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SWAP70 Overexpression Protects Against
Pathological Cardiac Hypertrophy in a
TAK1-Dependent Manner
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BACKGROUND: Pathological cardiac hypertrophy is regarded as a critical precursor and independent risk factor of heart failure,
and its inhibition prevents the progression of heart failure. Switch-associated protein 70 (SWAP70) is confirmed important
in immunoregulation, cell maturation, and cell transformation. However, its role in pathological cardiac hypertrophy remains
unclear.

METHODS AND RESULTS: The effects of SWAP70 on pathological cardiac hypertrophy were investigated in Swap70 knockout
mice and Swap70 overexpression/knockdown cardiomyocytes. Bioinformatic analysis combined with multiple molecular bio-
logical methodologies were adopted to elucidate the mechanisms underlying the effects of SWAP70 on pathological cardiac
hypertrophy. Results showed that SWAP70 protein levels were significantly increased in failing human heart tissues, ex-
perimental transverse aortic constriction—-induced mouse hypertrophic hearts, and phenylephrine-stimulated isolated primary
cardiomyocytes. Intriguingly, phenylephrine treatment decreased the lysosomal degradation of SWAP70 by disrupting the
interaction of SWAP70 with granulin precursor. In vitro and in vivo experiments revealed that Swap70 knockdown/knockout
accelerated the progression of pathological cardiac hypertrophy, while Swap70 overexpression restrained the cardiomyocyte
hypertrophy. SWAP70 restrained the binding of transforming growth factor g-activated kinase 1 (TAK1) and TAK1 binding pro-
tein 1, thus blocking the phosphorylation of TAK1 and downstream c-Jun N-terminal kinase/P38 signaling. TAK1 interacted
with the N-terminals (1-192) of SWAP70. Swap70 (193-585) overexpression failed to inhibit cardiac hypertrophy when the
TAK1-SWAP70 interaction was disrupted. Either inhibiting the phosphorylation or suppressing the expression of TAK1 res-
cued the exaggerated cardiac hypertrophy induced by Swap70 knockdown.

CONCLUSIONS: SWAP70 suppressed the progression of cardiac hypertrophy, possibly by inhibiting the mitogen-activated pro-
tein kinases signaling pathway in a TAK1-dependent manner, and lysosomes are involved in the regulation of SWAP70 expres-
sion level.
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by volume and 30% to 40% by number of cardio-
myocytes.! The size of the heart and cardiomyocyte
after birth is closely related to the size or metabolic re-
quirements of the human body. Diseases such as hyper-
tension, coronary heart disease, and valvular disorders

The adult mammalian heart contains ~65% to 80%

can lead to cardiomyocyte enlargement and further
pathological cardiac hypertrophy, which is regarded
as an adaptive myocardial response to pressure over-
load.? Constant stress damage to the heart eventually
leads to myocardial systolic dysfunction, cytoskeleton
remodeling, fibrosis, chamber dilation, increased risk of
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CLINICAL PERSPECTIVE

What Is New?

e Generation of Swap70 knockout mice and
Swap70 overexpression/knockdown primary
cardiomyocytes revealed the protective effect
of switch-associated protein 70 (SWAP70) on
myocardial hypertrophy.

e Granulin precursor regulates the protein deg-
radation of SWAP70 through lysosomes and
reduces the degradation of SWAP70 by reduc-
ing the binding to SWAP70 under hypertrophic
stimuli. SWAP70 inhibits cardiomyocyte hyper-
trophy by inhibiting transforming growth factor
B-activated kinase 1-transforming growth factor
-activated kinase 1 binding protein 1 interac-
tion, thus inhibiting the activation of the down-
stream transforming growth factor g-activated
kinase 1-JNK-P38 pathway.

What Are the Clinical Implications?

e Qur results indicated that SWAP70 may be a
potential target for preventing cardiac hyper-
trophy, and the study on the upstream and
downstream regulation of SWAP70 may provide
ideas for future clinical studies.

Nonstandard Abbreviations and Acronyms

GRN granulin precursor

JNK c-Jun N-terminal kinase

MAPK mitogen-activated protein kinase

MYH7/8-MHC  3-myosin-heavy-chain

NRVMs neonatal rat ventricular
myocytes

SWAP70 switch-associated protein 70

TAB1 transforming growth factor
B-activated kinase 1 binding
protein 1

TAC transverse aortic constriction

TAK1 transforming growth factor
B-activated kinase 1

WT wild-type

circulatory failure, and even death.®# Pathological car-
diac hypertrophy is a critical precursor and independent
risk factor for heart failure.>® Evidence indicates that inhi-
bition of pathological cardiac hypertrophy can effectively
prevent heart failure.” Through the exploration of related
pathways and their corresponding mechanisms, great
progress has been achieved in the control of hyperten-
sion and treatment of secondary cardiac hypertrophy
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attributable to other diseases. On the other hand, mech-
anisms, including cell metabolism, immune response,
translational regulation, and posttranscriptional control
neglected previously, have been demonstrated to neg-
atively or positively regulate the progression of patho-
logical cardiac hypertrophy.” Further studies about
the corresponding cellular signaling pathways, such as
phosphoinositide 3-kinase or mitogen-activated protein
kinase (MAPK) pathways, explored their unique roles in
the various forms of hypertrophy.'®~2 Today, although
increasingly advanced medical treatments can improve
the symptoms of heart failure, they cannot stop the
progression of the disease or reverse the pathological
progression.'®™* Exploration on the underlying mecha-
nisms of pathological myocardial hypertrophy is essen-
tial to delay or even reverse the progression of cardiac
hypertrophy.

Switch-associated protein 70 (SWAP70) is a rho
guanine nucleotide exchange factor belonging to a
small family of only 2 members, SWAP70 and FDCP
6 homolog (DEF6), which are originally discovered in
B and T cells, respectively.®® SWAP70, which has a
unique protein structure and functional characteristics,
plays important roles in normal cellular processes,
including immunoregulation, cellular morphological
changes, and cell maturation.'®® Although research
on SWAP70 is mainly focused on immune cells (B cells,
dendritic cells, and mast cells), studies on other non-
immune cells, such as liver cells,'® fibroblasts,?® blood
cells,?! and osteoclasts,?? have also revealed a unique
role of SWAP70 in disease progression. Deletion of
Swap70 can lead to limited immune protection,?3-2°
decreased cell invasion,'®?6 and reduced cell differen-
tiation and maturation.'®?” For example, Swap70 de-
ficiency can lead to poor B cell migration.?® Swap70
knockout mouse embryo fibroblasts (MEFs) grow more
slowly and express less invasive phenotypes than wild-
type MEFs.?8 Swap70 deficiency in mice causes the
accumulation of hematopoietic stem and precursor
cells and reduces the differentiation of hematopoietic
stem cells.?’

The viability and functional status of cardiomyo-
cytes, as terminally differentiated cells, are critical to
maintaining normal heart function. The MAPK path-
way, which we find can be regulated by SWAP70 and
inhibits the progression of nonalcoholic steatohepa-
titis,'® appears closely related to pathological cardiac
hypertrophy and plays a key role in its progression.'®:28
Hyperactivation of the MAPK pathway can aggravate
pathological cardiac hypertrophy, whereas inhibition
of this pathway causes opposite results.?*3 However,
the relationship between SWAP70 and pathological
hypertrophy remains to be established.

The present study aimed to examine the role of
SWAP70 in pathological cardiac hypertrophy, with
a focus on the MAPK pathway. The mechanisms
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Figure 1. SWAPT70 protein level is increased in response to hypertrophic stimuli.

A, Immunoblotting and quantitation of SWAP70, ANP, BNP, MYH7/8-MHC protein levels in human heart tissues from normal
donors (n=5), HCM heart failure patients (n=5), and DCM heart failure patients (n=7). B, Relative mRNA levels of SWAP70 in
human heart tissues from normal donors (n=5), HCM heart failure patients (n=5), and DCM heart failure patients (n=9) (NS: left,
P=0.90; right, P=1.00). C, Left, expression of SWAP70 in human tissues from normal donors or heart failure patients arise from
HCM or DCM. Right, quantitation results of immunohistochemical staining (n=4). D, Protein levels and quantitation results of
SWAP70, ANP, BNP, MYH7 in mice hearts subjected to TAC surgery at the indicated time points (n=6). E, Relative mRNA levels of
Swap70 in mice heart tissues after TAC operation at indicated time points (n=5) (NS: left, P=1.00; middle, P=0.11; right, P=0.81).
F, Protein levels and quantitation results of SWAP70, ANP, BNP, MYH7 in NRVMs with ph PE (50 umol/L) treatment at indicated
time points (n=5 independent experiments). G, Relative mRNA levels of Swap70 in NRVMs with PE (50umol/L) treatment at
indicated time points (n=5 independent experiments) (NS: left, P=1.00; middle, P=1.00; right, P=0.93). Data are shown as
mean+SD. One-way ANOVA with Bonferroni’s post hoc analysis (A through C, E, G, MYH7 in F) or with Tamhane T2 post hoc
test (MYH7 in A, D, F) was used. *P<0.05; **P<0.01 for indicated group vs control group. NS (no significance for indicated
group vs control group. ANP indicates atrial natriuretic peptide; BNP, B-type natriuretic peptide; DCM, dilated cardiomyopathy;
HCM, hypertrophic cardiomyopathy; MYH7/8-MHC, 8-myosin-heavy-chain; NRVMs, neonatal rat ventricular myocytes; NS, no
significance; PE, phenylephrine; SWAP70, switch-associated protein 70; and TAC, transverse aortic constriction.
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underlying the regulation of SWAP70 protein expres-
sion were also investigated. This study may serve as
a foundation for developing a strategy to prevent the
progression of pathological cardiac hypertrophy.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request. See Data S1 and Tables S1 through S3
for detailed methods and materials used in the estab-
lishment of mouse models, detection of correspond-
ing indicators, generation of Swap70 knockout mice,
isolation of primary neonatal rat ventricular myocytes
(NRVMs) and cell culture, histological staining, immu-
nofluorescence staining, plasmid construction and ad-
enovirus infection, immunoblot analysis, quantitative
real-time polymerase chain reaction, immunoprecipita-
tion assay, and RNA sequencing.

Human Heart Samples

Left ventricular tissue specimens were procured from
patients with end-stage heart failure undergoing heart
transplantation for hypertrophic cardiomyopathy or
dilated cardiomyopathy, and normal left ventricular
tissue specimens were collected from heart donors
identified unsuitable for transplantation for noncardiac
reasons. All heart tissue specimens were stored in lig-
uid nitrogen or soaked in 4% paraformaldehyde. All

Role of SWAP70 in Pathological Cardiac Hypertrophy

human samples were obtained with written informed
consent from the patients or their families and after au-
thorization by the Hospital Committee for Investigation
in Humans. All human sample collections were ap-
proved by the Human Research Ethics Committee of
Zhongnan Hospital of Wuhan University (2022075K)
and consistent with the principles outlined in the
Declaration of Helsinki.

Mice

All animal experiments were approved by the
Institutional Animal Care and Use Committee of the
Zhongnan Hospital of Wuhan University (ZN2021201).
The mice received humane care in accordance
with the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of
Health. C57BL/6 male mice (weight, 25.5-27 g; age,
9-11 weeks) were fed in a pathogen-free environment
(temperature, 22-24 °C; humidity, 40%-70%; and
12-hour light cycle). The animals were in good health
before transverse aortic constriction (TAC) or sham
surgery and had access to food and water ad libitum.
All data were obtained during this period, and opera-
tions and subsequent analyses were performed in a
blinded manner.

Statistical Analysis

All data were analyzed using SPSS (IBM, Armonk,
NY) and expressed as mean+SD. Data with normal

Figure 2. Hypertrophic increase in SWAP70 is connected with the inhibition of lysosomal degradation regulated by granulin
precursor.

A, Immunoblotting and quantitation of SWAP70 protein levels in NRVMs added with CHX (25umol/L) for indicated time points (n=5
independent experiments) (NS: left, P=0.54; right, P=0.21). B, Immunoblotting and quantitation of SWAP70 protein levels in NRVMs
added with CHX (25 umol/L) for indicated time points with or without the stimulation of PE (50 umol/L) (n=5 independent experiments) (NS:
left, P=0.09; right, P=0.08). C, The protein expression and quantitation results of SWAP70 in NRVMs treated with DMSO, CQ (50 umol/L),
or MG132 (50pumol/L) in the presence of CHX (25umol/L) for 6hours (n=5 independent experiments) (NS: P=0.15). D, The protein
expression and quantitation results of SWAP70 in NRVMs treated with DMSO, CQ (50 umol/L), or MG132 (50 umol/L) in the presence of
CHX (25 umol/L) and PE (50umol/L) for 6 hours (n=5 independent experiments) (NS: left, P=1.00; right, P=0.60). E, Upper, mode pattern
showed that NRVMs were infected with Ad-GFP-Flag-Swap70 and treated with PE (50 umol/L, 48 hours), and then incubated with anti-
IgG or Anti-Flag for mass spectrometry. Below, mass spectrometry screened the lysosomal related molecules and chose 3 of which
according to its cellular function and localization. F, Immunoblotting and quantitation of SWAP70 protein levels in human embryonic kidney
293T cells transfected with indicated molecules (n=5 independent experiments) (NS: left, P=0.24; right, P=0.28). G, Immunoblotting and
quantitation of SWAP70 protein levels in NRVMs infected with Ad-GFP-Flag-Grn adenovirus at different multiplicities of infection (n=5
independent experiments). H, CO-IP assays displayed the interaction between exogenous SWAP70 and endogenous GRN in NRVMs.
I, Immunoblotting and quantitation of SWAP70 protein levels in NRVMs infected with or without Ad-GFP-Flag-Grn adenovirus in the
presence or absence of CQ (25umol/L) for 12hours (n=5 independent experiments) (NS: P=0.82). J, Immunoblotting and quantitation
of SWAP70 protein levels in NRVMs accompanied with indicated adenovirus and drugs (n=5 independent experiments) (NS: Left,
P=1.00; Right, P=1.00). K, Immunoblotting and quantitation of GRN protein levels in NRVMs with PE (50 umol/L) treatment at indicated
time points (n=5 independent experiments) (NS: P=0.50). L, CO-IP assays performed the interaction between SWAP70 and GRN in
NRVMs accompanied with indicated adenoviruses and treatments. M, Representative immunofluorescence images of the colocalization
of endogenous SWAP70 and exogenous GRN in NRVMs added with CQ (25umol/L, 12hours) and Ad-Flag-Grn adenoviruses in the
presence or absence of PE (50umol/L, 24 hours). N, Representative immunofluorescence images of the colocalization of endogenous
SWAP70 and lysosome marker LAMP1 in NRVMs accompanied with indicated adenoviruses and treatments. Scale bar, 25um. Data are
shown as mean+SD. Student t-test (B) and 1-way ANOVA with Bonferroni’s post hoc analysis (C, D, G, and J) or with Tamhane T2 post
hoc test (A, F, I, K) were used. *P<0.05; **P<0.01 for indicated group vs control group. #P<0.05; #/P<0.01 for PE group vs PBS group. NS
for indicated group vs control group or PE group vs PBS group (B). CHX indicates cycloheximide; CO-IP, coimmunoprecipitation; CQ,
chloroquine; GRN, granulin precursor; LAMP1, lysosomal associated membrane protein 1; NRVMs, neonatal rat ventricular myocytes;
NS, no significance; PE, phenylephrine; and SWAP70, switch-associated protein 70.
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distribution were subjected to Student’s t-test or 1-way
ANOVA to evaluate differences between 2 or multiple
groups, respectively. The Bonferroni post hoc test

(assuming homogeneity of variance) or Tamhane T2
post hoc test (assuming heterogeneity of variance)
was applied for correction in 1-way ANOVA. Data with

J Am Heart Assoc. 2023;12:028628. DOI: 10.1161/JAHA.122.028628



Qian et al

nonnormal distribution were subjected to the Kruskal—
Wallis nonparametric statistical test. Differences were
considered statistically significant at P<0.05.

RESULTS

SWAP70 Protein Level Is Increased in
Response to Hypertrophic Stimuli

To determine changes in SWAP70 expression in re-
sponse to hypertrophic stimuli, we first measured
SWAP70 expression in human failing heart tissues
through  immunohistochemical staining, Western
blot, and quantitative real-time polymerase chain re-
action analyses. Western blot analysis revealed that
SWAP70 protein expression was significantly higher
in samples extracted from the above human failing
heart tissues than that in normal tissues, and this re-
sult correlated well with the changes in heart failure
markers (ANP [atrial natriuretic peptide], BNP [B-type
natriuretic peptide], and -myosin-heavy-chain [MYH7/
B-MHQC]) (Figure 1A). However, the mRNA expression
of SWAP70 showed no significant changes in these
tissues (Figure 1B), suggesting that the increased pro-
tein expression of SWAP70 was posttranscriptionally
regulated. Consistent with Western blot, immuno-
histochemical staining indicated higher protein levels
of SWAP70 in failing heart tissues from patients with
either hypertrophic cardiomyopathy or dilated cardio-
myopathy than in normal tissues (Figure 1C). In addi-
tion, we detected the protein expression of SWAP70
in in vivo and in vitro cardiac hypertrophic models.
The protein expression of SWAP70 was increased in
cardiac tissues after 4 weeks of TAC surgery or in iso-
lated primary NRVMs after 24 hours of phenylephrine
treatment, and these changes were consistent with
the changes in ANP, BNP, and MYH7 (Figure 1D and
1F). However, Swap70 mRNA levels showed minimal
changes at indicated times during the in vitro and in
vivo experiments (Figure 1E and 1G). These data re-
vealed that SWAP70 protein expression was increased
posttranscriptionally under hypertrophic stimuli.

Role of SWAP70 in Pathological Cardiac Hypertrophy

Hypertrophic Increase in SWAP70

Is Connected With the Inhibition of
Lysosomal Degradation Regulated by
Granulin Precursor

To identify the source of increased SWAP70 protein in
a hypertrophic environment, we first explored the half-
life of SWAP70 in NRVMSs, and results showed that the
half-life of SWAP70 was =~4hours in the presence of
protein translation inhibitor cycloheximide (Figure 2A).
Further experiments in NRVMs showed that hypertro-
phic stimulation (phenylephrine treatment) significantly
prolonged the half-life of SWAP70, indicating that the
high protein expression of SWAP70 may be ascribed
to its reduced protein degradation under hypertrophic
stimuli (Figure 2B). As shown in Figure 2C, SWAP70
protein expression was increased in the NRVMs treated
with the lysosomal degradation inhibitor chloroquine
but not obviously changed in the cells treated with the
proteasome degradation inhibitor MG132, indicating
that SWAP70 degradation was lysosome dependent
under normal conditions. However, SWAP70 expres-
sion showed no obvious change after the treatment
with chloroquine or MG132 in the presence of cyclo-
heximide and phenylephrine compared with the con-
trol group (Figure 2D), suggesting that the increased
SWAP70 protein expression after phenylephrine treat-
ment can be ascribed to its reduced lysosomal degra-
dation. To explore the possible upstream molecule(s)
involved in the lysosomal regulation of SWAP70 protein
expression, we performed protein mass spectrometry,
intersected it with a subcellular localization database
(https://compartments.jensenlab.org/Search) by bio-
informatics to find the molecules that can colocalize
with lysosomes (9 molecules remained after this step),
and finally used a protein database (https:/www.unipr
ot.org) to inquire about the function of these 9 mol-
ecules and gained 3 of them that were reported to
involve in the regulation of molecular degradation®'-32
(Figure 2E). Further experiments in human embry-
onic kidney 293T cells transfected with the indicated
molecules suggested that granulin precursor (GRN)

Figure 3. Swap70 deficiency accelerates pathological cardiac hypertrophy.

A, The protein expression of SWAP70 in mice heart tissues from WT or Swap70-KO mice (n=4). B, Representative heart size of mice
from indicated groups. Scale bar, 0.3cm. C through F, Heart weight, heart/body weight ratios, heart weight/tibia length ratios, and lung/
body weight ratios in WT and Swap70-knockout mice at 4 weeks after sham or TAC surgery (n=10). G, Representative echocardiography
images of indicated groups (n=10). H and |, Echocardiography assessed the parameters of LVEDd, LVESd, EF, and FS in WT or Swap70-
KO mice at 4 weeks after sham or TAC surgery (n=10). J, Representative H&E (upper left) and picrosirius red (lower left) staining in the
heart tissues from WT or Swap70-KO mice at 4 weeks after sham or TAC surgery. Scale bar, 50 um. Quantitative results of the average
cross-sectional areas and left ventricular interstitial collagen volume is performed at the right (n=6). K and L, Relative mRNA levels of
hypertrophy (Anp, Bnp, Myh?), and fibrosis (collagen la1, collagen llla1, Ctgf, Timp1) related genes in mice heart tissues from indicated
groups (n=4). Data are shown as mean+SD. One-way ANOVA with Bonferroni’s post hoc analysis (C through F, H through L) or with
Tamhane T2 post hoc test (left ventricular interstitial collagen volume in J, collagen la1 and Ctgf in L) were used. *P<0.05; **P<0.01 for
WT TAC group vs WT sham group. #P<0.01 for Swap70-KO TAC group vs WT TAC group. ANP indicates atrial natriuretic peptide; BNP,
B-type natriuretic peptide; Ctgf, connective tissue growth factor; EF, ejection fraction; FS, fractional shortening; H&E, hematoxylin—
eosin; LVEDd, left ventricular end-diastolic systolic diameter; LVESd, left ventricular end-systolic diameter; MYH7, f-myosin-heavy-
chain; SWAP70, switch-associated protein 70; Swap70-KO, Swap70-knockout; TAC, transverse aortic constriction; Timp1, tissue
inhibitor of metalloproteinase 1; and WT, wild-type.
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regulated the lysosomal degradation of SWAP70
(Figure 2F). To confirm this finding, we infected NRVMs
with Grn adenovirus at different multiplicities of infec-
tion. Results showed that SWAP70 protein expression

decreased with the increased expression of Grn ad-
enovirus (Figure 2G). However, the mRNA level of
Swap70 did not change with GRN overexpression
(Figure S1A). Further coimmunoprecipitation assay
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in human embryonic kidney 293T cells and NRVMs
revealed the interaction between SWAP70 and GRN
(Figure 2H and Figure S1B). As shown in Figure 2| and
2J, chloroquine or phenylephrine treatment can re-
strain the GRN-regulated decrease in SWAP70 pro-
tein expression. Interestingly, analysis revealed that
hypertrophic stimuli did not downregulate the protein
expression of GRN or its 45-kDa degradation product
in NRVMs (Figure 2K). Both endogenous and exoge-
nous upregulation of GRN protein could not lead to the
downregulation of SWAP70 expression under stimu-
lation conditions, suggesting that the degradation of
SWAP70 mediated by GRN may be altered under hy-
pertrophic stimuli. Considering that GRN itself has no
enzymatic activity, we speculated that the interaction
between SWAP70 and GRN changed under hyper-
trophic stimuli. Then, coimmunoprecipitation and im-
munofluorescence analyses revealed that GRN and
SWAP70 showed decreased interaction and colocal-
ization in the phenylephrine group (Figure 2L, 2M, and
Figure S1C). Moreover, immunofluorescence showed
that GRN increased the colocalization of SWAP70 and
lysosomal marker lysosomal associated membrane
protein 1, which was suppressed by phenylephrine
treatment (Figure 2N and Figure S1D). Taken together,
these results suggest that lysosomes contribute to the
upregulation of SWAP70 protein expression under hy-
pertrophic stimuli, and GRN participates in the lyso-
somal regulation of SWAP70.

Swap70 Deficiency Accelerates
Pathological Cardiac Hypertrophy

Swap70 knockout mice were generated (Figure S2A),
and experimental pathological cardiac hypertrophy
was induced by TAC surgery to evaluate the impact of
SWAP70 on pathological cardiac hypertrophy. The ef-
ficiency of Swap70 deletion was verified using Western
blot (Figure 3A). Before surgery, mice were measured
and found no difference in weight, heart rate, blood
pressure, and blood velocity between different gen-
otypes (Figure S2B through S2D). At 4weeks after
TAC surgery, the heart rate, blood velocity, and pres-
sure gradient showed no difference between Swap70
knockout and wild-type (WT) mice (Figure S2E
through S2G), while the Swap70 knockout mice dis-
played significantly increased heart size, heart weight,
heart/body weight ratios, heart weight/tibia length
ratios, and lung/body weight ratios compared with
the WT mice (Figure 3B through 3F). Ultrasonic mea-
surements of the left ventricular end-systolic diame-
ter and left ventricular end-diastolic diameter showed
similar trends (Figure 3G and 3H). Meanwhile, the
ejection fraction and fractional shortening were lower
in the Swap70 knockout mice than those in the WT
mice after TAC surgery (Figure 3l). Hematoxylin—eosin
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staining showed that the cross-sectional area of car-
diomyocytes from the Swap70 knockout mice was
obviously larger than that of cardiomyocytes from
the WT mice under hypertrophic stimuli. Moreover,
Swap70 deficiency aggravated the perivascular and
interstitial fibrosis of the hypertrophic heart (Figure 3J).
Corresponding to the hematoxylin—eosin and picrosir-
ius red staining, hypertrophic and fibrosis phenotypes
were accompanied by the upregulation of hypertro-
phic genes (Anp, Bnp, and Myh7) and fibrotic genes
(collagen lual, collagen Illal, connective tissue growth
factor [Ctgf], tissue inhibitor of metalloproteinase 1
[Timp1]) in the Swap70 knockout mice compared with
the WT mice under hypertrophic stimuli (Figure 3K
and 3L). However, inflammatory genes (insulin 6 [//-6],
II-1b, tumor necrosis factor a [Tnfa]) showed no differ-
ence between Swap70 knockout mice and WT mice
(Figure S2H). Collectively, these results demonstrated
that Swap70 deficiency accelerated pathological car-
diac hypertrophy.

Swap70 Overexpression Suppresses

the Progression of Cardiomyocyte
Hypertrophy

NRVMs were isolated and treated with phenyleph-
rine to investigate the effect of SWAP70 on simulated
cardiomyocyte hypertrophy. Knockdown or overex-
pression of Swap70 was induced using adenoviruses
containing Swap70 short hairpin RNA or Swap70. Data
showed that the NRVMs with Swap70 knockdown
showed higher protein and mRNA expression levels
of hypertrophic markers ANP, BNP, and MYH7 than
the control group under hypertrophic stimuli (Figure 4A
and 4B). Consistently, the NRVMs with Swap70 knock-
down had larger cardiomyocyte areas than the con-
trol group under hypertrophic stimuli (Figure 4C).
Meanwhile, the NRVMs with Swap70 overexpression
showed lower expression of hypertrophic markers and
smaller cardiomyocyte areas than the control group
following phenylephrine treatment (Figure 4D through
4F). Taken together, these data indicated that Swap70
overexpression suppressed the progression of cardio-
myocyte hypertrophy.

SWAP70 Alleviates the Activation of the
Transforming Growth Factor 3-Activated
Kinase 1—c-Jun N-Terminal Kinase 1/2-
P38 Pathway in Response to Hypertrophic
Stimuli

To investigate the possible downstream targets of
SWAP70 in pathological cardiac hypertrophy, we uti-
lized an RNA sequencing assay to compare the cardiac
tissues from the Swap70 knockout mice and control
mice under pressure overload. Bioinformatic analysis
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Figure 4. Swap70 overexpression suppresses the progression of cardiomyocyte hypertrophy.

A, Immunoblotting (left) and quantitation (right) of SWAP70, ANP, BNP, and MYH7 protein levels in NRVMs infected with Ad-GFP-
sh-Swap70 or Ad-sh-GFP in the presence or absence of PE (50umol/L) for 48hours (n=5 independent experiments). B, Relative
mRNA levels of Swap70 and hypertrophic marker genes (Anp, Bnp, and Myh7) in NRVMs from indicated groups (n=5 independent
experiments). C, Representative immunofluorescence images (upper) of NRVMs infected with Ad-GFP-sh-Swap70 or Ad-sh-GFP
adenovirus in the presence or absence of PE (50umol/L) for 24hours and stained with a-actinin. Scale bar, 50um. Quantitative
results (below) of the cardiomyocyte surface area from indicated groups (n=5 independent experiments). D, Inmunoblotting (left) and
quantitation (right) of SWAP70, ANP, BNP, MYH7 protein levels in NRVMs infected with Ad-GFP-Flag-Swap70 or Ad-GFP in the presence
or absence of PE (50 umol/L) for 48 hours (n=5 independent experiments). E, Relative mRNA levels of Swap70 and hypertrophic marker
genes (Anp, Bnp, and Myh7) in NRVMs from indicated groups (n=5 independent experiments). F, Representative immunofluorescence
images (upper) of NRVMs infected with Ad-GFP-Flag-Swap70 or Ad-GFP adenovirus in the presence or absence of PE (50 umol/L) for
24 hours and stained with a-actinin. Scale bar, 50 um. Quantitative results (below) of the cell surface area from indicated groups (n=5
independent experiments). Data are shown as mean+SD. Student t-test (A, D) and 1-way ANOVA with Bonferroni’s post hoc analysis
(B, E, F) or with Tamhane T2 post hoc test (NRNA level of Myh7 in B, C) were used. *P<0.05; **P<0.01 for GFP PE group vs GFP PBS
group. *P<0.05; ##P<0.01 for Swap70 overexpression/knockdown PE group vs GFP PE group. ANP indicates atrial natriuretic peptide;
BNP, B-type natriuretic peptide; MYH7, f-myosin-heavy-chain; NRVMs, neonatal rat ventricular myocytes; PE, phenylephrine; and
SWAP70, switch-associated protein 70.

showed that differentially expressed genes were mainly ~ and Genomes pathway enrichment analysis indicated
related tofibrosis, heartfunction, and protein processing that the MAPK pathway was significantly changed by
(Figure 5A through 5C). Kyoto Encyclopedia of Genes  Swap70 deficiency (Figure 5D). Our previous research
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found that among some of the upstream molecules
of the MAPK pathway, transforming growth factor
B-activated kinase 1 (TAK1) showed the strongest inter-
action with SWAP70."° We examined the activation of

Role of SWAP70 in Pathological Cardiac Hypertrophy

TAK1 and downstream c-Jun N-terminal kinase (UNK)
1/2-P38 molecules in hypertrophic mice or NRVMs
and found that Swap70 deficiency or knockdown ag-
gravated the phosphorylation of these molecules and
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Figure 5. SWAP70 alleviates the activation of the TAK1-JNK1/2-P38 pathway in response to hypertrophic stimuli.

A, Hierarchical clustering analysis performed the global sample distribution profiles between WT mice and Swap70-KO mice under
TAC surgery based on the RNA sequencing (RNA-seq, n=3). B, Gene set enrichment analysis of molecular events involved in fibrosis,
heart function, and protein processing in RNA-seq data. C, Heatmaps about the significantly altered genes concerned with cardiac
hypertrophy. D, Kyoto Encyclopedia of Genes and Genomes pathway enrichment about the significantly altered pathways according
to the RNA-seq data. E, Immunoblotting analysis of phosphorylation and total TAK1, P38, JNK1/2 proteins in mice heart samples from
indicated groups, hypertrophic marker proteins (ANP, BNP, and MYH7) were used to assess the severity of the hypertrophy (n=4).
F, Immunoblotting analysis of phosphorylation and total TAK1, P38, JNK1/2 proteins in NRVMs infected with indicated adenovirus
and stimulated with PE (50pumol/L) for a time gradient, hypertrophic marker proteins (ANP, BNP, and MYH7) were used to assess
the severity of the hypertrophy (n=4 independent experiments). G, Immunoblotting analysis of phosphorylation and total TAK1, P38,
JNK1/2 proteins level in NRVMs infected with Ad-GFP or Ad-GFP-Flag-Swap70 and stimulated with PE (50 umol/L) for a time gradient,
hypertrophic marker proteins (ANP, BNP, and MYH7) were used to assess the severity of the hypertrophy (n=4 independent experiments).
ANP indicates atrial natriuretic peptide; BNP, B-type natriuretic peptide; JNK, c-Jun N-terminal kinase; MYH?7, 3-myosin-heavy-chain;
NRVMs, neonatal rat ventricular myocytes; PE, phenylephrine; Swap70-KO, Swap70-knockout; TAK1, transforming growth factor

B-activated kinase 1; and WT, wild-type.

accentuated the hypertrophic phenotype of the myo-
cardium in in vitro and in vivo experiments (Figure 5E
and 5F). Nevertheless, these effects were suppressed
in the NRVMs with Swap70 overexpression (Figure 5G).
Moreover, we detected some landmark proteins in the
phosphatidylinositide 3-kinases—protein kinase B path-
way found in sequencing analysis and in the nuclear
factor kappa-B pathway reported before that may be
influenced by SWAP70.'® Results showed that Swap70
knockdown/overexpression showed no influence on
the phosphorylation of protein kinase B and lx-8 kinase
(Figure S3). These results indicated that Swap70 defi-
ciency promotes the activation of MAPK pathway and
the progression of pathological cardiac hypertrophy.

SWAP70 Regulates Cardiomyocyte
Hypertrophy by Suppressing the TAK1-
Transforming Growth Factor g-Activated
Kinase 1 Binding Protein 1 Interaction

To confirm whether SWAP70-mediated cardioprotec-
tive effects are dependent on TAK1 under hypertrophic
stimuli, we analyzed the relationship between SWAP70
and TAK1 and found that SWAP70 colocalized with
TAK1 in the cytoplasm of NRVMs (Figure 6A). Further
immunoprecipitation assays showed that SWAP70 in-
teracted with endogenous TAK1 in the NRVMs under
hypertrophic stimuli (Figure 6B). As in our previous
report, TAK1 interacts with the N-terminals (1-192) of
SWAP70."° We established N-terminal missing ade-
novirus (193-585) of Swap70 and found that SWAP70
(193-585) could not interact with endogenous TAK1
under hypertrophic stimuli (Figure 6C). Further ex-
periment found that Swap70 (WT) instead of Swap70
(193-585) inhibited the phosphorylation of TAK1 and
downstream JNK1/2-P38 molecules, sequentially sup-
pressing the progression of cardiomyocyte hypertro-
phy (Figure 6D). The expression of myocardial markers
(ANP, BNP, and MYH?7) showed that Swap70 (193-
585) failed to inhibit cardiac injury in a hypertrophic
environment (Figure 6D and 6E). The a-actinin staining
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indicative of cardiomyocyte area showed similar results
(Figure 6F). Moreover, we previously discovered that
SWAP70 could restrain the activation of TAK1 by inhib-
iting the interaction of TAK1 and transforming growth
factor B-activated kinase 1 binding protein 1 (TAB1),'°
which is essential for the activation of TAK1.%* We es-
tablished Ad-GFP-Flag-Tab? adenovirus and found
that SWAP70 could restrain the activation of TAK1-
JNK1/2-P38 signaling caused by TAB1 overexpres-
sion, thus suppressing the expression of hypertrophic
markers and inhibiting cardiomyocyte hypertrophy
(Figure S4). These data revealed that SWAP70 inter-
acted with TAK1 and that SWAP70 overexpression
mediated cardioprotective effects by suppressing the
interaction between TAB1 and TAK1.

Inhibiting the Activation of TAK1

Rescues the Aggravated Cardiomyocyte
Hypertrophy Induced by Swap70
Knockdown

Considering that TAK1 activation is essential in the
progression of cardiomyocyte hypertrophy, we used
the TAK1 inhibitor 5Z-7-oxozeaenol to explore the
role of TAK1 activity in the progression of cardio-
myocyte hypertrophy following Swap70 knockdown.
Results showed that the phosphorylation of down-
stream JNK1/2-P38 decreased with the suppression
of TAK1 activity (Figure 7A). At this point, the protein
and mRNA expression of myocardial markers (ANP,
BNP, and MYH7) upregulated by Swap70 knock-
down were countered by 5Z-7-oxozeaenol (Figure 7A
and 7C). Immunofluorescence staining of a-actinin
revealed a similar trend in the cardiomyocyte surface
area (Figure 7B). In addition, we established Ad-GFP-
sh-Tak1 adenovirus to further examine the functions of
TAK1 in the progression of cardiomyocyte hypertro-
phy regulated by SWAP70 (Figure 7D and 7E). Similar
to the results obtained with 5Z-7-oxozeaenol, Tak1
knockdown significantly decreased the activity of TAK1
and downstream phosphorylation of JNK1/2 and P38

11
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Figure 6. SWAP70 regulates cardiomyocyte hypertrophy by interacting with TAK1.

A, Representative immunofluorescence images of the colocalization of HA-tagged SWAP70 and endogenous TAK1 in NRVMs infected
with Ad-HA-Swap70 adenovirus in the presence of PE (50umol/L) for 24hours. Scale bar, 25um. B, CO-IP assays displayed the
interaction between endogenous TAK1 and Flag-tagged SWAP70 in NRVMs. C, CO-IP assays displayed the interaction between
endogenous TAK1 and Flag-tagged SWAP70 (193-585) in NRVMs. D, Immunoblotting analysis of phosphorylation and total TAK1, P38,
JNK1/2 proteins in NRVMs infected with indicated adenoviruses and stimulated with PE (50 umol/L) for 48 hours, hypertrophic marker
proteins (ANP, BNP, and MYH7) were used to assess the severity of the hypertrophy (n=5 independent experiments). E, Relative mRNA
levels of hypertrophic marker genes (Anp, Bnp, and Myh7) in NRVMs from indicated groups (n=5 independent experiments) (NS:
high, P=0.25; middle, P=0.08; low, P=0.65). F, Representative immunofluorescence images (left) of NRVMs infected with indicated
adenovirus in the presence of PE (50 umol/L) for 24 hours and stained with a-actinin. Scale bar, 50 um. Quantitative results (right) of
the cell surface area from indicated groups (n=5 independent experiments) (NS: P=0.15). Data are shown as mean+SD. One-way
ANOVA with Bonferroni’s post hoc analysis (E, F) or with Tamhane T2 post hoc test (MRNA levels of Myh7 in E) were used. #P<0.01
for indicated group vs control group. NS for indicated group vs control group. ANP indicates atrial natriuretic peptide; BNP, B-type
natriuretic peptide; CO-IP, coimmunoprecipitation; JNK, c-Jun N-terminal kinase; MHY7, 8-myosin-heavy-chain; NRVMs, neonatal rat
ventricular myocytes; NS, no significance; PE, phenylephrine; SWAP70, switch-associated protein 70; and TAK1, transforming growth
factor -activated kinase 1.

molecules, thus reversing the exacerbation of cardio- 7H). These results demonstrated that SWAP70 pro-
myocyte hypertrophy induced by Swap70 knockdown tected against cardiomyocyte hypertrophy by inhibiting
following phenylephrine treatment (Figure 7F through the activation of TAK1.
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DISCUSSION

The salient findings from our present study revealed
that Swap70 deficiency could promote the progression
of cardiac hypertrophy. Under hypertrophic stimuli,
SWAP70 was less degraded by lysosome through
an interaction change between GRN and SWAP70.
Further gain- and loss-of-function approaches showed
that Swap70 overexpression inhibited the progression
of cardiomyocyte hypertrophy in a TAK1-dependent
manner by suppressing the TAK1-TAB1 interaction and
subsequent activation of MAPK pathway.

Previous studies on SWAP70 mainly focused on
immunity, tumor progression, and erythropoiesis.3%-#!
SWAP70 interacts with F-actin, interferon regulatory
factor 4, and Racl, thus participating in the mem-
brane ruffling,3” actin rearrangements,*® phagocyto-
sis,3® micropinocytosis,*® and differentiation*' of cells.
SWAP70 seems to allow cells to evolve into more dy-
namic forms and functions. However, its role in patho-
logical cardiac hypertrophy remains unclear. In the
present study, SWAP70 protein expression was sig-
nificantly upregulated in hypertrophic cardiomyocytes,
and Swap70 overexpression delayed the progression
of cardiac hypertrophy. This result indicated that the
hypertrophy-induced upregulation of SWAP70 protein
was a compensatory but insufficient response to car-
diac injury. Gain- and loss-of-function studies revealed
the protective effects of SWAP70 against the progres-
sion of pathological cardiac hypertrophy. Intriguingly,
Swap70 deletion or overexpression alone did not exert
significant effects on the mice or primary cardiomy-
ocytes, indicating that SWAP70 mainly works under
pathological conditions.

On the other hand, the mRNA levels of Swap70
showed no significant change both in in vitro and in vivo
experiments. Further exploration revealed that lyso-
somes may participate in the accumulation of SWAP70
in ahypertrophic environment. Through immunoprecip-
itation mass spectrometry, we identified an upstream
regulatory molecule that mediates the lysosomal deg-
radation of SWAP70, called GRN, which was reported
to regulate lysosomal function by mediating the activity
of lysosomal enzymes and trafficking of proteins to ly-
sosomes.*?*3 In the present study, GRN could down-
regulate the protein expression of SWAP70, while it
was blocked under hypertrophic stimuli. However,
similar to a previous report on age-related cardiac hy-
pertrophy,** the present study revealed that the protein
expression of GRN showed no decrease in NRVMs,
indicating the regulation form between SWAP70 and
GRN may be altered under hypertrophic stimuli. A pre-
vious study found that SWAP70 interacts with Ract
under stimulation but not under normal conditions.®®
Another study reported that a mutant of SWAP70 can
exist at the plasma membrane without any stimulation
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while SWAP70 itself could not.*® Similarly, our results
showed an interaction change between SWAP70 and
GRN in a hypertrophic environment. Thus, SWAP70
under normal or pathological conditions may have dif-
ferent configurations that influence the forms and func-
tions of cells. In the present study, hypertrophic stimuli
reduced the colocalization of SWAP70 with GRN or
lysosomal marker lysosomal associated membrane
protein 1. Hypertrophic stimuli possibly decreased the
lysosomal degradation of SWAP70 by disrupting the
interaction of SWAP70 with GRN. GRN at least partially
participates in the maintenance of SWAP70 protein
levels under normal conditions through the lysosomal
degradation pathway. However, a more comprehen-
sive study should be conducted to investigate the role
of GRN in pathological cardiac hypertrophy with em-
phasis on SWAP70 regulation.

Through RNA sequencing, we found that the MAPK
pathway, which has been reported to effectively influ-
ence the progression of pathological cardiac hypertro-
phy,1%46 played an important role in the progression of
pathological cardiac hypertrophy mediated by Swap70
deficiency. Swap70 overexpression suppressed the
progression of cardiac hypertrophy possibly by inhib-
iting the interaction between TAK1 and TAB1, which
is essential for the activation of TAK1,%* and further
restrained the phosphorylation of TAK1 and down-
stream JUNK1/2-P38 pathways. Similar to our previ-
ous research,'® SWAP70 derived from different cell
types may have multifunctional roles in different dis-
ease models. However, there still remain some elusive
places in the relationship between TAK1 and patho-
logical cardiac hypertrophy. Previous studies in mice
found that TAK1 expression is higher in embryos or
neonate mice and decreases gradually before adult-
hood. Widespread hyperactivation of TAK1 leads to
the death of mice attributable to hypertrophic cardio-
myopathy within 2weeks of birth.” Similar to our re-
sults, upregulation of TAK1 phosphorylation has been
observed in stress hypertrophy models.*® Meanwhile,
another study reported that Tak7 knockout mice under
pressure overload show increased risk for cardiac
hypertrophy and heart failure.*® Therefore, the timing
and extent of TAK1 activation are critical to its role in
the heart. In the present study, restrained activation of
TAK1 could inhibit the progression of cardiomyocyte
hypertrophy caused by Swap70 knockdown under
pressure overload. We speculate that a low level of
TAK1 activation may be beneficial for the inhibition of
pathological cardiac hypertrophy regulated by Swap70
knockdown. Moreover, it has been proved that TAK1
binds to the N-terminals of SWAP70.”® In the present
study, N-terminal deletion of Swap70 did not effectively
inhibit the activation of TAK1, thus failing to protect
against the progression of cardiac hypertrophy. This
result indicates that Swap70 overexpression restrained
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the progression of cardiomyocyte hypertrophy in a
TAK1-dependent manner.

There still exist some limitations in the present
study. First, experiments with cardiac-specific Swap70

Role of SWAP70 in Pathological Cardiac Hypertrophy

overexpression or knockout mice could further exam-
ine the protective effects of SWAP70 against the pro-
gression of pathological cardiac hypertrophy. Second,
a use of human-induced pluripotent stem cells may
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Figure 7. Inhibiting the activation of TAK1 rescues the aggravated cardiomyocyte hypertrophy induced by Swap70
knockdown.

A, Immunoblotting analysis of phosphorylation and total TAK1, P38, JNK1/2 proteins in NRVMs infected with indicated adenoviruses
and treated with DMSO or 5Z-7-oxozeaenol (100nmol/L, 12hours) in the presence of PE (50umol/L, 48 hours), hypertrophic marker
proteins (ANP], BNP, and MYH7) were used to assess the severity of the hypertrophy (n=5 independent experiments). B, Representative
immunofluorescence images (left) of NRVMs infected with indicated adenovirus, treated with DMSO or 5Z-7-oxozeaenol (100 nmol/L,
12hours) in the presence of PE (50 umol/L, 24 hours) and stained with a-actinin. Scale bar, 50 um. Quantitative results (right) of the cell
surface area from indicated groups (n=5 independent experiments). C, Relative mRNA levels of Swap70 and hypertrophic marker genes
(Anp, Bnp, Myh7) in NRVMs from indicated groups (n=5 independent experiments). D, The protein expression of TAK1 in NRVMs after
infection with Ad-GFP-sh-Tak1 #1, #2, #3, or #4 adenovirus for 48 hours. E, Relative mRNA levels of Tak7 in NRVMs after infection with
Ad-GFP-sh-Tak1 #2 for 48 hours (n=5 independent experiments) F, Inmunoblotting analysis of phosphorylation and total TAK1, P38,
JNK1/2 proteins in NRVMs infected with indicated adenoviruses and stimulated with PE (50 umol/L) for 48 hours, hypertrophic marker
proteins (ANP, BNP, and MYH7) were used to assess the severity of the hypertrophy (n=5 independent experiments). G, Representative
immunofluorescence images (upper) of NRVMs infected with indicated adenovirus, treated with PE (50umol/L) for 24hours and
stained with a-actinin. Scale bar, 50 um. Quantitative results (below) of the cell surface area from indicated groups (n=5 independent
experiments). H, Relative mRNA levels of Swap70, Tak1, and hypertrophic marker genes (Anp, Bnp, and Myh7) in NRVMs from indicated
groups (n=5 independent experiments). Data are shown as mean+SD. Student t-test (E) and 1-way ANOVA with Bonferroni’s post hoc
analysis (B, C, G, mRNA levels of Myh7 in H) or with Tamhane T2 post hoc test (H) were used. Kruskal-Wallis nonparametric statistical
test (MRNA levels of Tak7 in H) was used for nonnormal distribution data. *P<0.05; **P<0.01 for indicated group vs control group.
#P<0.01 for indicated group vs sh-Swap70 PE group. ANP indicates atrial natriuretic peptide; BNP, B-type natriuretic peptide; JNK,
c-Jun N-terminal kinase; MHY7, $-myosin-heavy-chain; NRVMs, neonatal rat ventricular myocytes; PE, phenylephrine; and TAKT1,
transforming growth factor -activated kinase 1.

help us better study the function of SWAP70 in hyper-
trophy and link the research to clinical applications.
Third, if there exists a mutant isoform of the SWAP70

protein that can inhibit TAK1 activation and avoid lyso-
somal degradation simultaneously, it may be better for
clinical application. We expect to further explore the
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Hypertrophic stress
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Figure 8. Schematic showing possible mechanisms underlying normal or hypertrophic environment associated with
SWAP70.

Under normal conditions, SWAP70 is degraded by lysosomes mediated by GRN to maintain the balance of SWAP70 protein level,
while hypertrophic stress reduces the binding of SWAP70 to GRN and thus decreases the lysosomal degradation of SWAP70, leads
to the increased SWAP70 protein level, decreases the interaction between TAK1 and TABH1, inhibits the phosphorylation of TAK1-
JNK 1/2-P38 signaling pathways, and finally suppresses cardiac hypertrophy. The phosphorylation inhibition of TAK1 by SWAP70 is
dependent on its N-terminal interaction with TAK1. GRN indicates granulin precursor; JNK, c-Jun N-terminal kinase; SWAP70, switch-
associated protein 70; TAB1, transforming growth factor $-activated kinase 1 binding protein 1; and TAK1, transforming growth factor
B-activated kinase 1.
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lysosomal regulation mechanism of SWAP70 in future
studies and try to find a mutant of SWAP70 with an ac-
tivated conformation to obtain a functional and struc-
turally stable SWAP70 protein for clinical application.

CONCLUSIONS

Our data showed that SWAP70 was upregulated in pri-
mary cardiomyocytes, mice, and human heart tissues
under pressure overload. In a disease state, the increase
in SWAP70 protein expression may partly result from
the GRN-mediated suppression of lysosomal degrada-
tion. Swap70 overexpression alleviated the progression
of cardiomyocyte hypertrophy by inhibiting the activa-
tion of TAK1 and downstream JNK1/2-P38 pathways.
Reducing the activation of TAK1 could effectively allevi-
ate cardiomyocyte hypertrophy aggravated by Swap70
knockdown. SWAP70 interacted with TAK1 and de-
creased the TAK1-TAB1 interaction. Swap70 overex-
pression restrained the progression of cardiomyocyte
hypertrophy in a TAK1-dependent manner (Figure 8). This
study revealed the regulation pattern of the expression
and mechanism of SWAP70 under pathological condi-
tions, which may provide a potential therapeutic target
for the treatment of pathological cardiac hypertrophy.
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SUPPLEMENTAL MATERIAL



Data S1. Supplemental Methods

Animal models and echocardiography

All animal experiments were approved by the Institutional Animal Care and Use
Committee of the Zhongnan Hospital of Wuhan University (ZN2021201). The mice
received humane care in accordance with the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health. In order to reduce
the influence of sex and estrogen, male mice were used in this study. Animal sample
size used m this study was determined according to the previous studies related to
cardiac hypertrophy (8, 10). Mice were in good health before TAC or sham surgery
and had access to food and water ad libitum. C57BL/6 male mice (weight: 25.5-27 g,
age: 9-11 weeks) were randomly divided into TAC or sham group, anesthetized with
pentobarbital sodium (60 mg/kg), and considered adequate anesthesia with no
significant toe contractile reflex. When the breathing rule of mice was stable, male
mice were placed in supine position and fixed at a 37°C automatic adjusting heating
pad. Then, we cut the skin centered on the collarbone and thoracic junction, and
separate the muscles and thymus on both sides. Whereafter, we ligated the exposed
aortic arch with 7-0 silk thread and 26-gauge needle to form the aortic arch narrow.
Sham group mice only performed surgery but not narrowing the aorta. After the
operation, the skin was sutured and the mice were placed in a 37°C chamber to wake
up. Four weeks after TAC or sham surgery, the mice were anaesthetized with sodium

pentobarbital (60 mg/kg) and then euthanized by cervical dislocation. Then, the body



weights were measured, and the heart was quickly removed, placed m 10% KCL
solution to stop the heart in a diastolic phase. Then, hearts were dried, weighed, and
pictured. Meanwhile, the lung weight (LW) and tibial length (TL) were measured to
calculate the ratios of heart weight (HW) /body weight (BW) (mg/g), HW/TL
(mg/mm), and LW/BW (mg/g).

Echocardiography was performed to evaluate cardiac functions at the specified time
point by using the Small Animal Ultrasound Imaging System (VEV02100,
FUJIFILM VISUALSONICS, Canada) with 30-MHz (MS400) probe. After calmed
animals with 2% isoflurane, we used the M-mode echocardiography at short axis view
and obtained the corresponding indexes for three consecutive cycles in the papillary
muscle, and gained the heart rate, blood velocity, pressure gradient, left ventricular
end systolic diameter, left ventricular end diastolic diameter, left ventricular ejection
fraction, fraction shortening of each mouse. No mice died in the experiment.

Operations and subsequent analyses were performed in a double blinded fashion.

Generation of Genetically Modified Mice

Swap70-KO mice were generated by using the online CRISPR design system
(http://chopchop.cbu.uib.no/) to predict the guide sequence of target DNA region
(sgRNA: TCAGCACCGTGCACAGGTTATGGG). Then, pUC57-sgRNA (Addgene,
51132) was used as the skeleton vector to construct Swap 70-sgRNA expression vector.
The established Swap70-sgRNA expression vector and Cas9 expression vector

pST1374-Cas9 (Addgene, 44758) was transfected in vitro, and mixed the purified


http://chopchop.cbu.uib.no/

RNA products from them. Next, the mixture was injected into the single cell fertilized
eggs of C57BL/6 mice using a Femtojet 5247 microinjection system, and transplanted
into a surrogate female. After about 19-21 days of gestation, FO generation mice were
obtained and taken the toe tissues for genotype identification with following primers:
Swap70-check F1: 5’-CTCATGGTGAGCAGGTGAAA-3’, and Swap70-check R1:

5’-CCCTCATCGTCATCCCTAAA-3".

Neonatal rat ventricular myocytes (NRVMs) and cell culture

Primary NRVMs were isolated from 1 to 2 days old Sprague-Dawley rats. Hearts
were extracted from the body and transferred mto 60 mm dish containing ~5ml of
DMEM. After removing the auricle and large vessels, the hearts were rinsed to
remove blood. Transferred the hearts nto another dish containing DMEM and cut the
hearts into 1 mm? pieces. Transferred the heart tissue to a 50 mL tube containing 10
mL of 0.125% trypsin-EDTA. Placed the tube on shaker at 120 rpm at 37°C for 7 min.
The myocardial tissues were digested for 7-10 times and terminated with DMEM
medium containing 20% fetal bovine serum (FBS). Next, cell suspension was filtered
through a cell filter to remove large impurities and centrifuged at 1500 rpm to get cell
precipitation. Red blood cell lysis buffer was used to remove the erythrocytes and
terminated with at least 10 times the volume of DMEM medium. Whereafter, cell
precipitates were obtained by centrifugated at 1500 rpm. The mixed precipitation was
cultured with DMEM medium containing 10% FBS, 1% penicillin/streptomycin for

1-2 h to allow fibroblasts and endothelial cells to adhere, then the supernatant was



collected and centrifuged at 1500 rpm to get NRVMs. The cells yield and viability
were determined. NRVMs were cultured with DMEM/F 12 medium containing 10%
FBS, 1% penicillin/streptomycin, and 0.1 mM BrdU (ST1056, Beyotime, China).
After 24 h culturing m a complete medium, NRVMs were infected with the
corresponding adenoviruses at a 50 multiplicity of infection. Then, the cells were
treated with 50 uM phenylephrine (PE, P6126, Sigma) for indicated hours to induce
cardiomyocyte hypertrophy. Cycloheximide (25 uM), chloroquine (25/50 pM),
MG132 (50 uM), and 5Z-7-oxozeaenol (100 nM) were used for indicated experiments.
Human embryonic kidney (HEK) 293 and 293T cells were cultured n DMEM
(C11995, Gibco, Grand Island, NY, USA) containing 10% FBS and 1% penicillin-

streptomycin, and identified with no mycoplasma contamination.

Histological staining analysis

For histological assay, mice and human heart tissues were collected and embedded in
paraffin. After dewatering and embedding, the heart wax block was sectioned
horizontally with a thickness of 5 um. Using hematoxylin (G1004, Servicebio) &
eosin (BA4024, Baso) and picrosirius red (26357-02, Hedebiotechnology) staining,
we got the cardiac myocyte cross-sectional area and collagen fiber content of mice
model. And the expression of SWAP70 (A14857, ABclonal,1:100 dilution) in human
heart tissues was determined by immunohistochemical staining through the stain of
corresponding index. Digital image analysis system (Image-Pro Plus Version 6.0) was

used to statistic images form above pictures.
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Immunofluorescence staining

NRVMs were inoculated on slides of 24 well plate at a density of 1.2-1.5%105 cells
each well. After infected with corresponding adenoviruses, NRVMs were washed and
fixed with 4% formaldehyde at room temperature for 15 min. Then, washed the slides
three times with PBS and transparent with 0.5% Triton-X 100 (T8787, Sigma-Aldrich)
for 15 min at room temperature, blocked with 8% goat serum for 30-60 min at 37°C.
Whereafter, the slides were incubated with indicated primary antibodies over night at
4°C and corresponding secondary antibodies for 1 hours at 37°C. Images were
obtained using the inverted fluorescence microscope or confocal laser scanning
microscope (TCS SP8, LEICA, Wetzlar, Germany). The antibodies are listed in Table

S1.

Plasmid Construction and Viral Infection

Plasmids like Swap70, Grn, Hsp90ab 1, and Hspa8 were acquired from the human/rat
cDNA by PCR-based cloning and inserted into the vector with the appropriate label.
The shuttle plasmid pENTR-U6-CMV-flag-T2A-EGFP (for knockdown virus),
pENTR-CMV-flag-T2A-EGFP or pENTR-CMV-flag/lHA (for overexpression virus)
were used for the construction of gateway plasmids with or without EGFP, and control
viruses were constructed with empty plasmids for later experiments. Then, we used
ViraPower Adenoviral Expression System (V493-20; Invitrogen; Carlsbad, CA, USA)

to tum our target sequences into the adenoviral vectors (pAd/PL-DEST), and



linearized them by Pacl (R0547L; NEB; MA, USA). Next, we purified those
adenoviral vectors and transfected them into HEK 293 cells with polyethyleneimine
(PEIL; 24765-1; Polysciences; Warrington, UK) transfection reagent. After intermittent
fluid exchange and observation, cells were harvested after 7-9 days to obtain the
initial adenovirus. And after 3-4 generations of amplification, the corresponding
adenovirus was harvest, liquid nitrogen freezing and thawing, and purified by cesum
chloride density gradient centrifugation. Finally, the titer was measured by a 50%
tissue culture infective dose method using HEK 293 cells. The primers for plasmid

construction and sequencing are listed in Table S2.

Western Blot Analysis

Cells and cardiac tissues were obtained, and lysed by RIPA lysis buffer (POO13E;
Beyotime Biotechnology; Shanghai, China). After fully cleavage, liquid was
centrifugated at 1200 g for 10 min to get the supematant containing proteins. Then,
the protein content was quantified using a BCA protein quantification kit according to
the manufacturer’s instructions (23225; Themmo Fisher Scientific; Waltham, MA,
USA). After quantification, proteins were boiled at 95°C for 10-15 min, added into 15
wells concentrated glue, separated by 10% or 12% SDS-PAGE, and transferred to
0.45 ym PVDF membranes (IPVH00010; Millipore; Billerica, MA, USA). Later,
PVDF membranes were closure for 1 h with TBST containing 5% skim milk,
incubated ovemight at 4°C with indicated primary antibodies, and followed with 1 h

incubation of corresponding secondary antibodies. Finally, we used the ECL kit (170-



5061; Bio-Rad; Hercules, CA, USA) according to the manufacturer’s instructions to
detect the protein level, and the ChemiDoc MP Imaging System (Bio-Rad; Hercules,

CA, USA) was used to visualized the protein. The antibodies are listed in Table S1.

Quantitative real Time PCR (qRT-PCR)

After obtained the heart tissues and cells, we extracted the total RNA by using the
TRIzol reagent and phenol-chloroform method, and dissolved it into DEPC water.
Then, 1-2 pg RNA was reverse transcribed into complimentary DNA (¢cDNA) and
analyzed by using specific primers in qRT-PCR system (LightCycler 480 Instrument
I). GAPDH serve as an internal reference gene, and 2-4CT method was used to

quantitative the gene expression. The primers used are listed in Table S3.

Immunoprecipitation Assays

For immunoprecipitation (IP) assays. HEK 293T cells transfected with the indicated
plasmids or NRVMs infected with indicated adenovirus were lysed by IP lysis buffer
(20 mM Tris-HCI, pH 7.4; 150 mM NaCl; 1 mM EDTA; and 1% NP-40) at 4°C. After
centrifugation at 1200 g for 10 min, the samples were purified with 13 pl protein A/G
agarose beads (AA104307; Bestchrom, Shanghai, China) for 1 h and incubated with
20 pl proten A/G agarose beads contamning lul indicated primary antibodies
ovemight at 4°C. Then, the beads were successively washed with cold 300 mM or 150
mM IP buffer three times, respectively. After washing, beads were resuspended with 2

x SDS loading buffer and boiled at 95°C for 15 min. Westem blot analysis was



employed to exam the relation between proteins. For [P-mass spectrometry analysis,
the immunoprecipitation complex was collected, separated by 10 well separation gel,
sliver stained, and sent to Shanghai applied protein technology (APT) Co., Ltd.,

Shanghai, China. The antibodies are listed in Table S1.

RNA-Seq and Analysis

Total RNA was collected from WT or Swap70-KO mice with TAC surgery. According
to the manufacturer’s instructions, cDNA libraries were constructed using an
MGIEasy Library Prep Kit. Then, the RNA was improved to a single-ended libraries
(50 bp) and sequenced using the MGISEQ-2000 RS. The sequencing fragments were
filtered and mapped to the mouse reference genome (mml0/GRCm38) using HISAT2
software. The mapped fragments were first transferred into the BAM format using
SAM-tools, and then estimated the Fragments Per Kilobase of exon model per Million
mapped fragments (FPKM) of each detected gene using StringTie software. Finally,
Finally, DESeq2 was chose to quantify the differentially expressed genes (DEGs)
based on the criteria below: the log fold change was greater than 2 and the corrected P
value is less than 0.05.

Principal component analysis (PCA): PCA is a linear dimension reduction algorithm
and a commonly used data pre-processing method. Its goal is to use Variance to
measure the variance of data, and to project the highly different high-dimensional data
into the low-dimensional space for representation. In most cases, we want to obtain

two principal component factors, named principal component 1 and principal



component 2, which are extracted from the directions with the greatest and second
greatest difference in data, respectively.

Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis: KEGG
database integrate genomic, chemical, and phylogenetic functional mformation.
Through the Fisher’s exact test, all the differential genes were performed by KEGG
pathway enrichment analysis, and the corresponding KEGG pathway annotations
were downloaded latter. Pathways with p-values less than 0.05 were identified as
significantly enriched pathways.

Gene Set Enrichment Analysis (GSEA): According to the KEGG pathway, GSEA was
performed to sort genes according to the degree of differential expression, and
obtained the total change of these gene set. GSEA was performed on the Java GSEA
platform using the “Signal 2 Noise” metric. Gene sets were considered statistically
significant with a p value < 0.05 and a false discovery rate (FDR) < 0.25. Based on
the biological events in the process of myocardial hypertrophy (fibrosis, heart
function and protein processing) got by GSEA, the genes related to these events were
extracted and ranked according to their contribution degree. Then, according to the
contribution degree, the top 30 genes were selected, and R-packet heatmap was used

to draw the heatmap to show the expression of each gene in the two groups.



Table S1. List of antibodies

Antibody Cat No. Manufacturer
SWAP70 A14857 Abclonal
SAPK/INK 9252 CST
Phospho-SAPK/INK(Thr183/Tyr185) 4668 CST
Phospho-p38 MAPK (Thr180/Tyr182) 4511 CST

p38 MAPK 8690 CST
Phospho-TAK1 (Thr184/187) 4508S CST
TAK1 5206 CST

ANP 27426-1-AP proteintech
BNP A2179 Abclonal
MYH7 22280-1-AP proteintech
a-actinin 3134 CST
Lampl 1D4B DSHB
Lampl 9091 CST

GRN AS5773 Abclonal
AKT A17909 Abclonal
Phospho-AKT 4060 CST

IKKpB A0714 Abclonal
Phospho- IKKo/f 2694 CST

Flag M185-3LL MBL

Flag 20543-AP proteintech
HA M180-3 MBL

HA 37248 CST
GAPDH 60004-1-Ig proteintech
Goat anti-mouse [gG (H+L) 115-035-003 Jackson
Goat anti-rabbit IgG (H+L) 111-035-003 Jackson



568 Goat anti-rabbit [gG (H+L)
488 Goat anti-mouse IgG (H+L)
568 Goat anti-mouse IgG (H+L)

488 Goat anti-rabbit IgG (H+L)

Al11036

A11029

A11031

Al11034

invitrogen
invitrogen
invitrogen

invitrogen




Table S2. Primer for Plasmid construction and sequencing

Human

Phage-3xFlag-

SWAP70

PcDNAS-HA-

GRN

PcDNAS-HA-

HSP90ABI1

PcDNAS-HA-

HSPAS

TCGGGTTTAAACGGATCCATGGGGAGCTTGAAGGAGGAGC

GGGCCCTCTAGACTCGAGTCACTCCGTGGTCTTTTTCTCTITTCC

TCGGGTTTAAACGGATCCATGTGGACCCTGGTGAGCT

GGGCCCTCTAGACTCGAGCAGCAGCTGTCTCAAGGCT

TCGGGTTTAAACGGATCCATGCCTGAGGAAGTGCACCATG

GGGCCCTCTAGACTCGAGATCGACTTCTTCCATGCGAGAC

TCGGGTTTAAACGGATCCATGTCCAAGGGACCTGCAG

GGGCCCTCTAGACTCGAGTCAACCTCTTCAATGGTGGGC

Rat

Ad-GFP-Flag-

Gmn

Ad-Flag-Grn

Ad-GFP-Flag-

Swap70

Ad-HA-

Swap70

Ad-GFP-Flag-

Swap70 aa

GGCTAGCGATATCGGATCCGCCACCATGCCTCCCAGGGAGCG

CGTCCTTGTAATCACTAGTCAGTAGCGGTCTTGGGGCTG

GGCTAGCGATATCGGATCCGCCACCATGCCTCCCAGGGAGCG

TGCCACCCGTAGATCTTCACTTGTCATCGTCGTCCTTGTAATCCAG

TAGCGGTCTTGGG

GGCTAGCGATATCGGATCCGCCACCATGGGGGGCTTGAAAGACG

CGTCCTTGTAATCACTAGTGTCTGTGGTCTTCTTCTCTTTCCAG

GGCTAGCGATATCGGATCCATGGGGGGCTTGAAAGACGAAC

CCCGTAGATCTTCAAGCGTAATCTGGAACATCGTATGGGTAGTCT

GTGGTCTTCTTCTC

GGCTAGCGATATCGGATCCGCCACCATGCGTCAGACAGTGTCTAT

GG



193-585
Ad-GFP-Flag-

Tabl

Ad-GFP-sh-

Swap70

Ad-GFP-sh-

Takl #1

Ad-GFP-sh-

Takl #2

Ad-GFP-sh-

Takl #3

Ad-GFP-sh-

Takl #4

CGTCCTTGTAATCACTAGTGTCTGTGGTCTTCTTCTC

GGCTAGCGATATCGGATCCGCCACCATGGCGGCGCAGAGGAGG

CGTCCTTGTAATCACTAGTAGGTGCCGTCATCACACTCTGC

CCGGGGACAAAGTGGCCCATCATGACTCGAGTCATGATGGGC

CACTTTGTCCTTTTTG

AATTCAAAAAGGACAAAGTGGCCCATCATGACTCGAGTCATGA

TGGGCCACTTTGTCC

CCGGGGTGCTGAACCATTGCCTTATCTCGAGATAAGGCAATGG

TTCAGCACCTTTITTG

AATTCAAAAAGGTGCTGAACCATTGCCTTATCTCGAGATAAGG

CAATGGTTCAGCACC

CCGGGCTGAACCATTGCCTTATTACCTCGAGGTAATAAGGCAA

TGGTTCAGCTTTITTG

AATTCAAAAAGCTGAACCATTGCCTTATTACCTCGAGGTAATA

AGGCAATGGTTCAGC

CCGGGCAGCCCAAAGCTCTCATTCACTCGAGTGAATGAGAGCT

TTGGGCTGCTTTTTG

AATTCAAAAAGCAGCCCAAAGCTCTCATTCACTCGAGTGAATG

AGAGCTTTGGGCTGC

CCGGGCCCAAAGCTCTCATTCATAGCTCGAGCTATGAATGAGA

GCTTTGGGCTTTTTG

AATTCAAAAAGCCCAAAGCTCTCATTCATAGCTCGAGCTATGA

ATGAGAGCTTTGGGC

plasmid sequencing (phage-flag)

CMV-F

MPGK-R

CGCAAATGGGCGGTAGGCGTG

TGGAATGTGTGCGAGGCCAG




plasmid sequencing (PcDNAS5-flag/HA)

CMV-F CGCAAATGGGCGGTAGGCGTG

BGH CAGGGTCAAGGAAGGCAC

plasmid sequencing (pENTR-U6-CMV-flag-T2A-EGFP)

U6 ATGGACTATCATATGCTTACCGTA

plasmid sequencing (pENTR-CMV-flag-T2A-EGFP)

CMV-F CGCAAATGGGCGGTAGGCGTG

pEGFP-N-3 CGTCGCCGTCCAGCTCGACCAG

plasmid sequencing (pENTR-CMV-flag/HA)

CMV-F CGCAAATGGGCGGTAGGCGTG
hGH-
Poly(A)-R GGTCACAGGGATGCCACC

plasmid sequencing (pAd/PL-DEST)

pAd-For GACTTTGACCGTTTACGTGGAGAC

pAd-Rev CCTTAAGCCACGCCCACACATTTC




Table S3. Primers for PCR

Human

ANP

BNP

MYH?7

SWAP70

GAPDH

CCCATGTACAATGCCGTGTC

GGCAGATCGATCAGAGGAGT

TGGAAACGTCCGGGTTACAGGA

TCCGGTCCATCTTCCTCCCAAA

GGGCAAAGGCAAGGCCAAGAAA

ATGGGTGGAGCGCAAGTTGGTCA

TTTACAGCGAGTACGGGAGC

TCTTCCTCCAACAACCTGGC

CATCACCATCTTCCAGGAGCGAGA

TGCAGGAGGCATTGCTGATGATCT

Mice

Anp

Bnp

Myh7

Collagen lal

Collagen

Hlol

Ctef

Timpl

TCGGAGCCTACGAAGATCCA

TTCGGTACCGGAAGCTGTTG

GAAGGACCAAGGCCTCACAA

TTCAGTGCGTTACAGCCCAA

CAACCTGTCCAAGTTCCGCA

TACTCCTCATTCAGGCCCTTG

TGCTAACGTGGTTCGTGACCGT

ACATCTTGAGGTCGCGGCATGT

ACGTAAGCACTGGTGGACAG

CCGGCTGGAAAGAAGTCTGA

TGACCCCTGCGACCCACA

TACACCGACCCACCGAAGACACAG

GAGACCACCTTATACCAGCGTT



R TACGCCAGGGAACCAAGAAG

F ACTCCACTCACGGCAAATTC
Gapdh

R TCTCCATGGTGGTGAAGACA

F TAGTCCTTCCTACCCCAATITCC
16

R TTGGTCCTTAGCCACTCCTTC

F CCGTGGACCTTCCAGGATGA
111B

R GGGAACGTCACACACCAGCA

F CATCTTCTCAAAATTCGAGTGACAA
Tnfa

R TGGGAGTAGACAAGGTACAACCC
Rat

F AAAGCAAACTGAGGGCTCTGCTCG
Anp

R TTCGGTACCGGAAGCTGTTGCA

F TGCCCCAGATGATTCTGCTC
Bnp

R TGTAGGGCCTTGGTCCTTTG

F AGTTCGGGCGAGTCAAAGATG
Myh7

R CAGGTTGTCTTGTTCCGCCT

F AGAGTGTGCGGAAGATCAGAC
Swap70

R CATGTCTTCCAGCTCCCGAA

F AGCAGAAACGACAAGGCACT
Takl

R TTTGGCATTCAGAACACGCC

F ACTCTACCCACGGCAAGTTC
Gapdh

R TGGGTTTCCCGTTGATGACC




Figure S1. Supplement to Figure 2. Hypertrophic increasein SWAP70 is connected

with the inhibition of lysosomal degradation regulated by granulin precursor.
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(A) Relative mRNA expression of switch-associated protein 70 (Swap 70) in neonatal

rat ventricular myocytes (NRVMs) infected with indicated adenovirus (n=5

independent experiments) (NS: P=0.92). (B) Co-immunoprecipitation (CO-IP) assays

displayed the interaction between SWAP70 and granulin precursor (GRN) in human

embryonic kidney 293T cells in the presence of cycloheximide (CQ, 25uM). (C)

Representative immunofluorescence images ofthe colocalization of SWAP70 and GRN

in NRVMs added with CQ (25 uM), Ad-HA-Swap70 and Ad-Flag-Grn adenoviruses in

the presence or absence of phenylephrine (PE, 50 uM). (D) Representative



immunofluorescence images of the colocalization of SWAP70 and lysosome marker
lysosomal associated membrane protein 1 (LAMP1) in NRVMs accompanied with
indicated adenoviruses and treatments. Scar bar, 25 um. Data are shown as mean + SD.

Student t test was used. NS, no significance.



Figure S2. Mouse construction model, ultrasonic data, and inflammation level of

each group.
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(A) Schematic diagram of switch-associated protein 70 knock out (Swap 70-KO) mouse

model construction. We transformed the 221 to 222 bases of Swap 70 from AC into AAC



to silence the expression of Swap70. (B-D) Body weight (g), heart rate (bpm), mean
gradient (mmHg), peak gradient (mmHg), mean velocity (mm/s), and peak velocity
(mm/s) in wide type (WT) and Swap70-KO mice before surgery (n=10). (E-G) Heart
rate (bpm), mean gradient (mmHg), peak gradient (mmHg), mean velocity (mm/s), and
peak velocity (mm/s) in WT and Swap70-KO mice at 4 weeks after sham or transverse
aortic constriction (TAC) surgery (n=10). (H) Relative mRNA levels of inflammatory
(Insulin 6 [116], Il1b, tumor necrosis factor a [ Tifa]) related genes in mice heart tissues
from indicated groups (n=4). one-way ANOVA with Bonferroni’s post hoc analysis (B-
E, mRNA levels of /I6 in H) or with Tamhane T2 post hoc test (F-H) were used.
Kruskal-Wallis nonparametric statistical test (peak gradient in C) was used for
nonnormal distribution data. *, P <0.05; **, P <0.01 for WT TAC group versus WT
sham group. NS (no significance) for indicated group versus control group or Swap70-

KO TAC group versus WT TAC group (Rightin E, G, H).



Figure S3. SWAP70 did not influence the activation of AKT and IKKp under

hypertrophic stimuli.
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(A) Immunoblotting analysis of phosphorylation and total AKT, I-kappa-B-kinase beta
(IKKp) proteins in neonatal rat ventricular myocytes (NRVMs) from indicated groups.
(B) Immunoblotting analysis of phosphorylation and total AKT, IKKp proteins in
NRVMs infected with indicated adenovirus and stimulated with phenylephrine (PE, 50

uM) for a time gradient.



Figure S4. SWAP70 regulates cardiac hypertrophy by suppressing the interaction

between TAK1 binding protein 1 (TAB1) and TAKI1.

PE a8 O A4-GFP+PE O Ad-GFP-Flag-Tab1+PE O Ad-GFP-Flag-Tab1+Ad-HA-Swap70+PE
_ - ]
Ad-GFP_ __Ad-GFP-Flag-Tab] E g 16 o 520
; 5
Ad-Control___ Ad-HA-Swap70 = 2 14 ol 5.8
7 Z 10 2 = o[9]
F'-TAK1|- o mm-—---‘-""[szma o ® 12 E
E " E £ **
1 g D 2404 2 T g ™
TAK o ——— | 52 KDa < 05 ) & ol s
2 @ - o 05 .
P-P3B|—"’"'--'—-—--—-|35K|Ja ] 5 08 ‘ £
S 50 3 ?
PSE|-----"--_ 38 KDa « 00 © 0 x 00
PJNK-——.—-_-—.— -!431'5-“(03 C
e . ———— | © Ad-GFP+PE
. — — ——— — o - | o
INK r- - I [ 46154 kDa Ad-GFP-Flag-Tab1+PE
Ad-GFP Ad-GFP-Flag-Tab1 0 Ad-GFP-Flag-Tab 1+Ad-HA-Swap70+PE
Flag-TAB1 | faOwme .I 70 KDa Ad-Control Ad-HA-Swap70
HA-SWAPTO !!! 69 KDa
J\NF’ 1BKDa _
5
EINP 15KDa &
lLl

MYH7 |_, - - - gy = | 223KD2 &
GAPDH |-------| 37 KDa

(A) Immunoblotting analysis of phosphorylation and total transforming growth factor

B-activated kinase 1 (TAK1), P38, JNK1/2 proteinsin neonatal rat ventricular myocytes
(NRVMs) infected with indicated adenoviruses and stimulated with phenylephrine (PE,
50 uM) for 48 h, hypertrophic marker proteins (natriuretic peptide A (ANP), natriuretic
peptide B (BNP), B-myosin-heavy-chain (MYH?7)) were used to assess the severity of
the hypertrophy (n=5 independent experiments). (B) Relative mRNA levels of
hypertrophic marker genes (Anp, Bnp, and Myh7) in NRVMs from indicated groups
(n=5 independent experiments). (C) Representative immunofluorescence images (left)
of NRVMs infected with indicated adenovirus in the presence of PE (50 uM) for 24 h,
and stained with a-actinin. Scar bar, 50 pum. Quantitative results (right) of the cell
surface area from indicated groups (n=5 independent experiments). Data are shown as
mean + SD. One-way ANOVA with Bonferroni’s post hoc analysis (mRNA levels of
Bnp in B, C) or with Tamhane T2 post hoc test (B) were used. *, P <0.05; ** P < 0.01

for 7Tabl group versus GFP group. ##, P <0.01 for Swap70 Tab1 group versus Tabl



group.
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