Journal of the American Heart Association

ORIGINAL RESEARCH

Dual-Specificity Phosphatase 26 Protects
Against Cardiac Hypertrophy Through TAK1

. MD"; Xiaoli Jiang, MD"; Jinhua Liu, MD"; Ping Ye
, MD, PhD

Jing Zhao
Jiahong Xia

, MD; Lang Jiang, MD; Manhua Chen, MD;

BACKGROUND: Heart pathological hypertrophy has been recognized as a predisposing risk factor for heart failure and arrhyth-
mia. DUSP (dual-specificity phosphatase) 26 is a member of the DUSP family of proteins, which has a significant effect on
nonalcohoalic fatty liver disease, neuroblastoma, glioma, and so on. However, the involvement of DUSP26 in cardiac hypertro-
phy remains unclear.

METHODS AND RESULTS: Our study showed that DUSP26 expression was significantly increased in mouse hearts in response
to pressure overload as well as in angiotensin ll-treated cardiomyocytes. Cardiac-specific overexpression of DUSP26 mice
showed attenuated cardiac hypertrophy and fibrosis, while deficiency of DUSP26 in mouse hearts resulted in increased
cardiac hypertrophy and deteriorated cardiac function. Similar effects were also observed in cellular hypertrophy induced by
angiotensin Il. Importantly, we showed that DUSP26 bound to transforming growth factor-3 activated kinase 1 and inhibited
transforming growth factor-3 activated kinase 1 phosphorylation, which led to suppression of the mitogen-activated protein
kinase signaling pathway. In addition, transforming growth factor-3 activated kinase 1-specific inhibitor inhibited cardiomyo-
cyte hypertrophy induced by angiotensin Il and attenuated the exaggerated hypertrophic response in DUSP26 conditional
knockout mice.

CONCLUSIONS: Taken together, DUSP26 was induced in cardiac hypertrophy and protected against pressure overload induced
cardiac hypertrophy by modulating transforming growth factor-3 activated kinase 1-p38/ c-Jun N-terminal kinase—signaling
axis. Therefore, DUSP26 may provide a therapeutic target for treatment of cardiac hypertrophy and heart failure.
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stresses, such as hypertension, myocardial injury,

or excessive neurohumoral activation is described
as “pathological hypertrophy.”" Cardiac function is re-
served in the early phase of cardiac hypertrophy, which
is described as the compensatory phase. However,
sustained stress stimulation promotes the transition
from the compensatory to the decompensated hy-
pertrophy phase, which is characterized by dilated left
ventricular (LV) and reduced contractile dysfunction,
generally predisposing to the development of heart

Enlargement of the heart in response to abnormal

failure and arrhythmia.>® To date, both clinical and
basic studies showed that molecular therapy targeting
suppression of LV hypertrophy at the compensatory
phase could maintain the cardiac function, resulting in
declined mortality.*® As is well known, on hypertro-
phic stresses, signaling pathways are pivotal regulators
of cardiac hypertrophy, which initiate various patho-
physiological processes and LV dilation. Therefore,
molecules that can modulate the activity of specific
signaling pathways could be the promising therapeutic
targets for preventing cardiac hypertrophy.
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CLINICAL IMPLICATIONS

What Is New?

e Dual-specificity phosphatase 26 expression
was increased in hypertrophic hearts and
cardiomyocytes.

e Dual-specificity phosphatase 26 bound to
transforming growth factor-3 activated kinase
1 and inhibited transforming growth factor-3
activated kinase 1 phosphorylation, which led
to suppression of mitogen-activated protein ki-
nase signaling pathway.

e Transforming growth factor-3 activated kinase
1-specific inhibitor inhibited cardiomyocyte
hypertrophy and attenuated the exaggerated
hypertrophic response in dual-specificity phos-
phatase 26 conditional knockout mice.

What Are the Clinical Implications?

e Dual-specificity phosphatase 26 exerted a
protective effect against pressure overload—in-
duced cardiac hypertrophy and may provide a
therapeutic target for treatment of cardiac hy-
pertrophy and heart failure.

Nonstandard Abbreviations and Acronyms

BW body weight

CKO conditional knockout

DMSO dimethyl sulfoxide

DUSP dual-specificity phosphatase

ERK extracellular signal-regulated kinase

HW heart weight

iTAK1 transforming growth factor-B activated
kinase 1-specific inhibitor
JNK c-Jun N-terminal kinase

LV left ventricular

LVEDD left ventricular end-diastolic diameter

MAPK  mitogen-activated protein kinase

p38 p38 kinase

TAC transverse aortic constriction

TAK1 transforming growth factor-B activated
kinase 1

The greater MAPK (mitogen-activated protein ki-
nase) signaling is the most conversant signaling path-
way, which is activated and participates in hypertrophy,
remodeling, contractility, and heart failure on abnormal
stimulation. The MAPK consists of 3 main branches,
which are p38 kinase (p38)/MAPK, ERK (extracellular
signal-regulated kinase) 1/2 and JNKs (c-Jun N-terminal
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kinases). Nearly all of the MAPK signaling components
are activated in hypertrophic heart failure of humans
and animal models.”® Studies showed that p38 ap-
peared to have both pathological and compensatory
functions in the heart. Because overexpression of ac-
tivated mitogen-activated protein kinase kinase 3/p38
or mitogen-activated protein kinase kinase 6/p38 in
hearts promote cardiomyopathy with hypertrophy and
early lethality in transgenic mice.”® However, specifi-
cally, deletion of the primary p38 gene in the heart also
predisposed to heart failure because mice showed a
worse phenotype after transverse aortic constriction."
The ERK1/2 signaling pathway is generally considered
prohypertrophic. MKK1 transgenic mice with activation
of ERK1/2 showed concentric growth (wall thickening)
of the heart.’? JNK mainly has an antinypertrophic effect
and is reported to repress cardiac hypertrophy through
inhibition of calcineurin/nuclear factor of activated T
cells signaling.”® Therefore, the regulation of p38, JNK,
and ERK1/2 phosphorylation is critical in determining
the response to any given stress stimulation in hearts.
DUSPs (dual-specificity phosphatases) are a kind of
family of proteins, which dephosphorylate the threonine/
serine and tyrosine residues of their substrates. Some
of them with a regulatory region at N-terminus are re-
sponsible for the dephosphorylation of MAPKs and
have been referred to as MAPK phosphatases. Studies
showed that overexpression of DUSP1 in the heart alle-
viated the induction of hypertrophy by aortic banding or
catecholamine injection through down-regulation of p38,
MAPK, JNK1/2, and ERK1/2 in mice.'* DUSP6 knockout
mice had a larger heart size because of much greater
myocyte proliferation and activation of the ERK1/2 sig-
naling pathway at the molecular level.'® A recent study
showed that DUSP1 and DUSP4 double-null mice had a
lower survival rate associated with more serious cardiac
dysfunction and LV dilatation by elevation of the phos-
phorylation of p38/MAPK.'® DUSP26 was reported to
control the activity of ERK, leading to phosphorylation/
dephosphorylation of heat shock transcription factor-4b
and altering its ability to bind DNA."” DUSP26 has been
proved to regulate cell differentiation, proliferation, and
apoptosis through the MAPK pathway. Our resent study
demonstrated that DUSP26 expressed in hepatocytes
protected against nonalcoholic fatty liver disease by reg-
ulation of the TAK1-p38/JNK signaling axis.'® However,
the function and the mechanism of DUSP26 in heart hy-
pertrophy are unclear. In this article, we study in detall
the regulation of DUSP26 expression and the effect of
DUSP26 on pathological hypertrophy in vitro and in vivo.

METHODS

The data, analytic methods, and study materials
will not be made available to other researchers for
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purposes of reproducing the results or replicating the
procedure. Other researchers may contact the cor-
responding author regarding the data and methodo-
logical questions.

Mice

All mice used in this study were maintained and bred
in the Division of Laboratory Animal Resources at
the Tongji Medical College. All animal protocols con-
formed to the Guidelines for the Care and Use of
Laboratory Animals and were approved by the Animal
Care and Use Committees of the Central Hospital of
Wuhan, Tongji Medical College, Huazhong University
of Science and Technology.

Mouse models were divided into 12 groups:
DUSP26-conditional knockout (CKO) sham (n=10),
DUSP26-CKO transverse aortic constriction (TAC)
(n=10), DUSP26-Flox sham (n=10), DUSP26-Flox TAC
(n=10), DUSP26-transgenic sham (n=10), DUSP26-
transgenic TAC (n=10), DUSP26-nontransgenic sham
(n=10), DUSP26-nontransgenic TAC (n=10), DUSP26-
CKO TAC dimethyl sulfoxide (DMSO) (n=10), DUSP26-
Flox TAC DMSO (n=10), DUSP26-CKO TAC iTAK1
(transforming growth factor-3 activated kinase 1-spe-
cific inhibitor) (n=10), DUSP26-Flox TAC iTAK1 (n=10).

DUSP26-floxed mice were obtained as previously
reported.® Then, the DUSP26-floxed mice were
mated with the tamoxifen-inducible transgenic mice
(IMyh6-cre/Esr1*]1dmk/J) that express MerCreMer
driven by the cardiomyocyte-specific a-myosin heavy
chain promoter (a-myosin heavy chain—-MerCreMer,
The Jackson Laboratory, stock No. 005650) to ob-
tain Dusp26™/Fox-g-myosin heavy chain-MerCreMer
mice. Cre-mediated recombination of floxed alleles
was induced in 6-week-old mice through an intraperi-
toneal injection of tamoxifen (25 mg/kg per day, T-5648;
Sigma-Aldrich, St. Louis, MO) for 5 consecutive days,
leading to the generation of cardiac-specific DUSP26
CKO mice. DUSP26-floxed mice were also treated with
equal doses of tamoxifen injection as the controls.

To produce cardiac-specific DUSP26 transgenic mice,
the linearized a-myosin heavy chain—-DUSP26 plasmid
was constructed and then microinjected into fertilized mice
embryos to produce cardiac-specific DUSP26-transgenic
mice identified by polymerase chain reaction (PCR) anal-
ysis of tail genomic DNA. The PCR primers were as fol-
lows: forward, 5-ATCTCCCCCATAAGAGTTTGAG-3;
and reverse, 5-TGAAAGTGGATGCTCATATC-3. DUSP26
expression was evaluated by western blotting. Male
mice and their wild-type littermates (nontransgenic) aged
8 to 10 weeks (24-27 g) were used in all subsequent
experiments.

iTAK1 57-7-Oxozeaenol (5Z-7-ox; 09890-1 MG;
Sigma-Aldrich) was administered intraperitoneally to
mice 5 mg/kg every 3 days to inhibit TAK1 activation.
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TAC Surgery

Cardiac hypertrophy was induced in mice through
partial TAC of the aortic arch, as previously described
with some adaptations.'® Briefly, 8- to 10-week-old
male mice were fixed in a supine position after being
anesthetized with sodium pentobarbital via an intra-
peritoneal injection, and the skin in the middle of the
chest was opened to expose the aortic arch through
the right side of clavicle after the toe pinch reflex dis-
appeared. Body temperature was maintained as close
as possible to 37.0°C throughout the experiment using
a self-regulating heating pad. Subsequently, a specific
needle (26-G for body weights [BWs] of 25-27 g) was
placed on the aortic arch and ligating with 7-0 silk su-
ture; then, the needle was removed rapidly before the
closure of the skin. Mice were observed until recovery
in a 37.0°C heated cage. The sham group underwent a
similar procedure just without constriction of the aortic
arch.

Echocardiographic Analysis of Cardiac
Function

Echocardiography was performed to evaluate cardiac
function at 4 weeks following sham and TAC using a
MyLabGamma ultrasound system (Esaote, Genoa,
ltaly) with an 18-MHz transducer. Mice were anesthe-
tized with isoflurane (1.5%-2%) and fixed on the plate.
The end-systole and end-diastole were defined as the
phases in which the smallest or largest LV area was
obtained, respectively. The LV end-diastolic diameter
(LVEDD), LV end-systolic diameter, LV fractional short-
ening, and LV ejection fraction were measured from
M-mode records at the time of the end systole and
end diastole, respectively, with a sweep of 50 mm/s
at the midpapillary muscle level. LV fractional shorten-
ing was calculated as follow: LV fractional shortening
% = ([LVEDD-LV end-systolic diameter]/LVEDDx100%).
All measurements were averaged over 3 consecutive
cardiac cycles. Heart rates of mice were monitored
continuously, and the echocardiographic examination
would be conducted when the heart rates reached
400 bmp (Figure S1).

Cardiac Histology

Hearts were obtained from experimental animals
4 weeks after TAC surgery that had been perfused
with a 10% potassium chloride solution to induce
cardiac arrest at the end of diastole and then har-
vested and fixed with a 10% formalin solution. After
being embedded in paraffin, the hearts were cut into
5-um transverse sections. Sections were stained
with hematoxylin and eosin to measure the myocyte
cross-sectional area, and the abundance of collagen
was assessed after Picrosirius red staining. Fibrosis
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was expressed as a percentage of the average posi-
tively stained area relative to the total area. More than
40 fields per group were examined. A quantitative
digital image analysis system (Image-Pro Plus 6.0;
Media Cybernetics, Inc., Rockville, MD) was used for
the image measurements.

Cardiomyocyte Culture and Infection With
Recombinant Lentiviral Vectors

The DUSP26 gene was amplified by nested PCR
and then cloned into the pHAGE-3xflag vector. shR-
NAs targeting DUSP26 were cloned to pLKO.1 vec-
tor to knockdown DUSP26 gene. For transfection
and lentiviral infection, recombinant constructs were
cotransfected into HEK-293T cells with lentiviral helper
plasmids (pMD2.G and psPAX2) and polyethylenimine
transfection reagent. After 6 to 16 hours, fresh media
were replaced and lentiviral particles were harvested
48 hours later and then used for target cell infection.
Briefly, viruses containing DUSP26 and control par-
ticles were added to H9C2 cells in the presence of
polybrene (8 pg/mL). Infected cells were selected by
puromycin (2 pg/mL) for 48 hours and then used for
indicated assays.

Immunofluorescence

Immunofluorescence staining was performed to de-
termine the surface area of the cell. H9C2 cells were
infected with the indicated lentivirus for 24 hours,
stimulated with phosphate-buffered saline (PBS),
angiotensin Il (1 pmol/L) or iTAK1 NG25 (2.5 pmol/L,
HY-15434, MCE) for 48 hours under a condition of
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37.0°C, 5% CO, and fixed with 4% formaldehyde.
After permeabilization with 0.1% Triton X-100 in PBS
and blocking with a 10% bovine serum albumin solu-
tion at room temperature, cells were immunostained
with an a-actinin antibody (1:100 dilution, 05-384;
Merck Millipore, Burlington, MA), followed by stain-
ing with a fluorescent secondary antibody (donkey
anti-mouse IgG [H+L] secondary antibody, 1:200,
A21202; Invitrogen, Carlsbad, CA). Image-Pro Plus
6.0 software was used to measure the surface area
of the cell.

Quantitative Real-Time PCR and Western
Blotting

TRIzol reagent (15596018, Thermo Fisher Scientific,
Waltham, MA) was used to extract total RNA from indi-
cated cells or tissues according to the manufacturer’s
instructions. RNA was reverse transcribed into cDNA
using a Transcriptor First Strand cDNA Synthesis Kit
(04896866001; Roche, Basel, Switzerland), and then
quantitative real-time PCR ampilification was performed
using SYBR Green PCR Master Mix (04887352001,
Roche) to detect the gene expression. Glyceraldehyde-
3-phosphate dehydrogenase was used as the refer-
ence gene. The primer pairs used in this study are
listed in Table S1.

For the western blot analysis, total protein sam-
ples were extracted from ventricular tissues or cell
samples using RIPA lysis buffer (50 mmol/L Tris-HCI
PH7.4, 150 mmol/L NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 1 mmol/L EDTA), containing
protease inhibitor cocktail (4963124001, Roche) and

A B Sham TAC 4W c PBS Ang Il 48h
DUSP26 == == cc mmn e == 24 kDa DUSP26 S e e w24 kKDa
Dusp26
c GAPDH S s e e s e 37 KD@  GAPDH S s s st s e 37 kDa
K] *% *%
g 25— DUSP26 DUSP26
o *%
o 4 15
S 20 ] s 4
o 23 o
< 157 © c 10
4 S 2 g
€ 10 o ©
E 3 1 -
2 L 2
& o- 0 0
© & P &
o S N o NN
A &

DUSP26 expression was increased in hypertrophic hearts and cardiomyocytes.

Figure 1. 1A, Real-time PCR analysis of Dusp26 mRNA levels in the hearts of mice subjected to transverse aortic constriction or sham
for the indicated time (n=3 per group). B, Western blot analysis of DUSP26 protein levels in the hearts of mice subjected to transverse
aortic constriction or sham for the indicated time (n=3 per group). C, Western blot analysis of DUSP26 protein levels in H9C2 cells
treated with angiotensin Il (1 umol/L) for 48 hours. Data are presented as the mean+SD. **P<0.01. DUSP26 indicates dual-specificity
phosphatase 26; PBS, phosphate-buffered saline; PCR, polymerase chain reaction; and TAC, transverse aortic constriction.
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Figure 2. DUSP26 suppressed angiotensin ll-induced cardiomyocyte hypertrophy.

A and B, Real-time PCR analysis (A) and western blot (B) of DUSP26 levels in HIC2 cells infected with
lentiviruses targeting DUSP26 or nontargeting pLKO.1 vector. C, Representative images of H9C2 cells
infected with lentiviruses targeting DUSP26 or nontargeting pLKO.1 vector and treated with angiotensin Il
(1 pmol/L) or PBS for 48 hours. Cardiomyocytes were stained with antibody against a-actinin. Quantitative
data of average myocyte surface area. (blue, nucleus; green, a-actinin; scale bar, 20 pym). D, Real-time PCR
analysis of hypertrophic markers expression in H9C2 cells infected with lentiviruses targeting DUSP26
or nontargeting pLKO.1 vector followed by PBS or angiotensin Il (1 pmol/L) treatment for 48 hours. E,
Western blot analysis of DUSP26 levels in HOC2 cells infected with lentiviruses containing Flag-DUSP26
or Flag-control. F, Representative images of H9C2 cells infected with indicated lentiviral vectors followed
by PBS or angiotensin Il (1 umol/L) treatment for 48 hours and quantitative data of average myocyte
surface area. (blue, nucleus; green, a-actinin; scale bar, 20 um). G, Quantification results for mRNA levels
of the hypertrophic marker genes (Anp, Myh7) in HO9C2 cells infected with lentiviruses containing Flag-
DUSP26 or Flag-control followed by PBS or angiotensin Il (1 pmol/L) treatment for 48 hours. Data are
presented as the mean+SD. **P<0.01. Anp indicates atrial natriuretic peptide; DUSP26, dual-specificity
phosphatase 26; Myh7, myosin heavy chain 7; PBS, phosphate-buffered saline; and PCR, polymerase
chain reaction.

J Am Heart Assoc. 2021;10:e014311. DOI: 10.1161/JAHA.119.014311 5



Zhao et al

the protein concentration was determined with a BCA
Protein Assay Kit (23225, Thermo Fisher Scientific).
Protein samples were separated by SDS-PAGE, then
transferred to polyvinylidene fluoride membranes and
continuously blocked with 5% nonfat milk at room tem-
perature for 1 hour. After incubation with multiple anti-
bodies overnight at 4°C, the secondary antibodies were
added the next day, and bands were visualized using
the ChemiDoc XRS+ system (Bio-Rad Laboratories,
Hercules, CA). The levels of specific proteins were nor-
malized to the levels of glyceraldehyde-3-phosphate
dehydrogenase. The antibodies used in this study are
listed in Table S2.

Plasmid Constructs

Coding region sequences of DUSP26 were amplified
by PCR and cloned to pHAGE-Flag lentiviral vector.
One independent shRNAs targeting DUSP26 was de-
signed, synthesized, and cloned to pLKO.1-puro vec-
tor. Expression plasmids of DUSP26 and TAK1 were
obtained by PCR and then inserted into pcDNA5 vec-
tors with indicated tag. Primers used to generate these
constructs are listed in Table S3.

Immunofluorescence Staining in Cells
293T cells with pcDNA5-Flag- DUSP26 /pcDNA5-HA-
TAK1 plasmids were fixed with 4% paraformaldehyde
followed by permeabilization with 0.1% Triton X-100
and then incubated with indicated primary antibodies.
The cells were then incubated with an Alexa Fluor 488—
conjugated goat anti-mouse IgG (A11031, 1:500 dilu-
tion, Invitrogen) and Alexa Fluor 568-conjugated goat
anti-rabbit IgG (A11036, 1:500 dilution, Invitrogen) sec-
ondary antibody for 1 hour. Images were acquired by
confocal microscopy (LCS-SP8-STED, Leica Camera,
Wetzlar, Germany).

Coimmunoprecipitation Assays

Immunoprecipitation was performed to determine
protein—protein interactions. For c-immunoprecip-
itation experiments, HEK293T cells were cotrans-
fected with the indicated plasmids. After transfection
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for 24 hours, cells were washed with cold PBS and
resuspended in ice-cold immunoprecipitation buffer
(20 mmol/L Tris-HCI, pH 7.4, 150 mmol/L NaCl,
1 mmol/L EDTA, and 0.5% NP-40) containing pro-
tease inhibitor cocktail (04693132001, Roche). The
obtained cell lysates were incubated with protein
A/G-agarose beads (P4691, Sigma-Aldrich) and indi-
cated antibodies for 3 hours at 4°C. The beads were
washed 5 to 6 times with immunoprecipitation buffer
containing 150 or 300 mmol/L NaCl, then the im-
munoprecipitated proteins boiled with SDS loading
buffer and subjected to immunoblotting for analysis.
Endogenous immunoprecipitation of DUSP26 and
TAK1 in DUSP26 overexpressed cells was performed
similarly using indicated antibodies.

Statistical Analysis

Data are presented as means+SD. Comparisons
between 2 groups were performed using a 2-tailed
Student t test. Differences among more than 2
groups were assessed using 1-way ANOVA, followed
by the Bonferroni test (equal variances assumed) or
Tamhane’s T2 (equal variances not assumed) test.
Small-sample-size groups (n<4) and nonnormally dis-
tributed data were analyzed with the nonparametric
Kruskal-Wallis test followed by Dunn’s test. A value of
P<0.05 was considered to indicate a statistically signif-
icant difference. All statistical analyses were performed
using SPSS software, version 21.0 (IBM, Armonk, NY).

RESULTS

DUSP26 Expression Was Increased in

Hypertrophic Hearts and Cardiomyocytes
To explore the potential role of DUSP26 in the develop-
ment of cardiac hypertrophy and heart failure, we first
examined whether the expression levels of DUSP26
were altered in pathological hearts. TAC in the mouse
is a commonly used experimental model for pressure
overload-induced cardiac hypertrophy and heart fail-
ure.’® At 4 or 8 weeks after C57BL/6 mice underwent
TAC surgery, western blotting, and real-time PCR

Figure 3. Cardiac-specific DUSP26 deletion aggravated pressure overload-induced hypertrophy in vivo.

A, Western blot analysis of protein expression of DUSP26 in hearts of 8 week-old WT or DUSP26 knockout mice (n=3 per group). B
through D, The ratios of heart weight to body weight (HW/BW; B), lung weight to body weight (LW/BW; C) and heart weight to tibia
length (HW/TL; D) in Flox and DUSP26-CKO mice after 4 weeks of TAC or sham surgery. (=10 per group). E, Representative images
of heart sections with histological examination and quantification of myocyte cross-sectional area in Flox and DUSP26-CKO mice
after 4 weeks of TAC or sham surgery as indicated by groups (scale bar, 25 um; n=6 per group). F through I, Echocardiographic
measurements of indicated groups. Average data of left ventricular end-diastolic diameter (LVEDD; F), left ventricular end-systolic
diameter (LVESD; G), left ventricular fractional shortening (LVFS; H) and left ventricular ejection fraction (LVEF; I) (n=10 per group). J,
Representative images of histological analysis of cardiac perivascular and interstitial fibrosis and quantification for the fibrotic area in
different genotype groups. (scale bar, 100 pm; n=6 per group). K and L, Real-time PCR analysis of mMRNA levels of multiple hypertrophic
marker genes (Anp, Bnp, and Myh7) (K) and fibrotic marker genes (collagen la, collagen lll, and Ctgf) (L) in indicated groups (n=4 per
group). Data are presented as the mean +SD. *P<0.05, **P<0.01. Anp indicates atrial natriuretic peptide; Bnp, brain natriuretic peptide;
BW, body weight; CKO, conditional knockout; Ctgf, connective tissue growth factor; DUSP26, dual-specificity phosphatase 26; Myh7,
myosin heavy chain 7; and TAC, transverse aortic constriction.
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analysis revealed that the DUSP26 protein expression
and messengers RNA (MRNA) levels were significantly
increased in TAC hearts, compared with sham group
(Figure 1A and 1B). Furthermore, using H9C2 cells
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treated with angiotensin Il (1 umol/L) for 48 hours in
vitro to induce hypertrophy, we found that the DUSP26
protein expression level was also increased in these
hypertrophic cardiomyocytes (Figure 1C). Together,
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DUSP26 was significantly increased in pressure over-
load—induced hypertrophic hearts in vivo as well as in
angiotensin ll-treated cardiomyocytes in vitro.

DUSP26 Suppressed Angiotensin Il-
Induced Cardiomyocyte Hypertrophy

To further explore the effects of DUSP26, we per-
formed gain- and loss-of-function experiments on car-
diomyocytes. H9C2 cells were infected with shRNAs
cloned to the pLKO.1 vector to knock down DUSP26
or nontargeting pLKO.1 vector as a control (Figure 2A
and 2B). These cells were treated with angiotensin ||
(1 pmol/L) to induce cellular hypertrophy or PBS control
for 48 hours and were immunostained with a-actinin.
In the angiotensin ll-treated groups, cardiomyocyte
hypertrophy was much more serious in DUSP26-KD
HOC2 cells as indicated by obviously increased cell
surface area (Figure 2C) and mRNA levels of hyper-
trophic markers (Anp and Myh7) were also higher
compared with H9C2 cells infected with the control
pLKO.1 vector (Figure 2D). Conversely, overexpression
of DUSP26 with Flag-DUSP26 protected cardiomyo-
cytes against hypertrophy induced by angiotensin |l
which was demonstrated by reduced cellular surface
area and mRNA levels of Anp and Myh7 (Figure 2E
through 2G). These results indicated that DUSP26
negatively regulated cardiac hypertrophy in vitro.

Cardiac-Specific DUSP26 Deletion
Aggravated Pressure Overload-Induced
Hypertrophy In Vivo

To evaluate the function of DUSP26 in pathological
hypertrophy in vivo, we used a mouse model with
cardiac-specific DUSP26-CKO mice. The DUSP26
protein expression in DUSP26-CKO hearts was con-
firmed by western blot (Figure 3A). These mice had
no pathological alterations in cardiac structure and
function at baseline. After 4 weeks of TAC surgery,
DUSP26-CKO mice exhibited a remarkable deteriora-
tion in cardiac hypertrophy compared with control lit-
termates (Flox) mice, as evinced by increased ratio of

DUSP26 Protects Against Cardiac Hypertrophy

heart weight (HW) to body weight (Figure 3B), ratio of
lung weight to BW (Figure 3C), and also HW to tibia
length (Figure 3D). Histological examination revealed
an increased cross-sectional area of cardiomyocytes
in DUSP26-CKO mice compared with Flox mice
(Figure 3E). Accordingly, the mRNA levels of several
hypertrophic markers, including Anp, Bnp and Myh?,
were much higher in DUSP26-CKO mice than in Flox
mice (Figure 3K). Additionally, with no significant dif-
ference in heart rates (Figure S1A), echocardiographic
and hemodynamic measurements demonstrated that
DUSP26-CKO mice showed more serious left ventric-
ular dilation and cardiac dysfunction than Flox mice in
response to pressure overload, as indicated by LVEDD,
LV end-systolic dimension, LV fractional shortening, and
LV ejection fraction (Figure 3F through 3I). Meanwhile,
cardiac DUSP26 deficiency promoted pressure over-
load—mediated cardiac fibrosis, as evinced by much
more fibrosis signal both in the interstitial and perivas-
cular regions (Figure 3J). The mRNA levels of several
fibrosis markers, including Collagen la, Collagen il
and Ctgf, were much higher in DUSP26-CKO mice
than in Flox mice (Figure 3L). Taken together, these
results demonstrated that cardiac-specific absence of
DUSP26 in mice aggravates pathological cardiac hy-
pertrophy induced by pressure overload.

Cardiac-Specific DUSP26 Overexpression
Attenuated Pressure Overload-Induced
Cardiac Hypertrophy

We next investigated whether elevated DUSP26 lev-
els in the heart would attenuate cardiac hypertrophy.
To examine this issue, transgenic mice with cardiac-
specific overexpression of DUSP26 were generated
using a-myosin heavy chain promoter (Figure 4A).
DUSP26-transgenic mice were established and veri-
fied by western blotting and real-time PCR (Figure 4B
and 4C). Under basal conditions, the cardiac-specific
DUSP26 transgenic mice were healthy and showed no
apparent cardiac morphologic or pathological abnor-
malities (data not showed). Cardiac-specific DUSP26-
transgenic mice and their wild-type littermates (referred

Figure 4. Cardiac-specific DUSP26 overexpression attenuated pressure overload-induced cardiac hypertrophy.

A, Schematic diagram for the construction of the cardiac-specific expression of the DUSP26-transgenic mice. B and C, Real-time PCR
analysis (B) and western blot (C) of DUSP26 levels in the DUSP26-transgenic mice and their nontransgenic littermates (n=4 per group).
D through F, The ratios of heart weight to body weight (HW/BW; D), lung weight to body weight (LW/BW; E), heart weight to tibia length
(HW/TL; F) in DUSP26-TG and nontransgenic mice after 4 weeks of TAC or sham surgery. (n=10 per group). G, Representative images
of the hematoxylin and eosin staining, quantification of myocyte cross sectional area in indicated groups. (scale bar, 25 um; n=6 per
group). H through K, Echocardiographic measurements in indicated groups. Average data of left ventricular end-diastolic diameter
(LVEDD; H), left ventricular end-systolic diameter (LVESD; 1), left ventricular fractional shortening (LVFS; J) and left ventricular ejection
fraction (LVEF; K) (n=10 per group). L, Representative images of histological analysis of cardiac perivascular and interstitial fibrosis and
quantification for the fibrotic area in different genotype groups. (scale bar, 100 pm; n=6 per group). M and N, Real-time PCR analysis of
mRNA levels of multiple hypertrophic marker genes (Anp, Bnp, and Myh7) and fibrotic marker genes (collagen la, collagen lll, and Ctgf)
in indicated groups (n=4 per group) Data are presented as the mean+SD. *P<0.05, **P<0.01. Anp indicates atrial natriuretic peptide;
Bnp, brain natriuretic peptide; Ctgf, connective tissue growth factor; DUSP26, dual-specificity phosphatase 26; Myh7, myosin heavy
chain 7; and TAC, transverse aortic constriction.
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to as nontransgenic) were subjected to TAC surgery
or sham operation. Concordant with our hypothesis,
cardiac-specific DUSP26 overexpression significantly
inhibited cardiac hypertrophy in response to pressure
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overload, as evinced by lower ratios of HW/BW, lung
weight/BW, HW/tibia length in transgenic mice than in
nontransgenic mice (Figure 4D through 4F). The car-
diac-specific DUSP26-transgenic mice also showed
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a smaller cross-sectional area of cardiomyocytes
(Figure 4G), as well as decreased mMRNA levels of hy-
pertrophic markers (Anp, Bnp, and Myh7) following
TAC simulation compared with nontransgenic mice
(Figure 4M). Meanwhile, with no significant difference
in heart rates (Figure S1B), TAC-triggered LV dilation
and dysfunction as determined by echocardiographic
and hemodynamic measurements were significantly
improved in the cardiac-specific DUSP26-transgenic
mice compared with the nontransgenics (Figure 4H
through 4K).

We next assessed the effect of cardiac-specific
DUSP26 overexpression on TAC-triggered cardiac
fibrosis. Cardiac-specific DUSP26-TG hearts con-
sistently exhibited decreased fibrosis signals in the
interstitial and perivascular spaces, decreased colla-
gen volumes (Figure 4L), as well as decreased mRNA
levels of fibrotic markers (collagen la, collagen I, and
ctgf) after 4 weeks of TAC surgery, compared with
nontransgenics (Figure 4N). Collectively, these results
indicated that DUSP26 overexpression attenuated car-
diac hypertrophy and fibrosis in response to pressure
overload.

DUSP26 Inhibited TAK1-p38/JNK
Signaling Pathway In Vivo and In Vitro

To elucidate the molecular mechanisms by which
DUSP26 plays a protectionrole in pathological cardiac
hypertrophy, we determined to evaluate the expres-
sion of TAK1, ERK, UNK, and p38, which were well-
established regulators of cardiac hypertrophy.?°21
The phosphorylation levels of TAK1, ERK, JNK, and
p38 were increased in mice after TAC stimulation,
compared with sham controls. However, only the
phosphorylation levels of TAK1, JNK, and p38 were
affected by DUSP26 in hypertrophic mouse hearts.
The pressure overload—induced phosphorylation of
TAK1, UNK, and p38 was enhanced in DUSP26-CKO
mice compared with Flox mice but was decreased
in DUSP26-transgenic mice following TAC simula-
tion compared with nontransgenic mice. (Figure 5A
and 5B). Consistent with the results in vivo, DUSP26
knockdown resulted in increased phosphorylation
levels of TAK1, JNK, and p38 in HOC2 cells after an-
giotensin Il administration, whereas overexpression

DUSP26 Protects Against Cardiac Hypertrophy

of DUSP26 markedly inhibited phosphorylation of
TAK1, JNK, and p38 (Figure 5C and 5D). These find-
ings suggested that the TAK1-p38/JNK signaling
pathway was regulated by DUSP26 during cardiac
hypertrophy in vivo and in vitro.

DUSP26 Bound to TAK1 and Blocked lts
Phosphorylation to Attenuate DUSP26-
Regulated Cardiac Hypertrophy

To further determine the interaction between DUSP26
and TAK1, we transfected HA-tagged TAK1 and Flag-
tagged DUSP26 into HEK293T cells and then per-
formed immunostaining, immunoprecipitation, and
coimmunoprecipitation experiments. Immunostaining
showed that DUSP26 and TAK1 colocalized in the cy-
toplasm (Figure 6A). Immunoprecipitation results dem-
onstrated that DUSP26 interacted with TAK1 and vice
versa (Figure 6B). Then, we did coimmunoprecipitation
experiments to investigate endogenous protein inter-
actions in H9C2 cells with endogenous TAK1 and in-
fected Flag-tagged DUSP26, and similar results were
observed. (Figure 6C). Furthermore, DUSP26 overex-
pression resulted in decreased phosphorylation levels
of TAK1 at T187, but not at S412 (Figure 6G). These
results demonstrated the direct interaction between
DUSP26 and TAK1, and TAK1 is dephosphorylated by
DUSP26 at T187. As DUSP26 is a MAPK phosphatase,
we hypothesized that DUSP26 interacted with TAK1
and then dephosphorylated TAK1 to exert antihyper-
trophic action.

The iTAK1 could specifically inhibit the phosphoryla-
tion of TAK1. We checked whether the exaggerated
hypertrophic response in DUSP26-KD H9C2 cells
could be rescued by blocking TAK1 activity. Compared
with DMSO-treated controls, the phosphorylation of
TAK1 induced by angiotensin Il in DUSP26-KD H9C2
cells was largely diminished by treatment of iTAK1
(Figure 6D). As predicted, iTAK1 reversed the worsened
hypertrophic response, which were evidenced by inhi-
bition of hypertrophic cardiomyocytes and reduction of
the transcript levels of the fetal genes Anp and Myh7
in DUSP26-KD H9C2 cells treated with angiotensin |l
and iTAK1 (Figure 6E and 6F). These data further indi-
cated that the DUSP26 played an antihypertrophic role
through suppressing the activity of TAK1.

Figure 5. DUSP26 inhibited TAK1-p38/JNK signaling pathway in vivo and in vitro.

A, Western blot and quantification results of the phosphorylation and total protein levels of TAK1, ERK, JNK, and p38 in the hearts of
Flox and DUSP26-CKO mice 4 weeks after sham or TAC operation (n=4 per group). B, Western blot and quantification results of the
phosphorylation and total protein levels of TAK1, ERK, JNK, and p38 in the hearts of DUSP26-TG and nontransgenic mice 4 weeks
after sham or TAC operation (n=4 per group). C, H9C2 cells were infected with lentiviruses targeting DUSP26 or nontargeting pLKO.1
vector and treated with angiotensin Il (1 pmol/L) or PBS for 48 hours. D, Western blot measurement and quantification results of
phosphorylation and total protein levels of TAK1, ERK, JNK, and p38 in HI9C2 cells infected with Flag-DUSP26 or Flag-control and
treated with angiotensin Il (1 pmol/L) or PBS for 48 hours. Data are presented as the mean+SD. **P<0.01. CKO indicates conditional
knockout; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; n.s., no significance between the 2 indicated
groups; p38, p38 kinase; TAC, transverse aortic constriction; and TAK1, transforming growth factor-(3 activated kinase 1.
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Pharmacological Inhibition of TAK1
Attenuated the Exaggerated Hypertrophic
Response in DUSP26-CKO Mice

We next elucidated whether the exaggerated hyper-
trophic response could be rescued by blocking TAK1
activity in DUSP26-CKO mice. Compared with the
DMSO control, iTAK1 administration reversed the wors-
ened hypertrophic response, which was evidenced
by lower ratios of HW/BW, lung weight/BW, HW/tibia
length (Figure 7A through 7C). The mice treated with
iTAK1 also exhibited a smaller cross-sectional area
of cardiomyocytes (Figure 7H), as well as decreased
mRNA levels of hypertrophic markers (Anp, Bnp, and
Myh7) following TAC simulation compared with DMSO
control (Figure 7J). With no significant difference in
heart rate (Figure S1C), TAC-triggered LV dilation and
dysfunction as determined by echocardiographic and
hemodynamic measurements were significantly im-
proved in iTAK1-treated mice (Figure 7D through 7G).
Furthermore, we assessed the effect of pharmaco-
logical inhibition of TAK1 on TAC-triggered cardiac fi-
brosis in vivo. Compared with DMSO control, hearts
of DUSP26-CKO mice treated with iTAK1 showed
decreased fibrosis signal in the interstitial and perivas-
cular spaces, decreased collagen volumes (Figure 71),
as well as decreased mMRNA levels of fibrotic markers
(collagen la, collagen Ill, and ctgf) after 4 weeks of TAC
surgery (Figure 7K).

These findings suggested that pharmacological in-
hibition of TAK1 attenuated the exaggerated hypertro-
phic response in DUSP26-CKO mice.

DISCUSSION

Heart failure is associated with pathological cardiac
hypertrophy, which is characterized by increased
cardiomyocyte size and cardiac fibrosis, with re-
duced systolic and diastolic function. Accumulating
evidence indicates that the MAPK signaling path-
way plays a central role in the development and

DUSP26 Protects Against Cardiac Hypertrophy

progression of cardiac hypertrophy. The DUSPs
modulate activation of the terminal MAPKs (ERK1/2,
JNK, and p38) and hence have been referred to as
MAPK phosphatases.?'?* The involvement of DUSPs
in cardiac hypertrophy remains unclear. In our study,
we observed that DUSP26 expression was predomi-
nantly increased in mouse hearts in response to
pressure overload. Cardiac-specific overexpression
of DUSP26 mice showed attenuated cardiac hyper-
trophy and fibrosis after 4 weeks of TAC compared
with control. Conversely, deficiency of DUSP26 in
mouse hearts resulted in increased cardiac hypertro-
phy and deteriorated cardiac function. These results
clearly demonstrate that DUSP26 plays a cardiopro-
tective role in cardiac hypertrophy induced by pres-
sure overload.

DUSP26 is one of a family of dual-specificity
MAPK phosphatases, which modulates the level of
phosphorylation of all 3 major MAPK terminal effec-
tors. The activation of ERK was inhibited by DUSP26
in the development of lung cancer. Our data impli-
cated that cardiac-specific deficiency of DUSP26
up-regulated the phosphorylation of p38 and JNK
in pressure-overloaded mice, without effect on the
phosphorylation of ERK in the heart. And the phos-
phorylation of p38 and JNK were inhibited in the
hearts of cardiac-specific DUSP26-TG mice. DUSP26
selectively regulated MAPK substrates of p38/JNK
in hypertrophic hearts. This profile is reminiscent of
results obtained with other DUSPs gene-targeted
mice. DUSP1/4 double-null mice inhibited activity of
p38/MAPK in the heart, with no alterations in acti-
vation of JNK or ERK, which showed cardiomyopa-
thy with aging.'® The phosphorylation of ERK1/2 was
down-regulated in hearts of cardiac-specific DUSP6
TG mice, with no effect on p38 or JNK activation
at baseline or following stimulation.?® Constitutive
expression of DUSP1 in mouse hearts resulted in
inactivation of 3 MAPKSs, with attenuated cardiac hy-
pertrophy after aortic banding (AB)-induced stimula-
tion.'* Collectively, each member of the DUSP family

Figure 6. DUSP26 bound to TAK1 and blocked its phosphorylation to attenuate DUSP26-regulated cardiac hypertrophy.

A, Representative images of colocalization of DUSP26 and TAK1 proteins in HEK293T cells with double immunofluorescent staining.
(blue, nucleus; green, TAK1; red, DUSP26). B, Total protein extracted from HEK293T cells cotransfected with HA-TAK1 and Flag-
DUSP26 to perform immunoprecipitation for examining the interaction between TAK1 and DUSP26. C, Total protein extracted from
H9C2 cells infected with Flag-DUSP26 to perform coimmunoprecipitation experiment for examining the interaction between DUSP26
and endogenous TAK1. D, Western blot analysis of protein levels of p-TAK1 and DUSP26 in H9C2 cells infected with viruses targeting
DUSP26 or nontargeting pLKO.1 vector and then treated with iTAK1 (2.5 umol/L) or DMSO along with angiotensin Il (1 pmol/L)
stimulation for 48 hours. E, Representative images of H9C2 cells infected with lentiviruses targeting DUSP26 or nontargeting pLKO.1
vector and then treated with iTAK1 (2.5 pmol/L) or DMSO and angiotensin Il (1 pmol/L) stimulation for 48 hours. Cardiomyocytes were
stained with antibody against a-actinin. (blue, nucleus; green, a-actinin; scale bar, 20 pm). F, Quantification results of mRNA levels of
the hypertrophic marker genes (Anp, Myh7) in cardiomyocytes infected with viruses targeting DUSP26 or nontargeting pLKO.1 vector
and then treated with iTAK1 (2.5 pmol/L) or DMSO and angiotensin Il (1 pmol/L) stimulation for 48 hours. G, Western blot results of the
phosphorylation protein levels of TAK1 at T187 and S412 and total protein levels of TAK1 in H9C2 cells infected with Flag-DUSP26 or
DUSP26 mutant and treated with angiotensin Il (1 pmol/L) or PBS for 30 minutes. **P<0.01. Anp indicates atrial natriuretic peptide; ERK,
extracellular signal-regulated kinase; iTAK1, TAK1-specific inhibitor; JNK, c-Jun N-terminal kinase; Myh7, myosin heavy chain 7; p38,
p38 kinase; and TAK1, transforming growth factor-3 activated kinase 1.
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specialized regulation of the MAPK terminal effector
proteins in cardiomyocytes.

In our study, it has been proved that DUSP26
exerted antihypertrophic effects by suppressing
activation of MAPK signaling pathway in TAC mice.
We conducted further experiments to explore the
specific mechanisms between DUSP26 and MAPK
signaling pathway in cardiomyocytes. TAK1 is a key
upstream molecule of MAPK-JNK/p38, which plays
an indispensable role in the development of cardiac
hypertrophy and heart failure.?® It has been reported
that constitutively activated TAK1 induced cardiac
hypertrophy, fibrosis, fetal gene expression, and

DUSP26 Protects Against Cardiac Hypertrophy

severe myocardial dysfunction response to pressure
overload.?” Our results indicated that phosphoryla-
tion of TAK1 was increased in heart of cardiac-spe-
cific DUSP26-knockout mice. Moreover, we showed
that DUSP26 bound to TAK1 to inhibit TAK1 phos-
phorylation, which led to suppression of the MAPK
signaling pathway and attenuated cardiac hyper-
trophy. Suppression of TAK1 protected against an-
giotensin ll-induced cardiomyocyte hypertrophy.2®
TAK1 inhibition by small pharmacologic molecules
has shown promising therapeutic value in inflamma-
tory disorders and cancer.?? In the present study, the
chemical inhibitor of TAK1 inhibited cardiomyocyte
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hypertrophy induced by angiotensin Il and attenuated
the exaggerated hypertrophic response in DUSP26-
CKO mice. Our work was the first evidence to identify

DUSP26 binding with TAK1 at T187 to inhibit its phos-
phorylation. Previous work indicated that a TAK1-
TAB1 fusion protein is available for enzyme sources
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Figure 7. Pharmacological inhibition of TAK1 attenuated the exaggerated hypertrophic response in DUSP26-CKO mice.

A through C, The ratios of heart weight to body weight (HW/BW; A), lung weight to body weight (LW/BW; B), heart weight to tibia length
(HW/TL; C) in DUSP26-CKO mice treated with TAK1-specific inhibitor iTAK1 (5 mg/kg) or DMSO by intraperitoneal administration after
of TAC surgery. (n=10 per group). D through G, Echocardiographic measurements in indicated groups. Average data of left ventricular
end-diastolic diameter (LVEDD; D), left ventricular end-systolic diameter (LVESD; E), left ventricular fractional shortening (LVFS; F)
and left ventricular ejection fraction (LVEF; G) (n=10 per group). H, Representative images of the hematoxylin and eosin staining,
quantification of myocyte cross-sectional area in indicated groups. (scale bar, 25 um; n=6 per group). I, Representative images of
histological analysis of cardiac perivascular and interstitial fibrosis and quantification for the fibrotic area in different genotype groups
(scale bar, 100 pm; n=6 per group). J and K, Real-time PCR analysis of mRNA levels of multiple hypertrophic marker genes (Anp, Bnp,
and Myh7) and fibrotic marker genes (collagen la, collagen I, and Ctgf) in indicated groups. (n=4 per group) Data are presented as the
mean+SD. *P<0.05, **P<0.01.; Anp indicates atrial natriuretic peptide; Bnp, brain natriuretic peptide; CKO, conditional knockout; Ctgf,
connective tissue growth factor; DMSO, dimethyl sulfoxide; DUSP26, dual-specificity phosphatase 26; Myh7, myosin heavy chain 7;
TAC, transverse aortic constriction; and TL, tibia length.
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Table S1. gPCR primers used for mRNA expression analysis.

Gene name Forward primer (mouse) Reverse primer (mouse)
Dusp26 ATGCCCTCTGTTCACCATCC CTGTTGTGTGAGGCGTTGAG
Anp TCGGAGCCTACGAAGATCCA TTCGGTACCGGAAGCTGTTG
Bnp GAAGGACCAAGGCCTCACAA TTCAGTGCGTTACAGCCCAA
Myh7 CAACCTGTCCAAGTTCCGCA TACTCCTCATTCAGGCCCTTG
Collagen Io. TGCTAACGTGGTTCGTGACCGT ACATCTTGAGGTCGCGGCATGT
Collagen I ACGTAAGCACTGGTGGACAG CCGGCTGGAAAGAAGTCTGA
Ctgf TGACCCCTGCGACCCACA TACACCGACCCACCGAAGACACAG
Gapdh ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA
Gene name Forward primer (rat) Reverse primer (rat)
Anp AAAGCAAACTGAGGGCTCTGCTCG | TTCGGTACCGGAAGCTGTTGCA
Myh7 AGTTCGGGCGAGTCAAAGATG CAGGTTGTCTTGTTCCGCCT
Gapdh TGTGAACGGATTTGGCCCTA GATGGTGATGGGTTTCCCGT

Table S2. Antibodies used for Western blot analysis.




Antibody | Manufacturer | Catalogue number | Source of species Dilution
DUSP26 | GENETEX GTX109283 rabbit 1:1000
p-TAK1 CST 4531 rabbit 1:1000
TAK1 CST 5206 rabbit 1:1000
p-ERK CST 4370 rabbit 1:1000
ERK CST 4695 rabbit 1:1000
P-INK CST 4668 rabbit 1:1000
JNK CST 9252 rabbit 1:1000
p-p38 CST 4511 rabbit 1:1000
p38 CST 9212 rabbit 1:1000
Flag MBL M185 mouse 1:2000
HA MBL M180-3 mouse 1:2000
GAPDH CST 2118 rabbit 1:5000

Table S3. Primers used for plasmid constructs.




Gene name

Primer sequence (5°-3”)

phage-FLAG- TCGGGTTTAAACGGATCCATGTGCCCTGGTAACTGGCT
DUSP26 TTGG
GGGCCCTCTAGACTCGAGTCATGCTTCCAGACCCTGCC
GC
KO CCGGCAATGTCTTTGAGTTGGAAAG CTCGAG
P ' CTTTCCAACTCAAAGACATTGTTTTITG
rat-DUSP26-sh
RNA AATTCAAAAACAATGTCTTTGAGTTGGAAAG CTCGAG
CTTTCCAACTCAAAGACATTG
CGCGGATCCATGTCTACAGCCTCTGCCG
HA-TAK1

CCGCTCGAGTCATGAAGTGCCTTGTCGTTTC




Figure S1. A-C, Mice heart rates in the process of echocardiographic

examination in indicated groups.
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