for 4-hr and 12-hr exposure to Ang II (100 nM)

or FBS (20%), with PML (green) and the nuclei (blue),

visualized with a laser confocal microscope. Scale bar,

25 mm. The boxed area in the merged picture is amplified

for visualizing PML-NBs. White arrows indicate the

PML-NBs. (A)–(C) are representative of three independent

experiments with similar results.
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were treated with 2 mM ATO, 100 nM angiotensin II (Ang II), and
varying concentrations of fetal bovine serum (FBS) separately to
establish in vitro fibrotic models. Immunoblotting analysis indicated
that exposure to ATO for 2 or 4 hr triggered a dramatic shift toward
PML SUMOylation, while prolonged exposure led to PML degrada-
tion as previously reported (Figure 2A).12 As expected, exposure to
either Ang II or FBS for 12 hr caused similar accumulation of the
HMW PML isoforms. Interestingly, FBS also increased PML
SUMOylation in a dose-dependent manner (Figure 2B). In immuno-
blotting analysis, the same bands were detected by SUMO-1 and
SUMO-2/3 antibodies, suggesting differential expression of SUMOs
in response to different fibrotic inducers. In order to detect
SUMO-conjugated PML proteins, immunoprecipitation of proteins
with PML antibodies under the denaturing conditions followed by
immunoblotting with either SUMO-1 or SUMO-2/3 antibodies
revealed multiple bands of HMWs (>130 kDa). These bands corre-
sponded to the PML conjugated with SUMO molecules. In addition,
FBS stimulation enhanced SUMO conjugation of PML in NMCFs
(Figure 2C).

PML-NBs, the matrix-associated structures that are sensitive to
varying stresses, can act as the platforms for recruitment of partners
that regulate various biological events.13 Consistent with the immu-
noblotting data on PML SUMOylation, immunohistochemical anal-
ysis showed that the size and number of PML-NBs in the nuclei
were remarkably increased after the addition of ATO, Ang II, or
FBS (Figure 2D). These results indicate that ATO, Ang II, and
FBS are all able to trigger PML SUMOylation and PML-NB assem-
bly in vitro.
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Regulation of TGF-b1 Expression and Collagen Synthesis by

PML SUMOylation via Silencing of UBC9 and RNF4

We then continued our investigations for in-depth understanding
of the role of PML in cardiac fibrosis. To this end, a PML expres-
sion plasmid was transfected into NMCFs. Overexpression of
PML promoted both the accumulation of unmodified (95 or
110 kDa) and SUMO-modified (>130 kDa) PML and activated
TGF-b1 signaling and a-smooth muscle actin (a-SMA) protein
expression (Figure 3A). Immunofluorescence analysis confirmed
that PML overexpression promoted the expression of a-SMA
and the differentiation of myofibroblasts in comparison with
the empty-vector control group (Figure 3B). In contrast, knock-
down of PML by its small interfering (si)RNAs effectively reduced
the expression of both unmodified (95 or 110 kDa) and SUMO-
modified (>30 kDa) PML (Figure 3C), as well as that of the
pro-fibrotic factor-induced TGF-b1, p-Smad2/3, and a-SMA
(Figures 3D–3F). These results indicated that PML protein caused
differentiation of myofibroblasts through the TGF-b/Smad
signaling pathway.

As SUMOylation is a key post-translational modification for
maintaining the proper PML-NB structure and normal function,
the role of PML SUMOylation in cardiac fibrosis was further eval-
uated using the siRNAs against UBC9 or RNF4. UBC9 serves as the
single E2-conjugating enzyme and, therefore, is essential for
SUMO conjugation to its substrates.14 The efficiencies of UBC9
and RNF4 knockdown by their respective siRNAs were verified
(Figures S2A and S2B). The co-immunoprecipitation (co-IP)
results clearly indicated the specific role of the common



Figure 3. Overexpression or Knockdown of PML Activated the TGF-b1 Signaling and a-SMA Protein Expression in NMCFs

(A) The expression of PML, SUMO-1, SUMO-2/3, TGF-b1, a-SMA (SMA), and p-Smad2/3 in PML-overexpressing NMCFs by immunoblotting analysis. Ctl, control; EV,

empty vector. (B) Representative images of a-SMA (red) and nuclei (blue) obtained from PML overexpression NMCFs. Scale bar, 25 mm. (C) PML, SUMO-1, and SUMO-2/3

expression in PML extinction NMCFs by siRNAs. (D–F) The expression of PML, SUMO-1, SUMO-2/3, TGF-b1, a-SMA, and p-Smad2/3 in PML-silenced NMCFs by

immunoblotting analysis. The data shown in (A)–(F) are representative of three independent experiments with similar results.
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E2-conjugating enzyme, UBC9, in PML SUMOylation, as reflected
by the data showing that depletion of UBC9 reduced SUMO-1 and
SUMO-2/3 conjugation of the HMW PML, compared with the
FBS-treatment group (Figure S2C). Immunoblotting showed that
treatment with 2 mM ATO for 4 hr and 100 nM Ang II or 20%
FBS for 12 hr increased TGF-b1 protein (Figures 4A–4C) and
mRNA (Figures 4G–4I) expression levels. However, a loss of
UBC9 not only alleviated PML SUMOylation (Figures 4A–4C)
induced by multiple pro-fibrotic factors but also suppressed the
TGF-b1 signaling by decreasing the expression of TGF-b1 at
both the mRNA (Figures 4G–4I) and protein (Figures 4A–4C)
levels and the levels of p-Smad2/3, the activated form of Smad2/
3 (Figures S3A–S3C and S3G), in comparison with the fibrotic-
stimulation groups. Meanwhile, silencing UBC9 reduced collagen
production (Figures 4J–4L) in response to ATO, Ang II, and FBS
stimulation in NMCFs.
RNF4, the well-known ubiquitin E3 ligase, is responsible for PML
degradation15 and caused the accumulation of PML SUMOylation
when silenced by its siRNA. Co-IP assays were performed to better
assess the influence of RNF4onPML-SUMO interactions. The increase
in HMW SUMO conjugates indicated that RNF4 extinction further
promoted SUMO-1 and SUMO-2/3 conjugation of PML, compared
with the FBS-treatment group (Figure S2D). RNF4 knockdown by
siRNA led to further accumulation of SUMOylated PML (Figures
4D–4F) and exacerbatedATO-, AngII-, and FBS-induced upregulation
of TGF-b1 mRNA (Figures 4G–4I) and protein (Figures 4D–4F), as
well as p-Smad2/3 levels (Figures S3D–S3F and S3H). As expected,
RNF4 knockdown also promoted the excessive accumulation of the
collagen content in NMCFs exposed to ATO, Ang II, and FBS (Figures
4J–4L). These results imply that intervention with UBC9 and RNF4 af-
fects the PML SUMOylation process and exerts a strong effect on
TGF-b1 expression and collagen production in NMCFs.
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A similar mode of regulatory roles of UBC9/PML/RNF4 was observed
in primary cultured cardiomyocytes with Ang II stimulation (Fig-
ure S4), in agreement with the results presented earlier for cardiac
fibroblasts.

Regulation of Cardiac Fibrogenesis by PML SUMOylation

through Cooperation between UBC9 and RNF4

In an effort to identify the involvement of the UBC9/PML/RNF4 axis
in vivo, short hairpin RNA (shRNA) lentiviral vectors targeting UBC9
or RNF4 were delivered into mice through coronary arteries. After
7 days, mice were subjected to TAC operation, and the efficiencies
of the silencing of UBC9 and RNF4 genes by their respective shRNAs
were confirmed by immunofluorescence (Figure S5A). The mRNA
levels of UBC9 and RNF4 in heart tissue, isolated cardiac fibroblasts,
and cardiomyocytes were significantly decreased (Figures S5B and
S5C). UBC9 and RNF4 protein levels were also correspondingly
decreased, as revealed by immunoblotting analysis (Figures S5D
and S5E).

Fibrosis is believed to be the key step of the structural remodeling
for the transition from compensated hypertrophy to heart failure.16

Masson staining demonstrated that lenti-shUBC9 promoted the
regression of the severe fibrosis in TAC mice 3 weeks following
the operation. Furthermore, electron-microscopic examination re-
vealed the decreases in fibroblast proliferation and collagen deposi-
tion in the mice with knockdown of endogenous UBC9 (Figures 5A
and 5B). Increase in the diffuse myocardial fibrosis is widely
considered to be the leading cause of diastolic dysfunction.17

TAC for 3 weeks exhibited an increased mitral E/A ratio (ratio of
peak velocity of early to late filling of mitral inflow) and Tei index
relative to the sham group, as demonstrated by Doppler echocardi-
ography (Table 1). On the other hand, lenti-shUBC9 treatment
improves diastolic function, as evidenced by a reduced mitral
E/A ratio and Tei index (Table 1), compared to findings for the
TAC mice. Likewise, echocardiography revealed the severe cardiac
dysfunction during constant pressure overload for 12 weeks. Lenti-
shUBC9 mice significantly improved the cardiac function, with
elevated ejection fraction (EF) from 34.03% to 45.15% and frac-
tional shortening (FS) from 16.24% to 22.73% (Figures 5C and
5D). These findings suggest that UBC9 knockdown could improve
LV diastolic filling properties and systolic function by suppressing
myocardial fibrosis.

Next, the association of PML SUMOylation and TGF-b1 expression
with the cardiac function was assessed. Consistent with our in vitro
Figure 4. Silencing of UBC9 and RNF4 Regulates PML SUMOylation, TGF-b1 E

(A–F) In (A–C), representative immunoblotting analysis is shown of the endogenous ex

extracts from NMCFs. (D–F) Representative immunoblotting analysis of the endogenou

NMCFs after RNF4 knockdown. Data shown in (A)–(F) are representative of three indepe

real-time PCR in NMCFs after transfection with either siUBC9 or siRNF4 in response to

as described in NMCFs after transfection with either siUBC9 or siRNF4 for 6 hr in res

Statistical differences in (G)–(L) were determined from five independent experiments. Da

Ang II, or FBS.
results, UBC9 silencing alleviated the accumulation of the HMW
PML (>130 kDa) and SUMO-1/2/3 conjugation caused by TAC (Fig-
ure 5E). Additionally, the typical fibrotic lesions caused by TAC
appeared less frequently, and the expression of TGF-b1, a crucial
pro-fibrotic cytokine,4 at both the mRNA (Figure 5F) and protein
levels (Figure 5G), was reduced, along with a reduction of Smad2/3
phosphorylation (Figures S6A and S6B). These findings suggested
that inhibition of PML SUMOylation by lenti-shUBC9 mitigated car-
diac remodeling and ameliorated cardiac dysfunction during the
development of heart failure.

In contrast, compared to the TAC mice at 3 weeks, the lenti-
shRNF4 injection significantly increased the extent of TAC-associ-
ated fibrosis, with abnormal accumulation of collagen in the
hypertrophied myocardium (Figures 6A and 6B). Notably, RNF4
knockdown in the heart without TAC operation was able to
directly induce collagen accumulation (Figure S5F). Similarly, the
mice pretreated with lenti-RNF4 had more severe diastolic
dysfunction, with a markedly decreased E/A ratio and Tei index,
compared to TAC mice at 3 weeks (Table 1). Furthermore, the
deterioration of cardiac function was found to be more
pronounced in the lenti-shRNF4 mice at 8 weeks than in the
TAC mice, with EF decreased from 57.01% to 39.01% and FS
decreased from 29.36% to 18.97% (Figures 6C and 6D). Subse-
quently, PML SUMOylation (Figure 6E) and the expression of
TGF-b1 (Figures 6F and 6G) and p-Smad2/3 (Figures S6A and
S6B) were further aggravated after RNF4 knockdown. Collectively,
PML SUMOylation was promoted following RNF4 knockdown,
which, in turn, promoted the transition from cardiac hypertrophy
to heart failure with impaired cardiac function.

The TAC-induced increase in the expression of cardiac b-myosin
heavy chain (b-MHC) protein (Figure S6A), atrial natriuretic peptide
(Figure S6C), and brain natriuretic peptide (Figure S6D) was signifi-
cantly decreased by lentivirus-mediated knockdown of UBC9. In
contrast, knockdown of RNF4 further aggravated the expression of
these cardiac hypertrophic markers (Figures S6A–S6D). These find-
ings correspond with our in vitro results that PML SUMOylation
cooperation with UBC9 or RNF4 affected hypertrophic phenotypes,
concomitant with remarkable changes in actin cytoskeleton structure
and b-MHC protein expression in cultured cardiomyocytes (Figures
S4A and S4B). Extensive evidence suggests that pressure overload
triggers a transient inflammatory response in the myocardium. Our
data showed that depletion of UBC9 decreased the mRNA levels of
inflammatory cytokines, such as tumor necrosis factor a (TNF-a),
xpression, and Collagen Production in NMCFs

pression of PML, SUMO-1, SUMO-2/3, and TGF-b1 in UBC9-silenced whole-cell

s expression of PML, SUMO-1, SUMO-2/3, and TGF-b1 in whole-cell extracts from

ndent experiments with similar results. (G–I) TGF-b1mRNA levels were analyzed by

ATO, Ang II, or FBS. (J–L) Statistical results for the collagen content was measured

ponse to ATO, Ang II, or FBS for 24 hr. GAPDH was used as an internal control.

ta are represented as mean ± SEM. *p < 0.05 versus control; #p < 0.05 versus ATO,
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Figure 5. UBC9 Knockdown Inhibits Interstitial

Fibrosis Induced by TAC

(A) Representative images of mouse left ventricular re-

gions following Masson’s trichrome staining (scale bar,

100 mm) and electron microscopy (EM). The red arrow

indicates cardiac fibroblasts, and the blue arrow indicates

collagen. (B) Quantification of the area of fibrosis (blue) in

the indicated histological sections stained with Masson’s

trichrome. (C and D) Average fibrotic area ± SEM; n = 6

per group. Echocardiography of TAC mice at 12 weeks

for ventricular (C) EF and (D) FS; n = 8 per group. (E)

Immunoblotting nuclear analysis of PML (top), SUMO-1

(middle), and SUMO-2/3 (bottom) in TAC hearts 3 weeks

after surgery, with b-actin used as the nuclear loading

control and GAPDH used as a cytoplasmic loading con-

trol. The bands are representative of four independent

experiments with similar results. (F and G) Shown here are

(F) a real-time PCR analysis of LV TGF-b1 mRNA and (G)

an immunoblotting analysis of TGF-b1 protein levels

normalized to GAPDH. Data in (B)–(D), (F), and (G) are

expressed as means ± SEM of five independent

experiments with similar results, *p < 0.05; **p < 0.01;

***p < 0.001.
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interleukin (IL)-1b (IL-1b), IL-6, and IL-10 in comparison with the
TAC group, while RNF4 ablation exacerbated the inflammatory
response (Figures S7A–S7D).

Alterations of Sequestration of Pin1 to PML-NBs and Expression

of TGF-b1 by Silencing UBC9 and RNF4

As already mentioned earlier, PML-NBs are matrix-associated
structures that recruit an astonishing number of partner proteins,
of which Pin1 deserves special attention, as it has been reported to sta-
bilize TGF-b1 mRNA by mediating its association with ARE (AU-
rich element)-binding proteins.18 Our co-IP experiments confirmed
that either anti-Pin1 or anti-PML antibodies were able to pull down
672 Molecular Therapy Vol. 25 No 3 March 2017
each other’s partner protein. Notably, a
specific PML isoform with a molecular mass
of 95 kDa interacted with Pin1 and corre-
sponded to the most extensively studied iso-
form (Figure 7A).19,20

Consistent with our co-IP results, PML and
Pin1 were found co-localized under confocal
microscopy in cultured NMCFs. Pin1 exhibited
a diffuse distribution throughout the nucleus
and a partial colocalization with PML (Fig-
ure 7B). Varying stimuli induced considerable
aggregation of Pin1 onto PML-NBs and
increased PML/Pin1 colocalization (Figure 7C).
Moreover, immunofluorescence demonstrated
a severe defect in NB assembly due to loss in
NB number and intensity. Thus, the NBs were
deficient in Pin1 recruitment and were mainly
localized to the cytoplasm in response to the
fibrotic stimuli in the absence of UBC9. Conversely, RNF4 knock-
down yielded a dramatic increase in PML-NB number and size and
enhanced the sequestration of Pin1 into the NBs (Figures 7C and
S8). In the nuclear extracts from 3-week TAC model, the PML/Pin1
complex was increased relative to the sham mice, and lenti-shUBC9
reduced the formation of the PML/Pin1 complex (Figure 7D).
Conversely, lenti-shRNF4 further enhanced the PML/Pin1 interac-
tions (Figure 7E). In order to further investigate the role of Pin1 in
TGF-b1 expression, Pin1 was selectively inhibited using Juglone,21

which attenuated the increased expression of TGF-b1 (Figures 7F
and 7G) in response to ATO, Ang II, and FBS. These results were
further substantiated following knockdown of Pin1 by its siRNA



Table 1. Echocardiographic Analysis of Diastolic Function: Transmitral Doppler Parameters at 3 Weeks after TAC in Mice Pretreated with Lenti-shUBC9 or

Lenti-shRNF4

Index Sham (n = 10) TAC (n = 10) +Lenti-shUBC9 (n = 10) +Lenti-shRNF4 (n = 10) +Lenti-scramble (n = 11)

LV mass (mg) 1.28 ± 0.15 2.06 ± 0.25* 1.43 ± 0.11# 2.24 ± 0.25# 1.92 ± 0.22*

E (cm/s) 70.83 ± 10.79 74.50 ± 9.93 70.78 ± 9.51 84.84 ± 9.11 76.45 ± 8.38

A (cm/s) 49.66 ± 9.15 41.10 ± 9.33 49.79 ± 9.46 43.51 ± 11.47 46.34 ± 9.52

E/A 1.42 ± 0.15 1.87 ± 0.14* 1.46 ± 0.13# 2.05 ± 0.27# 1.81 ± 0.19*

IVCT (ms) 11.14 ± 1.64 12.60 ± 1.67 10.65 ± 1.36# 15.58 ± 0.83# 12.65 ± 2.10

IVRT (ms) 16.12 ± 1.38 17.45 ± 1.73 16.17 ± 1.53 20.01 ± 2.85# 17.67 ± 1.16

DT (ms) 49.93 ± 5.11 46.29 ± 4.37 44.73 ± 4.04 47.35 ± 4.46 45.37 ± 6.27

Tei index 0.55 ± 0.01 0.65 ± 0.02* 0.60 ± 0.01# 0.75 ± 0.04# 0.67 ± 0.02*

All data are expressed as mean ± SD. n represents the number of mice used in each group. *p < 0.05 versus sham; #p < 0.05 versus +lenti-scramble. TAC, transverse aortic constriction;
LV, left ventricular; E, the peak velocities of early rapid filling; A, the peak velocities of late filling; E/A, the ratio of peak velocity of early to late filling of mitral inflow; IVCT,
isovolumetric contraction time; IVRT, isovolumic relaxation time; DT, deceleration time of early filling of mitral inflow; Tei index, calculation by the formula (IVRT + IVCT)/ET; +
lenti-shUBC9, TAC+lentiviral vector carrying shRNA UBC9; +lenti-shRNF4, TAC+lentiviral vector carrying shRNA RNF4; +lenti-scramble, TAC+lentiviral vector carrying scramble
RNA.
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(Figure S9), which reduced the levels of TGF-b1 mRNA (Figure 7I)
and protein (Figure 7H), suggesting that modulation of the UBC9/
PML/RNF4 pathway affects TGF-b1 expression in a Pin1-dependent
manner.

DISCUSSION
The results of this study revealed a novel regulatory mechanism of
cardiac fibrosis that is composed of UBC9, PML, and RNF4. The pre-
sent work provides strong evidence that: (1) PML SUMOylation is
dynamically changed under varying fibrotic stresses; (2) interference
of the dynamic process of PML SUMOylation after silencing UBC9
and RNF4 exerts a potent effect on the maintenance of cardiac struc-
ture and function; and (3) the UBC9/PML/RNF4-mediated SUMO
pathway regulates the development of cardiac fibrosis, which is asso-
ciated with Pin1-mediated TGF-b1 expression under various pro-
fibrotic stresses.

PML-NBs are profoundly modified in response to different stimuli,
including interferon, FBS, CdCl2, heat shock, DNA damage, and inor-
ganic arsenic, the most extensively studied factor. Arsenic has been
shown to induce fibrosis in several organs, including the liver,22

heart,9 and lungs.23 In fact, in vitro arsenic treatment can cause a
characteristic shift from unmodified PML isoforms to SUMOylated
PML in various human and mouse cells.11,24 Furthermore, one study
indicated that PML-NBs accumulate shortly after serum stimulation
and promote the translocation of the serum response factor to the
NBs in HeLa and NB4 cells.25 These findings are consistent with
the view that multiple pro-fibrotic inducers, including arsenic, Ang
II, and FBS, modulate PML SUMOylation and NB distribution in
cultured NMCFs.

In the present study, the SUMOylation status and protein expression
level of PML were significantly altered by PML overexpression and
knockdown. Recent studies by Sun et al.26 have demonstrated that
PML overexpression promotes the osteogenic differentiation of hu-
man mesenchymal stem cells. Similarly, our results showed that
PML overexpression induced the differentiation of cardiac fibroblasts
into myofibroblasts through the upregulation of a-SMA and TGF-b1
expression. Conversely, our knockdown results (Figure 3) were
consistent with those from recent studies showing the impairment
of the TGF-b1 signaling pathway in embryonic fibroblasts of PML
knockout mice, as evidenced by a reduction in Smad2/3
phosphorylation.27

The main emphasis of the present study was on the modification of
PML by SUMOs with both in vitro and in vivo experiments.
SUMOylation is a critical post-translational modification that can
be altered by changes in the level or activity of SUMOylating or de-
SUMOylating factors, such as UBC9, SENP, and RNF4. UBC9, a
common SUMO conjugation enzyme, targets a multitude of cellular
regulators,5 and numerous groups have demonstrated that ablation of
UBC9 expression reduces SUMO conjugation activity.28,29 Impor-
tantly, a recent study showed that UBC9 ablation results in defects
in both PML-NB morphogenesis and partner recruitment.30 Nacerd-
dine et al.31 observed that loss of UBC9 can lead to defects in PML
nuclear architecture and function, contributing to embryonic lethality
and mitotic chromosome defects in mammals. Strikingly, one study
showed that UBC9 silencing reduced TGF-b receptor type I of the ca-
nonical TGF-b signaling pathway, thereby preventing fibrosis.32

RNF4, a SUMO-dependent ubiquitin E3 ligase that is responsible
for the conjugation of ubiquitin with substrate, is recruited following
arsenic exposure and triggers SUMO-dependent polyubiquitination
of PML. Furthermore, Lallemand-Breitenbach et al. verified that
siRNA silencing of RNF4 significantly reduces arsenic-induced degra-
dation of endogenous PML and stabilizes PML SUMOylation in HeLa
cells.12 Additionally, one study found that the loss of PML
SUMOylated species after 24 hr exposure to arsenic can be reversed
by RNF4 depletion.24 In support of these studies, our co-IP results
(Figure 2C; Figures S2C and S2D) showed a critical link between
SUMO-1 or SUMO-2/3 and PML in primary cultured cardiac
Molecular Therapy Vol. 25 No 3 March 2017 673
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Figure 6. Knockdown of RNF4 Aggravates Cardiac

Fibrosis

(A) Representative images of the left ventricle following

Masson’s trichrome staining (scale bar, 100 mm) and

electron microscopy (EM). The red arrow indicates car-

diac fibroblasts, and the blue arrow indicates collagen. (B)

Quantification of the fibrotic area (blue) in the indicated

histological sections stained with Masson’s trichrome. (C

and D) The ventricular (C) EF and (D) FS percentages are

shown for the four TAC groups at 8 weeks; n = 8–10 per

group. (E) Immunoblotting analysis of PML (top), SUMO-1

(middle), and SUMO-2/3 (bottom) in nuclear extracts from

mice hearts at 3 weeks after TAC surgery, with b-actin

used as a nuclear loading control and GAPDH used as a

cytoplasmic loading control. (F and G) Shown here are (F)

TGF-b1 mRNA levels analyzed by real-time PCR and (G)

TGF-b1 protein levels from the left ventricle of TACmice at

3 weeks. Data were normalized to GAPDH expression

and displayed as mean ± SEM of five independent

experiments with similar results. *p < 0.05; **p < 0.01;

***p < 0.001.
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fibroblasts. Although knockdown of UBC9 or RNF4 may have effects
on global SUMOylation, other SUMO substrates, such as SERCA2a,
during heart failure cannot be excluded, and it is possible that
UBC9 or RNF4 depletion could partially alter SUMO conjugation
onto PML in the established pathological setting.

Overall, PML SUMOylation was significantly increased at the early
compensatory stage (at 2 weeks post-TAC) during the transition to
heart failure, which was in accordance with the observations by
Ahyoung Lee et al.33,34 that the supply of SUMO-1 is increased
slightly during the compensated stage of hypertrophy, followed by a
sharp decrease in mice undergoing TAC. Moreover, Eun Young
Kim et al.34 have demonstrated that the severity of cardiac phenotypes
is closely associated with SUMO-2 conjugation levels in the heart, as
indicated by SUMO overexpression in transgenic mice that exhibit
cardiac dysfunction in the setting of cardiac hypertrophy with
674 Molecular Therapy Vol. 25 No 3 March 2017
extensive interstitial fibrosis. Thus, the global
SUMOylation may be a dynamic process in
the pathological settings, manifested at the
compensated stage, which can cause dynamic
modification of PML. As SUMO modifications
of PML appear 2–4 weeks post-TAC operation,
which is sufficiently long for the activation of
the fibrotic signaling, such as TGF-b and
Smad, the intervention of PML SUMOylation
at the early stages of the pathological process
was investigated by knockdown of UBC9 or
RNF4.

Interestingly, PML was reported to be degraded
in the TAC-induced failing hearts, likely due to
SUMO modification that causes degradation
following ubiquitin-mediated proteolysis.7
Thus, the accumulation of SUMOylated PML at early time points
may lead to the degradation in the pathological setting. In the present
study, the lentivirus-vector constructs were successfully transferred
into cardiomyocytes and endothelial cells, in addition to cardiac
fibroblasts. As a result, a wide spectrum of cell types, such as cardio-
myocytes, inflammatory cells, and endothelial cells, might be under
the regulation by PML cooperation with UBC9 and RNF4. If this is
true, then UBC9/PML/RNF4 may affect hypertrophic and inflamma-
tory responses, as well as angiogenesis in TAC-induced heart failure.
These findings suggest that these key enzymes related to PML activity
may contribute to the development of various cardiac diseases.

PML organizes the multi-functional enzymatic structures for many
partner proteins, with PML-NBs shown to recruit Pin1 inmammalian
cells. Reineke et al.35 observed that the C-terminal region of PML and
theWW-terminal region of Pin1 are required for PML degradation in



Figure 7. Silencing of UBC9 and RNF4 Modulates the Interaction between PML and Pin1

(A) Interaction of PML with Pin1 in heart tissue was analyzed by co-IP. Total heart lysates from KMmice immunoprecipitated with either anti-Pin1 or anti-PML antibody were

able to be pulled down with either PML (95 kDa) or Pin1. IgG, immunoglobulin G. (B) Representative immunofluorescent staining of NMCFs immunostained with specific

antibodies against PML (green), Pin1 (red), and DAPI (blue) to label nuclei. The amplified view of the cells provided in Figure S6. (C) Representative immunofluorescent image

showing endogenous co-localization of PML (green) and Pin1 (red) after transfection with siRNA specific for UBC9 or RNF4 and treatment with 2 mMATO for 4 hr and 100 nM

Ang II or 20% FBS for 12 hr. (D and E) The nuclear lysates were immunoprecipitated with anti-PML antibodies, and immunoblotting was performed with a Pin1 antibody after

(legend continued on next page)
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a phosphorylation-dependent manner. Another study by Asmi et al.36

demonstrated that PML IV induces recruitment of Pin1 into PML-
NBs and positively regulates IRF3-dependent synthesis of interferon
in response to viral infections. Additionally, several studies have sug-
gested that Pin1 and TGF-b1 production are related to the develop-
ment of fibrosis. Shen et al.18 showed that Pin1 increases TGF-b1
expression by regulating the association of several ARE-binding pro-
teins in human and murine eosinophils, leading to allergic lung
fibrosis. Moreover, one study reported that TGF-b1 expression and
TGF-b1-mediated fibrosis in human and mouse fibrotic livers occur
in a Pin1-dependent manner and are involved in PI3K (phosphatidy-
linositol 3-kinase)/Akt- or ERK-mediated activator protein-1 (AP-1)
phosphorylation.37 Previous studies have linked Pin1 to the TGF-b1-
dependent Smad2/3 activation in lung and liver fibrosis. Regardless of
its pleiotropic effect in fibrosis, TGF-b1, and its related signaling ele-
ments, also regulates the adaptive growth of cardiomyocytes in
response to hypertrophic stress.38 Furthermore, Pin1 was also found
to serve as a novel modulator regulating cardiac hypertrophy, with
its expression increased in the hearts of TAC-pressure overload
mice.39 These reports are consistent with the present study, indicating
that increased TGF-b1 expression is associated with Pin1 sequestra-
tion into PML bodies and may exert pro-hypertrophic functions.

The association of the SUMO conjugation with cardiac disease is a
new discovery, and the importance of the SUMO pathway in the
development and maintenance of the normal cardiovascular system
is just emerging. Herein, for the first time, we identified the SUMO-
dependent pathway—composed of UBC9, PML, and RNF4—as a crit-
ical determinant for the development of myocardial fibrosis.

MATERIALS AND METHODS
The methods used in this study are provided in detail in the Supple-
mental Information.

Animals

All animal experiments were performed in accordance with the NIH
guidelines (Guide for the Care and Use of Laboratory Animals) and
approved by the Institutional Animal Care and Use Committee of
Harbin Medical University, P.R. China. Kunming (KM) mice used
in this study were provided by the Experimental Animal Center of
Harbin Medical University (Grade II). KM mice were anesthetized
with sodium pentobarbitone (40 mg/kg, intraperitoneally [i.p.]) and
xylazine (12.5 mg/kg, i.p.). The absence of withdrawal reflex to tail
pinch was used to assess the adequacy of anesthesia. Detailedmethods
for establishing the experimental fibrotic models are described in the
Supplemental Information. After surgery, mice were euthanized by
cervical dislocation following CO2 inhalation.
shRNA transfection targeting (D) UBC9 or (E) RNF4. (F and G) As shown here, (F) TG

determined by real-time PCR following treatment with ATO (2 mM) for 4 hr and Ang II (10

shown here, (H) TGF-b1 protein levels were determined by immunoblotting analysis, and

for 4 hr and Ang II (100 nM) or FBS (20%) for 12 hr after transfection of siRNA against Pin

with similar results. Data were normalized to GAPDH expressed as mean ± SEM. *p < 0

Figure S6.
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Lentivirus Infection In Vivo

After anesthetization, the LV cavity of KM mice was injected with
lentivirus that carries shRNA or scramble shRNA (2.5 � 107 TUs
[transfection units]/mL in 100 mL) (Invitrogen) through the tip of
the heart using a 30G syringe. Artery occlusion remained for 10 s
following lentivirus injection.

Echocardiographic Measurement

Echocardiography was performed using an ultrasound machine
(Vivid 7 GE Medical) with a 10-MHz phase-array transducer. Viable
mice after TAC were subjected to echocardiography to assess the left
ventricular function. Two-dimensional andM-mode images were ob-
tained in the short-axis view to assess the systolic function.

Pulse Wave Doppler

The apical four-chamber view or LV long-axis view was used for
transmitral inflow Doppler to evaluate the LV diastolic function in
mice. The Doppler indices included the ratio of peak velocity of early
to late filling of mitral inflow (E/A ratio), deceleration time (DT) of
early filling of mitral inflow, isovolumetric relaxation time (IVRT),
and isovolumetric contraction time (IVCT). The E/A ratio and the
Tei index were calculated using the formula (IVRT + IVCT)/ET for
the assessment of the diastolic function.

Masson Staining

Heart samples were immersed in 4% paraformaldehyde and
embedded in paraffin. After 24 hr, samples were stained with Mas-
son’s trichrome (Accustain HT15, Sigma-Aldrich) to assess the extent
of interstitial fibrosis. Tissues were imaged at 200� by bright-field
microscopy (IX71 Olympus). The quantity of cardiac fibrosis was
determined by the ratio of collagen surface area to total myocardial
surface area. Image analysis software (Image-Pro Plus v4.0; Meida
Cybernetics) was used to evaluate collagen deposition.

Transmission Electron Microscopy

Hearts were fixed in 2.5% glutaraldehyde (pH 7.4) overnight and de-
hydrated with a series of ethanol gradients. Samples were embedded
in Epon and cut into ultrathin sections (60–70 nm). After staining
with uranyl acetate and lead citrate, sections of the left ventricle
were observed under a JEOL 1200 electron microscope (JEOL).

Cardiac Fibroblast Culture and siRNA Transfection

NMCFs were obtained from 1- to 3-day-old KM mice. The animals
were anesthetized by 4% isoflurane inhalation before rapid heart exci-
sion, and adequate anesthesia was monitored by the absence of re-
flexes. Detailed information about cell culture and transfection are
provided in the Supplemental Information.
F-b1 protein levels were measured by immunoblotting, and (G) mRNA levels were

0 nM) or FBS (20%) for 12 hr after the addition of Juglone (5 mM) for 4 hr. (H and I) As

(I) mRNA levels were quantified by real-time PCR following treatment with ATO (2 mM)

1 for 6 hr. Data shown in (A)–(E) are representative of three independent experiments

.05 versus control; #p < 0.05 versus ATO-, AngII-, or FBS-treated groups. See also
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Measurement of Collagen Content

Total collagen content in NMCFs was determined using the
Sircol Collagen Assay Kit (Biocolor) following the manufacturer’s
protocol.

Immunoblotting

Total protein was extracted from whole cells and tissues as described
in the Supplemental Experimental Procedures. The nuclear protein
was obtained according to the manufacturer’s protocol (NE-PER
Kit, Pierce Biotechnology). Protein samples were separated on
10% or 12% SDS-PAGE gels and transferred to nitrocellulose filter
membranes, which were then probed with specific primary
antibodies.

Real-Time qPCR

Total RNA was extracted and analyzed according to the manufac-
turer’s protocols (TRIzol, Invitrogen). Detailed information is
included in the Supplemental Information.

Co-IP

Lysates were incubated with specific antibodies and then conjugated
with protein A/G agarose beads. After centrifugation, the beads were
collected and rinsed gently. The samples were denatured and then
analyzed using SDS-PAGE to detect the interaction between two pro-
tein partners.

Immunofluorescence Staining

After permeabilization and blocking, the cells were incubated with
specific antibodies, and the fluorescence was detected with a laser-
scanning confocal microscope (Olympus).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism (Graphpad
Software). Comparisons between two groups were determined by
Student’s t test. Multiple-group comparisons were performed by
one-way ANOVA followed by the Tukey procedure for comparison
of mean values. A value of p < 0.05 was considered to be statistically
significant.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supporting Materials and
Methods, nine figures, and two tables and can be found with this
article online at http://dx.doi.org/10.1016/j.ymthe.2016.12.021.
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