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Abstract
Sumoylation is a posttranslational modification implicated in a variety of cellular activities, and its
role in a number of human pathogeneses such as cleft lip/palate has been well documented.
However, the importance of the SUMO conjugation pathway in cardiac development and
functional disorders is newly emerging. We previously reported that knockout of SUMO-1 in mice
led to congenital heart diseases (CHDs). To further investigate the effects of imbalanced SUMO
conjugation on heart development and function and its underlying mechanisms, we generated
transgenic (Tg) mice with cardiac-specific expression of SENP2, a SUMO-specific protease that
deconjugates sumoylated proteins, to evaluate the impact of desumoylation on heart development
and function. Overexpression of SENP2 resulted in premature death of mice with CHDs—atrial
septal defects (ASDs) and/or ventricular septal defects (VSDs). Immunobiochemistry revealed
diminished cardiomyocyte proliferation in SENP2-Tg mouse hearts compared with that in wild
type (WT) hearts. Surviving SENP2-Tg mice showed growth retardation, and developed
cardiomyopathy with impaired cardiac function with aging. Cardiac-specific overexpression of the
SUMO-1 transgene reduced the incidence of cardiac structural phenotypes in the sumoylation
defective mice. Moreover, cardiac overexpression of SENP2 in the mice with Nkx2.5
haploinsufficiency promoted embryonic lethality and severity of CHDs, indicating the functional
interaction between SENP2 and Nkx2.5 in vivo. Our findings indicate the indispensability of a
balanced SUMO pathway for proper cardiac development and function.
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1. Introduction
Normal cardiac development is a complex process that requires sophisticated cooperation
between a variety of transcription factors, co-factors, and signal transduction pathways.
Interference with the function of any of these factors and/or signal transduction pathways
may cause cardiac malformation, i.e. congenital heart diseases (CHDs) and/or cardiac
dysfunction. The most common form of CHDs is abnormal septation (atrial septal defects or
ASDs, and ventricular septal defects or VSDs) (1–6). To date, chromosomal and Mendelian
syndromes accounted for only 20% of CHDs (7). Thus, the unifying molecular mechanisms
responsible for the vast majority of ASDs/VSDs remain to be elucidated.

Recent studies suggested that SUMO (small ubiquitin-related modifier) modification plays a
role in cardiac development and function (8, 9). SUMO belongs to the superfamily of
ubiquitin-like proteins (ULPs). SUMO modification, which appears to be involved in
regulation of many cellular events including cell cycle progression and chromatin
remodeling (10–12), is a process in which SUMO proteins are covalently and reversibly
attached to targets via a series of enzymatic reactions, requiring heterodimeric E1 (SAE1/
SAE2), lone E2 (Ubc9) and a number of E3 ligases (13). So far three conjugatable SUMO
proteins, SUMO-1, -2 and -3, have been identified in vertebrates, and they exhibit sequence
identity to various degrees with each other (~50% homology between SUMO-1 and
SUMO-2/3, but ~97% identity between the active forms of SUMO-2 and SUMO-3).
SUMO-1 and SUMO-2/3 shared overlapped targets but also had distinct substrates (14),
suggesting that they may play different roles in cellular processes.

One defining characteristic of SUMO conjugation is its reversibility. SUMO conjugates can
be readily deconjugated by a class of enzymes named SENPs (sentrin-specific proteases). So
far six SENP family members (SENP1, SENP2, SENP3, SENP5, SENP6, SENP7) with
desumoylation activity have been identified in human (15), among which SENP1, SENP2,
and SENP5 exhibited both endopeptidase and isopeptidase activities (16–18). However, the
isopeptidase activity of SENP2 and SENP5 prevailed over the endopeptidase activity in vivo
(18), suggesting that both may serve as sumoylation suppressors. SENPs activity was
relatively specific for distinct SUMO family members (19, 20). For instance, SENP1 and
SENP2 generally targeted all SUMO isoforms for deconjugation (16), whereas SENP3, 5, 6
and 7 preferentially targeted SUMO-2/3 conjugates (21–24). Knockout of SENP1 or SENP2
in mice led to embryonic lethality (25–27), suggesting that the SUMO pathway components
played an essential role in normal murine embryogenesis. There is evidence that the SUMO
pathway was involved in a number of human pathogeneses such as neurodegeneration (28),
diabetes (29), prostate and breast cancer (30), and cleft lip/palate (31). More recently,
examination of two naturally occurring mutants of the nuclear structural protein, lamin A,
showed reduced sumoylation, which may be associated with human familial
cardiomyopathy (32). Our demonstration that cardiac transcription factors such as Nkx2.5,
GATA4, and myocardin were SUMO targets (33–35) pointed to a role for sumoylation in
cardiovascular development. Indeed, SUMO-1 knockout mice exhibited CHDs, although the
penetrance of cardiac phenotypes was potentially affected by genetic background (36). To
further understand the contribution of the SUMO pathway to cardiac development and
function, we overexpressed human SUMO-specific protease SENP2 in murine
cardiomyocytes under the control of murine α-myosin heavy chain (α-MHC) promoter. As
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hypothesized, in the heart, SENP2 overexpression promoted desumoylation, leading to
congenital heart malformations and cardiac dysfunction.

2. Materials and Methods
2.1 Materials

Dulbecco's modified Eagle medium (DMEM) was obtained from Thermo Scientific.
Lipofectamine 2000, cloned reverse transcriptase, NuPAGE SDS gels and all restriction
enzymes used for subcloning were purchased from Invitrogen. All animals were obtained
from Harlan (Houston). Antibodies against SUMO-1, SUMO-2/3, SENP2, caveolin 3
(Cav3), GAPDH and agarose-conjugated SUMO-1 antibody were purchased from Santa
Cruz. Anti-flag antibody (M2) and WGA (wheat germ agglutinin)-TRITC, and neutral red
were from Sigma. Anti-cleaved Caspase 3 (Asp175) antibody was from Cell Signaling, and
anti-Ki67 antibody from Abcam. Biotinylated anti-rabbit secondary antibody, Vectastain
ABC Kit and DAB kit were purchased from Vector Laboratories. 5-Bromo-2'-dexoyuridine
(BrdU) and BrdU in situ detection kit were from BD. ApopTag® Plus Peroxidase In Situ
Apoptosis Detection Kit for TUNEL assay was from Chemicon. The expression vectors
encoding flag-tagged human SENP2 wild type (wt) and catalytic mutant were gifts from Dr.
Edward Yeh (University of Texas MD Anderson Cancer Center, Houston). ANF luciferase
reporter (ANF-Luc) was provided by Dr. Mona Nemer (University of Ottawa, Canada).
Nkx2.5 expression vector was detailed previously (37, 38).

2.2 Generation of transgenic and knockout mice
The α-MHC-flag-SENP2 transgene was constructed as described (39) under the control of
mouse α-MHC promoter (provided by Dr. J. Robbins, University of Cincinnati). The
orientation of inserted transgene was confirmed by DNA sequencing. The construct was
microinjected into the pronucleus of fertilized eggs from FVB mice to generate founder (F0)
SENP2 transgenic (SENP2-Tg) mice, which were crossed back to C57BL/6 mice for over
one to five generations. Genomic DNA was isolated from tail biopsies performed on weaned
animals (approximately 3-week old pups) and screened by PCR. The expression of
transgene in SENP2-Tg mouse hearts was verified by Western blot and/or RT-PCR. The
approach used to generate α-MHC-flag-SUMO-1 transgenic mice (SUMO-1-Tg) was
previously described (36). The heterozygous Nkx2.5 knockout (Nkx2.5cre/+) mouse line was
generated previously (40) and designated as Nkx2.5+/− in the present study. The SUMO-1
knockout mouse line was provided by Dr. Michael Kuehn at the National Cancer Institute
(41). The crossbreeding among various knockout and/or transgenic mice was performed as
needed. Animals were handled in accordance with institutional guidelines with IACUC
approval.

2.3 Cell culture, transfection, Western blot, immunoprecipitation and in vivo sumoylation
assay

HeLa cells were cultured in DMEM supplemented with 10% FBS and Gentamicin (10 μg/
ml). Transfections were performed on HeLa cells cultured on either 6 cm plates for Western
blot analysis or 12 well plates for luciferase activity assays using Lipofectamine 2000 based
on the protocol provided by the supplier. Luciferase activity assays were performed as
previously described (34, 38). Promoter activity was expressed as the ratio of luciferase
activity induced by the presence of specific factor(s) to the control group (empty vector
alone). Data shown were expressed as mean ± standard error of the mean (SEM) from at
least two independent assays, with each carried out in duplicate. Western blot and in vivo
sumoylation assays were detailed previously (33, 38, 42). Briefly, 100 μg of protein lysates
from mouse hearts or 40 μg of HeLa cell lysates containing overexpressed proteins were
purified in the presence of 25 mM isopeptidase inhibitor N-ethylmaleimide (NEM), which
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prevents desumoylation of SUMO-conjugated substrates. For immunoprecipitation, protein
lysates were prepared from frozen mouse hearts and for each sample, 400 μg of total protein
was diluted to a final concentration of 0.4 mg/ml in lysis buffer. An appropriate amount of
bead-conjugated anti-SUMO-1 antibody was added to the sample and incubated for 4 hours
at 4°C on a rotary platform. The beads were subsequently pelleted by centrifugation, washed
five times with lysis buffer, and resuspended in 4x NuPAGE sample buffer. These protein
lysates were subsequently subjected to 4–12% NuPAGE, transferred to PVDF membrane,
detected with the desired antibody, which was then visualized with chemiluminescence.

2.4 Histopathology
Mouse embryos at various developmental stages (E14.5, E15.5, E16.5 or E17.5, as needed),
neonatal hearts were dissected and fixed overnight in 4% paraformaldehyde (PFA). Adult
mouse hearts were fixed in 10% formaldehyde. Hematoxylin and eosin (H&E) or Masson's
trichrome staining was performed on heart sections (10 μm) according to standard protocols.

2.5 Immunostaining
For cleaved caspase 3 immunostaining, antigen retrieval was performed by boiling slides in
10 mM sodium citrate (pH 6.0, 15 min) followed by treatment with 3% H2O2 to quench
endogenous peroxidase. Specimens were blocked in 2% normal goat serum (NGS) for 1 h at
room temperature (RT) and incubated for 1 hr at RT with anti-cleaved caspase 3 (Asp175)
antibody (1:200), followed by incubation in biotinylated anti-rabbit secondary antibody
(1:200) for 30 min at RT. Sections were processed by immunoperoxidase labeling using the
Vectastain ABC Kit and visualized with a DAB kit. Cells were counterstained with the
neutral red.

To detect DNA synthesis in cardiomyocytes, BrdU was injected intraperitoneally into
pregnant female mice bearing E14.5 or 15.5 embryos at a dose of 100 μg/g body weight.
Sixteen hours after injection, embryonic hearts were dissected, fixed in 4% PFA, dehydrated
in increasing concentrations of ethanol (up to final of 100%), and sectioned (5 μm). BrdU
staining was conducted according to the protocol provided by the manufacturer. Ki67
staining was conducted with anti-Ki67 antibody (1:200). Anti-caveolin 3 antibody (1:8000)
was used as a cardiomyocyte marker. Sections were then incubated with the following
secondary antibodies: anti-rabbit TRITC antibody or anti-mouse FITC antibody (Jackson
ImmunoResearch). Sections were mounted with Vectashield with DAPI (Vector
Laboratory). BrdU and Ki67 labeling indices were calculated based on scores obtained from
6 different embryonic or adult hearts (3 for each group), with each at least 100 cells
(embryonic hearts) or 5 fields (adult hearts) randomly selected for evaluation. To assess the
apoptosis, TUNEL staining was performed based on the standard protocol provided by the
manufacturer.

2.6 Cardiomyocyte size measurement
WGA-TRITC staining was performed on heart sections of E14.5 or age-matched adult WT
and SENP2-Tg mice according to the manufacturer's protocol. Surface areas of
cardiomyocytes were measured in 10–20 randomly selected fields from each individual
heart sample using Software ImageJ. The average surface area calculated for WT
cardiomyocytes was taken as 100%.

2.7 Echocardiography
Mice of interest with various ages as designed were anesthetized by inhalation of 1%
isofluorane and fixed to a warm pad for transthoracic measurements of cardiac function
using two dimensional M-mode of a Vevo 770 in vivo micro-imaging system (Visual
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Sonics, Toronto, Canada). Chest hair was removed and contacted with the probe to record
cardiac function indices. An expert analyst who was blinded to the genotype of animals
evaluated cardiac function and heart dimensions.

2.8 Microarray assay, reverse transcription and semi-quantitative/quantitative PCR (qPCR)
RNA was extracted from age-matched WT or SENP2-Tg mouse hearts using Trizol
according to the manufacturer's protocol. Microarray service was provided by Phalanx
Biotech (OneArray Express). Reverse transcription reaction was performed using 1 μg total
RNA per reaction and cloned reverse transcriptase, followed by either semi-quantitative
PCR or qPCR (MX3000, Stratagene) using the following gene-specific primers: SENP2:
forward, 5' GCTAAGGTTCTCGGCACCATT 3'; reverse, 5'
ATTACAAGCAGAAGACACCATG 3'. Nkx2.5 (43): forward, 5'
TCTCCGATCCATCCCACTTTATTG 3'; reverse, 5'
TTGCGTTACGCACTCACTTTAATG 3'. GATA4 (44): forward, 5'
GCCTGTATGTAATGCCTGCG 3'; reverse, 5' CCGAGCAGGAATTTGAAGAGG 3'. SRF
(45): forward, 5' CCAGCGCTGTCAGCAGTGCCAAC 3'; reverse, 5'
GCTGCTCCCAGCTTGCTGCCCTATC 3'. SUMO-1: forward, 5'
TCTGACCAGGAGGCAAAACC 3'; reverse, 5' CTAAACCGTCGAGTGACCCC 3'.
SUMO-2: forward, 5' GACGAGAAACCCAAGGAAGG 3'; reverse, 5'
CTCCAGTCTGCTGCTGGAAC 3'. SUMO-3: forward, 5'
CCAAGGAGGGTGTGAAGACA 3'; reverse, 5' TCAATAGCACAGGTCAGGACA 3'.
Mlc2-a (46): forward, 5' AGGCACAACGTGGCTCTTCT 3'; reverse, 5'
AGCTGGGAATAGGTCTCCTTCA 3'. MLC2-v (47): forward, 5'
GCCAAGAAGCGGATAGAAGG 3'; reverse, 5' CTGTGGTTCAGGGCTCAGTC 3'.
skeletal α-actin (46) : forward, 5' AGACACCATGTGCGACGAAGA 3'; reverse, 5'
CCGTCCCCAGAATCCAACACGA 3'. GAPDH: forward, 5'
ATGTTCCAGTATGACTCCACTCAC 3'; reverse, 5'
GAAGACACCAGTAGACTCCACGA 3'.

2.9 Statistics
The unpaired Student's t test, Fisher's Exact Probability Test or Chi-square Test was used to
determine statistical significance between groups, as applicable, and results were shown in
the respective Figure legend. P<0.05 was defined as significant and p<0.01 as highly
significant.

3 Results
3.1 SENP2 was expressed in the developing heart during mouse embryogenesis

To assess the presence of endogenous SENP2 transcripts in the developing murine heart,
semi-quantitative RT-PCR was performed using RNA samples purified from embryonic
hearts at three different developmental stages (E9.5, E10.5 and E11.5); SENP2-specific
primers were used under two PCR conditions, one at 30 and one at 35 cycles, for each RT
sample. SENP2 transcripts were detected as early as E9.5 (Fig. 1A), and appeared to be
upregulated during this developmental period (from E9.5 to E11.5). To investigate the
expression of SENP2 in heart at later embryonic stages, immunostaining was performed on
developing hearts at E14.5, E16.5 and E17.5. SENP2 was detected at all stages examined
(Fig. 1B–D', arrows); however, SENP2 expression appeared to be more restricted to the
trabecular myocardium at E14.5 (Fig. 1B & B', as exemplified by arrows) and was barely
seen in the compact zone at this stage. With the progress of development, however, SENP2
expression was weakly detected in the compact myocardium at E16.5 (Fig. 1C & C', as
exemplified by arrows) and became abundant in this region at E17.5 (Fig. 1D & D'). Also,
SENP2 staining overlapped with Cav3 staining, but not with DAPI (as exemplified by
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arrows in Fig. 1B–C'), suggesting that under physiological conditions SENP2 was not
localized inside the nucleus, an observation that was consistent with a previous report (48).
These observations indicate developmental and spatial regulation of SENP2 expression in
the developing heart during embryogenesis.

3.2 Generation of transgenic (Tg) mice overexpressing human SENP2 in heart
The flag-tagged human SENP2 transgene was designed to be expressed under the control of
α-MHC promoter in murine cardiomyocytes (SENP2-Tg) (Fig. 2A). Two lines of SENP-Tg
mice, #2837 and #2839, expressed the flag-tagged SENP2 transgene in murine hearts (Fig.
2B). Atria and ventricles were dissected from E16.5 mouse hearts from the flag-SENP2
transgenic lines and RNA was purified. Semi-quantitative RT-PCR indicated that the flag-
SENP2 transgene was expressed in the atria of the mice from both SENP2-Tg lines (#2837
and #2839); however, it was only clearly seen in the ventricles of the mice from line #2837
but not from line #2839 (Fig. 2B, upper panels). Variability in expression of the transgene in
different transgenic mouse lines was expected and was probably associated with different
copy numbers of transgene. We also detected flag-SENP2 via Western blot in the two-week
postnatal (P14) mouse hearts from both lines (Fig. 2B, bottom panels). Subsequent
sumoylation assays revealed decreased SUMO-1, -2 and -3 conjugates in the SENP2-Tg
hearts (Fig. 2C). Thus, in line with the previous report (18), SENP2 served as a sumoylation
pathway repressor in vivo. The P1 frequency in F1 and F2 generations of both SENP2-Tg
lines was much lower than the expected 50% Mendelian rate (Fig. 2D), indicating prenatal
loss of SENP2-Tg mice.

3.3 SENP2-Tg mice exhibited CHDs
Starting from F3, ~50% and ~80% of the transgenic mice from lines #2839 and #2837 died
in the first week after birth, respectively. The mutant hearts obtained from the demised
SENP2-Tg mice had atria that were engorged with blood and were enlarged compared with
its WT littermate's hearts (Fig. 3A, representative data were shown). Necropsies on those
demised SENP2-Tg newborn pups revealed a high preponderance of either ASDs or VSDs
or both (Fig. 3B & C). Since a number of transcription factors are critically involved in
normal cardiac structural formation, as a first step to elucidate the potential molecular basis
underlying those CHDs observed in the SENP2-Tg mice, we carried out RT-qPCR on RNA
samples from WT and SENP2-Tg hearts from both lines at E16.5 using specific oligos
against GATA4, SRF, Nkx2.5, but detected no significant decrease in the transcription
levels of these factors for either line compared to WT (Fig. 3D). Our microarray analysis on
the same RNA samples mentioned above also revealed no significant changes in the
transcription levels of notch receptors, prox1, smad4, Tbx1, Tbx5 or myocardin
(Supplemental Table 1), factors which were shown to be important for proper cardiac
morphogenesis, although up- and down- regulation of the transcripts of a number of genes
were observed (Supplemental Table 2 & 3). The transcription levels of SUMO-1, -2 and -3
in the SENP2-Tg hearts were not significantly affected by overexpressed SENP2 (Fig. 3E).
Collectively, these data indicate that SENP2 overexpression caused ASDs/VSDs via a novel
mechanism, one which may involve regulation of the activity, but not the level, of factors
that are critical for normal structural morphogenesis.

3.4 SENP2-Tg mice exhibited growth retardation and cardiac dysfunction
Although immediate postnatal death was observed in both SENP2-Tg mouse lines, a
proportion of SENP2-Tg mice did survive to adulthood. However, those surviving SENP2-
Tg mice exhibited growth retardation with no detectable cardiac defects (Fig. 4A). Cardiac
index heart weight/body weight ratio (HW/BW) showed no significant increase between WT
(n=5) and SENP2-Tg (n=4) mice of either line at P18 (Fig. 4B, right panel; only data from
line #2839 were shown), suggesting no obvious dilated and/or hypertrophic cardiomyopathy
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in the SENP2-Tg mice at early stage. However, the body and heart weights in SENP2-Tg
mice were significantly lower than those of WT littermates (Fig. 4B, left and middle panels,
respectively). To gain insight into the cardiac function of SENP2-Tg mice, we chose line
#2839 for detailed non-invasive cardiac functional analysis. At P40, the mutant mice
exhibited significantly reduced cardiac output, stroke volume and thinner diastolic left
ventricular posterior wall (LVPW; d) compared with those of WT littermates (Fig. 4C),
while no significant difference in the percentage (%) of ejection fraction (EF) and the
percentage (%) of fractional shortening (FS) between WT and mutant line #2839 was
observed. Poor growth of the SENP2-Tg mice was associated with reduced heart size and
functional impairment (decreased cardiac output and stroke volume) at this developmental
stage. In addition, a number of contractile proteins such as Mlc2a, Mlc2v and skeletal α-
actin (SK-actin) were significantly downregulated (Fig. 4D).

To further characterize cardiac phenotype(s) present in the adult SENP2-Tg mice, we
performed cardiac functional analysis on mice at 3 and 12 months (mo) of age. Intriguingly,
while at P40 SENP2-Tg mice had significantly diminished stroke volume and cardiac output
(Fig. 4C), at 3 and 12 mo, SENP2-Tg mice exhibited no significant differences in these two
indices compared with WT mice (Table 1), an indication that cardiac functional recovery
occurred. At 3 mo, the diastolic LVPW was still thinner in the SENP2-Tg mice than in WT,
but the LV mass/body weight index was significantly higher (SENP2-Tg vs. WT: 4.911 ±
0.28 vs. 3.603 ± 0.27 mg/g, p<0.05). In contrast, at 12 mo, diastolic LVPW was no longer
thinner in SENP2-Tg mice relative to WT. In addition, at 12 mo, the increased LV mass/BW
ratio observed in the SENP2-Tg mice at 3 mo persisted, but this was now accompanied by a
decrease in %EF (WT vs. SENP2-Tg: 71.90 ± 3.75 vs. 57.90 ± 4.74, p<0.05) and in %FS
(WT vs. SENP2-Tg: 40.76 ± 3.11 vs. 29.97 ± 3.05, p<0.05).

To further understand the cellular basis underlying the cardiac phenotypes in the SENP2-Tg
animals at an early developmental stage as well as in aging mice, we evaluated the
cardiomyocyte sizes using quantitative WGA-TRITC staining. At E14.5, the average of
cardiomyocyte areas in SENP2-Tg embryos was ~30% smaller than that of WT (Fig. 5A–C,
p<0.05), indicating impaired cardiomyocyte maturation. However, the cardiomyocyte size of
the SENP2-Tg mice at age of over one year was significantly increased compared with WT
(Fig. 5D–F, p<0.001), and was accompanied by fibrosis (Fig. 5G & H). Collectively, the
above findings suggest that SENP2-Tg mice gradually developed hypertrophic and
dysfunctional hearts with aging.

3.5 Defect in cardiomyocyte proliferation during embryogenesis in the SENP2-Tg mice
The SUMO pathway is involved in regulating cell division. To gain insight into the
molecular basis of the cardiac phenotypes observed in SENP2-Tg mice, DNA synthesis of
cardiomyocytes was first evaluated by BrdU staining performed on both early stage (E15.5)
and aging heart (over one year of age) sections prepared from the age-matched WT and
SENP2-Tg mice. As shown in Fig. 6A–B, the number of BrdU positive nuclei was
substantially decreased in the SENP2-Tg embryonic heart compared with WT (Fig. 6C, WT
vs Tg: ~30% vs. ~14%, p<0.001), indicative of impaired cardiomyocyte division during
heart development. The decreased BrdU staining in the SENP2-Tg hearts persisted with
aging (Fig. 6D–F, p<0.001). Next, staining for Ki67, an indicator of proliferating cells, was
performed on the sections of both E14.5 embryonic hearts and aging hearts (over one year of
age). As expected, the number of dividing cardiomyocytes in the SENP2-Tg mouse hearts at
E14.5 was significantly lower than that of the WT (Fig. 6G–I, WT ~60% vs. SENP2-Tg
~20%, p<0.001). A similar phenomenon was also observed in the aging mice (Fig. 6J–L,
p<0.001), although the number of dividing cardiomyocytes in the aging WT hearts was
significantly decreased compared with that in the E14.5 WT hearts, as expected. Since the
SUMO pathway is also involved in regulating apoptosis, we performed TUNEL staining on
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the same heart samples used for BrdU studies. No significant difference in the TUNEL
staining between WT and SENP2-Tg hearts was observed at E14.5 (Supplemental Fig. 1A–
B'). The results were further confirmed by cleaved caspase-3 staining (Supplemental Fig.
1C–D'). Taken together, these findings indicate that overexpression of SENP2 negatively
affected cardiomyocyte division but did not impact cell survival.

3.6 SUMO-1 played a critical role in the development of cardiac structural defects in
SENP2-Tg mice

Since SENP2 deconjugated all SUMO isoforms and the balance of SUMO-1 conjugation
and deconjugation was important for normal cardiac structural morphogenesis (36), we
assessed if SUMO-1 played a critical role in the phenotypic development observed in
SENP2-Tg mice. The compound SENP2-Tg/SUMO-1+/− mice, which were generated from
crossbreeding between SENP2-Tg mice and SUMO-1+/− mice, were present at much lower
frequency at P1 (~10%) than the expected Mendelian ratio (25%, p<0.01, Fig. 7A),
suggesting that haploinsufficiency of SUMO-1 led to embryonic lethality in the presence of
the increased level of SENP2. Next, we evaluated whether the SUMO-1 transgene would
suffice to rescue the CHDs present in the SENP2-Tg mice. We generated double transgenic
SUMO-1-Tg/SENP2-Tg (double Tg) mice by crossbreeding SENP2-Tg (line #2839) and
SUMO-1-Tg mice, (the latter designed to express flag-tagged SUMO-1 transgene driven by
the α-MHC promoter (36)). The SUMO-1 transgene was expressed in both the atrium and
the ventricle at E16.5 (Fig. 7B), and the double Tg line displayed a much lower mortality
rate (16.67%) compared with the single SENP2-Tg mice (57.89%, p<0.05, Fig. 7C); the
improved survival correlated well with improved SUMO-1 conjugation (Fig. 7D, upper
panel). Histological analysis (Fig. 7E) revealed that the penetrance of cardiac defects was
reduced in the double Tg mice compared with the single SENP2-Tg mice analyzed between
E14.5 and P2 (SENP2-Tg vs double Tg: 54.55% vs. 16.67%, P<0.05); this reduced CHD
penetrance correlated well with improved survival rate in double Tg mice. Also, improved
BrdU incorporation in the double Tg heart was observed in comparison with that in the
single SENP2-Tg hearts (Fig. 7F–G). Collectively, these findings indicate a critical role for
SUMO-1 in the initiation of CHDs caused by overexpression of SENP2. Interestingly,
overexpressed SUMO-1 transgene failed to rescue growth retardation or to alleviate cardiac
dysfunction observed in the surviving SENP2-Tg mice (Supplemental Fig. 2 and data not
shown). Thus, growth retardation/cardiac dysfunction was caused via pathway(s)
independent of SUMO-1 conjugation, at least in SENP2-Tg mice.

3.7 Deconjugation of SUMO substrates in SENP2-Tg hearts
Given the phenotypes, i.e. defective cell cycle, cardiac structural defects, and globally
decreased sumoylation observed in the SENP2-Tg hearts, we determined if SENP2 was able
to demodify sumoylation of some particular SUMO substrates in vivo. Co-
immunoprecipitation was carried out on heart lysates purified from age-matched WT and
SENP2-Tg mice using agarose-conjugated SUMO-1 antibody for pulldown and desired
specific antibodies for detection. As shown in Fig. 8A, the level of SUMO-1-conjugated
RanGAP1, the first identified SUMO substrate and a critical factor in regulating cell cycle,
was decreased in the SENP2-Tg heart compared with that in the WT heart. Also, GATA4,
an important transcription factor for normal cardiac development and function, was also
desumoylated in the SENP2-Tg mouse heart (Fig. 8B). These observations suggest that
SENP2 indeed demodified a number of SUMO-conjugated substrates examined in vivo.

3.8 Functional interaction between the SUMO pathway component SENP2 and Nkx2.5
Mutations of Nkx2.5, the cardiac specific homeodomain-containing protein, have been
causally linked to CHDs (49, 50), and sumoylation of Nkx2.5 greatly enhanced its
transcriptional activity (35). Human Nkx2.5 mutants exhibited altered sumoylation (39). In
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addition, heterozygous Nkx2.5+/−:SUMO-1+/− mice showed more severe cardiac
phenotypes (36). Thus, we further investigated whether functional interaction between
Nkx2.5 and the SUMO pathway components occurred in vivo. First, we tested whether
Nkx2.5 was a substrate for deconjugation by SENP2. As shown in Fig. 9A, co-transfection
of SUMO-1 with Nkx2.5 produced a SUMO-1-conjugated Nkx2.5 species (a retarded
migratory band, as expected). This effect was blocked by the delivery of SENP2 wt (two
dosages), but was enhanced by the presence of the SENP2 catalytically inactive mutant
(SENP mut). Expression of the SENP2 mut appeared to have a dominant negative effect,
inhibiting the activity of endogenous SENP2. The activity of the ANF promoter, which is a
target of Nkx2.5, was elevated by the combination of Nkx2.5 and SUMO-1, although
delivery of either SUMO-1 or Nkx2.5 alone did not exert significant effects at the tested
dosages (Fig. 9B). Neither SENP2 wt nor SENP2 mut alone significantly influenced ANF
promoter activity (data not shown); however, expression of SENP2 wt resulted in a dose-
dependent suppression of ANF promoter activation achieved by the combined expression of
Nkx2.5 and SUMO-1. On the contrary, SENP2 mut enhanced promoter activation in the
presence of both Nkx2.5 and SUMO-1. This observation demonstrates the inhibitory effect
of SENP2 on Nkx2.5 transcriptional activity. Consistent with this, microarray analysis
showed that a number of Nkx2.5 target genes (i.e., Kcne1, Cacna1g and h, (51)) were
downregulated in the E16.5 SENP2-Tg hearts (Fig. 9C, p<0.05, n=3 for WT and SENP2-Tg,
respectively).

To further assess the functional interaction between SENP2 and Nkx2.5 in vivo, the SENP2-
Tg mouse line #2839 was crossed with the Nkx2.5+/− mouse line. As shown in Fig. 9D, the
compound SENP2-Tg/Nkx2.5+/− mice exhibited lower P1 frequency (9.26%) than the
expected 25% of Mendelian rate (p<0.05). Also, the penetrance of cardiac structural defects
in the SENP2-Tg/Nkx2.5+/− mouse embryos analyzed between E15.5 and E17.5 was
significantly higher than the single SENP2-Tg mice (Fig. 9E, 89% vs. 43%, p<0.05). In
addition, the incidence of the dual ASD/VSD phenotype—a more severe cardiac defect—in
the SENP2-Tg/Nkx2.5+/− mouse embryos was significantly greater than that of the single
SENP2-Tg mice (Fig. 9E, p<0.01). These results, combined with the SENP2 wt and mut
transfection data, indicate a functional interaction between Nkx2.5 and the SUMO
conjugation pathway component SENP2 in vivo.

4 Discussion
SUMO conjugation is a highly conserved process that contributes to the maintenance of
normal cell function. Our previous work demonstrated the importance of SUMO-1
conjugation to normal heart development using a SUMO-1 knockout mouse model (36). In
the present study, we further corroborated the essentiality of this posttranslational
modification to heart development and function using an additional approach by establishing
a murine model in which desumoylation was substantiated specifically in heart.

Balanced sumoylation is required for normal cardiac structural morphogenesis
Sumoylation and desumoylation is a reversible and dynamic process, interruption of which
is implicated in abnormal organogenesis, i.e., development of cleft lip/palate (52, 53). Our
recent work revealed a critical contribution of SUMO-1 to early cardiac morphogenesis (36),
which was further corroborated by the findings provided in the present study demonstrating
that i) an embryonic lethal phenotype resulted from SENP2 overexpression in SUMO-1
haploinsufficient mice and ii) the SUMO-1 transgene successfully reduced the incidence of
cardiac defect phenotypes in the SENP2-Tg mice; this phenomenon was accompanied by
improved SUMO-1 conjugation and cardiomyocyte proliferation. The defect in the cardiac
myocyte cycle was associated with cardiac structural defects observed in the SENP2-Tg
mice. Consistent with the observation of decreased cell division in the SENP2-Tg hearts,
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SUMO-1 conjugation to RanGAP1, a factor critical for cell cycle progression (54), was also
suppressed. It will be of great interest to explore whether SUMO conjugation to other targets
(e.g. RanBP2 and TopoII alpha) that are also important cell cycle regulators (55, 56) is
negatively influenced in the sumoylation-deficient hearts.

Our findings revealed an important role for SUMO-1 in the formation of cardiac structures,
but the contribution of SUMO-2/3 to heart development, particularly to the septation
process, is still unclear. We noted that SUMO-1 expression did not completely rescue the
cardiac phenotype in line #2837 mice (Supplemental Fig. 3), which (prior to rescue)
exhibited more severe phenotypes and higher mortality rate. This incomplete rescue may
suggest that the conjugation of SUMO-2/-3 and/or SENP2's non-catalytic activity was
involved in the initiation of the CHDs observed in the SENP2-Tg mice. Alternatively, the
difference in the rescue effects rendered by the SUMO-1 transgene in these two lines may
only reflect differences in the expression level and/or spatial localization of the SENP2
transgene. Additionally, it is also possible that introduction of extra SUMO-1 resulted in
random conjugation to targets with a failure of extra SUMO-1 in binding the appropriate
substrate(s) required for normal heart development.

Balanced sumoylation is required for the maintenance of normal cardiac function
While overexpression of SUMO-1 successfully improved cardiac structural formation in
SENP2-Tg mice, it failed to rescue growth retardation/cardiac dysfunction. This observation
suggested that SENP2 has effects which are independent of repressed SUMO-1 conjugation.
At both the embryonic stage and older ages (i.e., ~ one year), the SENP2-Tg mice showed
similar defect in the cell cycle – reduction in the number of proliferating cardiomyocytes;
however, the manifestations of cardiomyocyte phenotypes were different: smaller
cardiomyocyte size was evident at the early stage while cardiomyocyte enlargement was
associated with senescence and impaired heart function. In the aging SENP2-Tg mice,
cardiomyopathy appeared to be manifested, and cardiac fibrosis was increased. The
mechanisms underlying the size transformation of cardiomyocytes with aging is not clear
and must be complex; however, it is likely that it involves the hypertrophic response to the
long term “stimulation” exerted by the increased level of SENP2. Regulation of
cardiomyocyte growth by the SUMO conjugation pathway must also be complex, as
different phenotypes were exhibited despite a similar proliferation defect. Aging must
trigger divergent mechanisms regulating cardiac growth in which distinct factors in the
changing physiological milieu are expressed to influence SUMO conjugation. Since the
aging double SENP2-Tg/SUMO-1-Tg mice exhibited cardiac hypertrophy and decreased
cardiac function, as did the single SENP2-Tg mice (data not shown), we do not believe that
the SUMO-1 conjugation is instrumental in the initiation of cardiac dysfunction associated
with aging, at least in the murine model of SENP2 overexpression. Whether cardiomyopathy
in the SENP2-Tg mice is attributable to decreased SUMO-2/3 conjugation remains
unknown. Increased SUMO-1 conjugation in the heart efficiently rescued CHDs but not
cardiac muscle disorders of the SENP2-Tg mice; thus, SUMO-1 conjugation is probably
more involved in early cardiac structural morphogenesis, whereas the SUMO-2/3
conjugation is more important to the maintenance of normal cardiac function. However, this
hypothesis requires further investigation.

The growth retardation of SENP2-Tg mice probably resulted from impaired cardiomyocyte
maturation and/or cardiac dysfunction. To the best of our knowledge, global growth
restriction originating from cardiac-specific expression of a transgene of interest was not
common. In the α-MHC-Hoxb-7 Tg mice (57), skeletal malformation was observed,
although the Hoxb-7 transgene was not detected in that region. Whether there are any other
developmental defects in the SENP2-Tg mice, in addition to CHDs, is an open question and
would be interesting to explore in the future.
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Nkx2.5 is involved in the sumoylation deficiency-associated CHDs
Functioning as a desumoylation enzyme, SENP2 targeted a number of substrates, including
GATA4. Therefore, the SENP2-elicited CHDs should be a net and/or a total effect of
desumoylation of those SUMO substrates that are critical for cardiac morphogenesis, rather
than a consequence of desumoylation of a single substrate. However, some SUMO
substrate(s) may play more important roles than others in the development of sumoylation
deficiency-associated phenotypes. Nkx2.5, a cardiac-specific homeodomain-containing
transcription factor and a SUMO target (35), played a critical role in the development of
CHDs in humans and in mice (49, 58). Our recent work demonstrated that a number of
CHD-linked Nkx2.5 mutants exhibited altered sumoylation status (39). Thus, we
hypothesized that Nkx2.5 could contribute to the development of CHDs associated with
deficient SUMO conjugation pathway. To further understand the mechanisms underlying the
evolution of CHDs that were triggered by overexpression of SENP2, we investigated the
functional interaction between Nkx2.5 and SENP2 in vivo. We observed that i) SENP2
inhibited Nkx2.5 transcriptional activity by promoting deconjugation; ii) a number of
Nkx2.5 targets were downregulated in the hearts of SENP2-Tg mice; iii) the compound
SENP2-Tg/Nkx2.5+/− mice were born at a much lower frequency at P1 than either single
SENP2-Tg or Nkx2.5+/− mice; iiii) the compound SENP2-Tg/Nkx2.5+/− mice exhibited a
higher phenotypic penetrance and more severe cardiac phenotypes than either single
SENP2-Tg or Nkx2.5+/− mice. Therefore, we concluded that overexpression of SENP2
initiated the development of CHDs at least partially by suppressing the transcriptional
activity of Nkx2.5. Unfortunately, like for a number of studies in which sumoylation of
endogenous substrates has not been possible to detect due to technical limitations (59, 60),
we were unable to convincingly show the level of SUMO-conjugated Nkx2.5 in the hearts of
WT or SENP2-Tg mice.

In conclusion, our findings support the notion that defects in the SUMO pathway,
exemplified by the described SENP2-Tg mice, may contribute significantly to both CHDs
and cardiac muscle disorders. Enhanced desumoylation activity in the heart promoted by
SENP2 overexpression mainly influenced cardiomyocyte division. The functional
interaction between the SUMO substrate, Nkx2.5, and the sumoylation pathway component,
SENP2, presented a mechanism that at least partially accounted for the development of
sumoylation deficiency-linked CHDs. Increased SUMO-1 activity effectively reduced the
penetrance of cardiac structural malformation, but did not ameliorate cardiac dysfunction
existent in SENP2-Tg mice; thus, SUMO-1 may play different roles in the early cardiac
structural development than it does in late cardiac function. A future direction stemming
from these studies will be to investigate the role of SUMO-1 conjugation in modulation of
heart function under pathophysiological conditions such as ischemia, and to examine the
respective contribution of SUMO-1 and SUMO-2/3 conjugation and the individual
isopeptidases to cardiac development, function and disease.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

> We studied the effect of de-sumoylation on heart development in a
transgenic model.

> Increased desumoylation by overexpressed SENP2 in heart caused
cardiac defects and dysfunction.

> SENP2 overexpression also caused defect in cardiomyocyte
proliferation.

> SUMO-1 overexpression rescued cardiac structural phenotypes in
SENP2-Tg mice.

> Balanced SUMO conjugation is essential for normal heart development
and function.
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Figure 1. SENP2 gene was expressed in mouse heart during embryogenesis
A. Semi-quantitative RT-PCR was performed on RNA samples purified from embryonic
hearts at various developmental stages (E9.5, E10.5 and E11.5) to detect SENP2 mRNA.
PCR for each sample was carried out with two cycles (30 and 35, respectively). GAPDH
served as a loading control. B–D'. Immunostaining shows SENP2 expression in hearts at
later developmental stages. Hearts of three embryonic stages, E14.5 (B–B'), E16.5 (C–C'),
and E17.5 (D–D') were examined. Panel B, C & D show single SENP2 staining, while B', C'
& D' display the merged images of three stainings: SENP2 (red), Cav3 (green, positive for
cardiomyocyte), and DAPI (blue, for nucleus). The arrows in B & B' show examples of non-
nuclear staining of SENP2, and the dotted staining (arrowheads) indicates blood cells. Note
that in the compact zone, SENP2 was barely detected at E14.5, but was detectable at E16.5
(C & C', arrows) and became abundant at E17.5, indicating developmental and spatial
regulation of SENP2 expression during cardiogenesis.
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Figure 2. Generation of SENP2 transgenic (Tg) mice
A. Schematic representation of the construct for generation of SENP2-Tg mouse lines. B.
Transcripts and protein level of transgenic flag-tagged human SENP2 were detected in the
SENP2-Tg mouse hearts but not in the WT hearts. Upper panel: Reverse transcription
followed by PCR was performed on total RNA purified from atria and ventricles of E16.5
WT and SENP2-Tg mouse hearts (lines #2837 and #2839) to detect mRNA of flag-tagged
SENP2 and GAPDH (as a control) using specific oligos. Lower panel: Western blot was
performed on lysates extracted from P14 WT and SENP2-Tg mouse hearts from both lines
to detect flag-tagged SENP2 in SENP2-Tg hearts. Arrows indicate flag-tagged SENP2. C.
Suppressed conjugation of SUMO-1 (upper panel) and SUMO-2/3 (middle panel) in
SENP2-Tg mouse hearts by overexpression of SENP2. GAPDH served as a loading control
(lower panel). HMW, high molecular weight SUMO conjugates. D. Summary of
transmission at F1 and F2 generations of both SENP2-Tg lines. Note that the frequency at
P1 of F1 and F2 from both lines was lower than the expected Mendelian rate of 50%.
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Figure 3. SENP2-Tg mice exhibited congenital heart diseases
A. Global morphological view of hearts from one of the demised SENP2-Tg mice and a WT
littermate control at P2. Scale bar = 1 mm. B. Histological evaluations revealed ASDs/VSDs
in SENP2-Tg mice (middle and right panels) in comparison to littermate control (left panel)
at P4. Arrows indicate location of ASD (middle panel) and VSD (right panel), respectively,
with the following abbreviations: RA, right atrium; RV, right ventricle; LA, left atrium; LV,
left ventricle; ASD, atrial septal defect; VSD, ventricular septal defect. C. Summary of
incidence of cardiac defects in the demised SENP2-Tg mice. D. RT-qPCR analysis of RNA
samples isolated from E16.5 WT and SENP2-Tg hearts revealed no significant changes in
the transcription levels of genes indicated between WT and SENP2-Tg mice. E. RT-qPCR
revealed no significant changes in the transcription levels of SUMO factors in E16.5 hearts
between the WT and SENP2-Tg mice. n=4 for each group.
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Figure 4. SENP2-Tg mice exhibited growth retardation
A. Comparative body size of a SENP2-Tg mouse (line #2839) and a WT littermate at P31.
B. Heart weight (HW) and body weight (BW) of SENP2-Tg mice (n=4) at P18 were
significantly lower than those of littermates (n=5, P<0.001 and 0.00001, respectively), but
cardiac index HW/BW ratio showed no significant difference (P=0.66). C. Non-invasive
cardiac functional analysis of WT and SENP2-Tg mice at P40 using echocardiography
showed thinner LVPW in diastole, reduced stroke volume and cardiac output in SENP2-Tg
mice. Abbreviations: LVPW, left ventricular posterior wall; d, diastole; s, systole. D. RT-
qPCR on RNA samples purified from both WT and SENP2-Tg mouse hearts at P18 revealed
down-regulation of transcripts of a number of contractile proteins. *, P<0.05; **, P<0.01.
The unpaired Student's t test was applied to determine statistical significance between
groups.
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Figure 5. Hearts of aging SENP2-Tg mice were hypertrophic and fibrotic
A–C. SENP2-Tg mice exhibited smaller cardiomyocyte size compared with WT mice at
embryonic stages. Representative WGA-TRITC staining of E14.5 heart sections (A–B) and
statistical analysis (C) are shown. Surface areas were measured in 10–20 randomly selected
fields from each individual heart sample (n=5 per group for WT and SENP2-Tg mice) using
Software ImageJ (National Institutes of Health). Bar, 500 μm. *, p<0.05. The average
surface area calculated for WT cardiomyocytes was taken as 100%. Magnification, 40×. D–
F. SENP2-Tg mice developed cardiac hypertrophy with aging. Sections of hearts from mice
with over one year of age were WGA-TRITC stained and the surface areas were measured
as described above (n=4 per group for WT and SENP2-Tg mice). Representative data are
shown in D–E and statistical analysis is shown in F. Bar, 200 μm. **, p<0.001.
Magnification, 20×. G–H. Aging SENP2-Tg mouse heart presented fibrosis (Masson's
trichrome staining). Bar, 200 μm. Magnification, 20×.
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Figure 6. Defect in cardiomyocyte proliferation in SENP2-Tg mice
A–C: DNA synthesis of cardiomyocyte was decreased in SENP2-Tg mice at E15.5
embryonic stage. Representative data from BrdU staining on E15.5 heart sections (A–B) and
statistical analysis (C) are shown. Statistics in C represents the scores of 100 cells per
section. A–B, 40× magnification. n=3 per group. **, p<0.001. D–F: SENP2-Tg mouse
hearts exhibited decreased BrdU positive cardiomyocytes at age of over one year.
Representative BrdU staining of heart sections from aging WT and SENP2-Tg mice (D–E)
and statistical analysis (F) are shown. Scale bar, 100 μm. Statistics in F represents the scores
of 5 randomly selected fields per section. D–E, 20× magnification. n=3 for each group. **,
p<0.001. G–I: SENP2-Tg mouse hearts exhibited decreased Ki67 positive cardiomyocytes
at E14.5 embryonic stage. Representative data from Ki67 staining on E14.5 heart sections
(G–H) and statistical analysis (I) are shown. Statistical analysis in panel I represents the
average scores of 100 cells per section. G–H, 40× magnification. Scale bar, 50μm. ++,
p<0.001. J–L: SENP2-Tg mouse hearts exhibited decreased Ki67 positive cardiomyocytes
at age of over one year. Representative data from Ki67 staining on sections of aging WT and
SENP2-Tg hearts (J–K) and statistical analysis (L) are shown. Statistical results in L
represent the scores from at least four randomly selected fields per section. J–K, 20×
magnification. n=3 per group. ++, p<0.001. Arrows in D, E, J and K indicate BrdU (panel
D–E) or Ki67 (panel J–K) positive cells.
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Figure 7. SUMO-1 played a critical role in the development of cardiac structural malformation
in SENP2-Tg mice
A. Overexpression of SENP2 in the presence of SUMO-1 haploinsufficiency led to
embryonic lethality. The compound SENP2-Tg/SUMO-1+/− mice obtained from
crossbreeding between SENP2-Tg mice (line #2839) and SUMO-1+/− mice were present at
lower P1 frequency than the expected Mendelian rate (25%). The P1 frequency was
analyzed from 7 litters comprising a total of 49 animals. The number shown above each bar
indicates the P1 frequency of each corresponding group. **, P<0.01. Chi-square test was
used for statistical analysis. B. The transcripts of transgene flag-tagged SUMO-1 were
detected in both atria and ventricles of SUMO-1-Tg mouse hearts at E16.5 but not in the WT
littermate hearts. GAPDH was used as a control. C. Mortality rate of double SUMO-1-Tg/
SENP2-Tg mice was substantially decreased compared with that of single SENP2-Tg mice.
Rescue data from line #2839 were compiled from 15 litters of 97 animals in total. Fisher's
Exact Probability Test was used for statistical analysis. D. Improved modification of
SUMO-1 in double SUMO-1-Tg/SENP2-Tg mouse heart. Western blots were performed on
heart extracts from the WT, SENP2-Tg, SUMO-1-Tg and double SUMO-1-Tg/SENP2-Tg
mice. Compare SUMO-1 conjugation (upper panel) in lane 2 and lane 4. GAPDH (lower
panel) served as a control. E. Decreased penetrance of cardiac defects in the double
SUMO-1-Tg/SENP2-Tg mice. The data were compiled from 76 available animals of 10
litters with ages ranging from E14.5 to P2. Fisher's Exact Probability Test was used for
statistical analysis. The number shown above each bar indicates the incidence of cardiac
defects of that corresponding group. F–G. Improved cardiomyocyte proliferation in the
double SUMO-1-Tg/SENP2-Tg mouse hearts. BrdU staining was performed on sections of
E14.5 embryonic hearts of the WT, SUMO-1-Tg, SENP2-Tg and double SUMO-1-Tg/
SENP2-Tg mice, respectively (F) and statistical analysis was shown in G. n=4 for each
group. Representative data were shown. Magnification, 20×. Bar, 200 μm.
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Figure 8. Desumoylation of SUMO substrates in SENP2-Tg hearts
Co-immunoprecipitation (IP) was performed on the whole tissue extracts from age-matched
WT and SENP2-Tg mouse hearts using agarose-conjugated anti-SUMO-1 antibody for
pulldown; subsequently, immunoblot (IB) was performed using anti-RanGAP1 (A) or anti-
GATA4 antibodies (B) for detection. Arrows indicate SUMO-1-conjugated RanGAP1 (A)
and SUMO-1-conjugated GATA4 (B). Note the substantial decrease in the level of SUMO-1
conjugated RanGAP1 and GATA4 in SENP2-Tg heart compared with those in WT heart.
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Figure 9. Functional interaction between the SUMO pathway component, SENP2, and Nkx2.5
A. SENP2 wt, but not the catalytic mutant, deconjugated SUMO-1-Nkx2.5 conjugates.
Sumoylation assays were performed on HeLa cell extracts containing overexpressed
proteins, as indicated. Upper panel: blotted with anti-Nkx2.5 antibody to detect both free
and conjugated Nkx2.5 (arrows); lower panel: blotted with anti-flag antibody to detect
SENP2 wt and mutant. B. SENP2 wt, but not the catalytic mutant, suppressed Nkx2.5
activity in a dose-dependent manner. Transactivation assays were performed on HeLa cells
transfected with the ANF-Luc construct together with single or combined expression of
vectors, as indicated. Relative activation level (fold change) was calculated based on the
luciferase activity of the control (empty vector alone), which was taken as 1. The dosage for
each of those expression vectors were used as follows: Nkx2.5: 0.5 μg; SUMO-1: 0.75 μg;
SENP2 wt: 50 and 100 ng; SENP2 mutant: 50 and 100 ng. The number shown above each
bar indicates the fold change of the luciferase activity of that particular group. C. Down-
regulation of a number of Nkx2.5 target genes in SENP2-Tg hearts was shown in
comparison with those of WT hearts. The microarray assays of RNA samples from E16.5
SENP2-Tg and WT hearts were performed as described in the Materials and Methods. n=3
per group, with each sample carried out in duplicate. D–E. SENP2-Tg/Nkx2.5+/− mice
exhibited a lower P1 frequency (D) and a higher incidence of cardiac defects, including the
dual ASD/VSD phenotype (E), compared with those of single Nkx2.5+/− and SENP2-Tg
mice. Mice were obtained from crossbreeding between SENP2-Tg mice of line #2839 and
Nkx2.5+/− mice. The data were then compiled from 13 litters comprising a total of 75
animals (D) and from 7 litters comprising a total of 34 embryos with developmental stages
ranging from E16.5 to E17.5 (E). The total animal number (n) of each genotype group
analyzed in E was shown. Chi-square test was used for statistical comparison. *, p<0.05; ++,
p<0.005.
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Table 1

Cardiac functional analysis of WT and SENP2-Tg mice at ages of three and twelve months

Age Three months Twelve Months

Genotype WT SENP2-Tg WT SENP2-Tg

n=5 n=4 n=6 n=4

LVPW; d (mm) 1.20 ± 0.08 0.803 ± 0.06** 1.28 ± 0.20 1.33 ± 0.22

Volume; s (μl) 21.83 ± 7.14 16.92 ± 1.10 16.41 ± 5.11 22.95 ± 7.08

Volume; d (μl) 63.52 ± 9.25 52.69 ± 2.98 52.41 ± 9.98 50.95 ± 11.18

stroke volume (μl) 41.69 ± 5.08 35.77 ± 2.93 36.00 ± 4.94 28.01 ± 4.10

%EF 68.51 ± 7.12 67.65 ± 2.36 71.90 ± 3.75 57.90 ± 4.74+

%FS 39.00 ± 5.37 37.02 ± 1.96 40.76 ± 3.11 29.97 ± 3.05+

cardiac output (ml/min) 14.69 ± 1.93 14.66 ± 2.88 17.35 ± 2.32 11.44 ± 1.49

LV mass (mg) 127.37 ± 10.38 97.73 ± 9.61 117.84 ± 17.49 132.77 ± 8.79

BW (g) 35.56 ± 1.92 19.80 ± 1.11** 41.58 ± 3.04 29.30 ± 1.84+

LV mass/BW 3.60 ± 0.27 4.91 ± 0.28* 2.87 ± 0.38 4.56 ± 0.32+

Cardiac functions of WT and SENP2 mice at indicated ages were analyzed by Vevo 770 as detailed in Materials and Methods. The total animal
number (n) of each genotype group analyzed was shown. The unpaired Student's t test was used for statistical significance determination between
groups of the same age.

EF, left ventricular ejection faction; FS, left ventricular fractional shortening. Note that the thinner LVPW in diastole in SENP2-Tg mice measured
at age of three months was completely recovered in SENP2-Tg mice at the age of twelve months, and the compromised contractility indicated by
reduced %EF and %FS was present only in SENP2-Tg mice at twelve months age.

*
p<0.05

**
p<0.01, compared with the WT group at three months age.

+
p<0.05, compared with the WT group at twelve months age.
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