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Heart failure is a leading cause of fatality inDuchennemuscular
dystrophy (DMD) patients. Previously, we discovered that car-
diac and skeletal-muscle-enriched CIP proteins play important
roles in cardiac function. Here, we report that CIP, a striated
muscle-specific protein, participates in the regulation of dystro-
phic cardiomyopathy.Using amousemodel of humanDMD,we
found that deletion of CIP leads to dilated cardiomyopathy and
heart failure in young, non-syndromic mdx mice. Conversely,
transgenic overexpression of CIP reduces pathological dystro-
phic cardiomyopathy in old, syndromic mdx mice. Genome-
wide transcriptome analyses reveal that molecular pathways
involving fibrogenesis and oxidative stress are affected in CIP-
mediated dystrophic cardiomyopathy. Mechanistically, we
found that CIP interacts with dystrophin and calcineurin
(CnA) to suppress the CnA-Nuclear Factor of Activated T cells
(NFAT) pathway, which results in decreased expression of
Nox4, a key component of the oxidative stress pathway. Overex-
pression of Nox4 accelerates the development of dystrophic car-
diomyopathy inmdxmice.Our study indicates CIP is amodifier
of dystrophic cardiomyopathy and apotential therapeutic target
for this devastating disease.

INTRODUCTION
Duchennemuscular dystrophy (DMD) is a genetic disorder caused by
mutations in the X-linked dystrophin gene that affects the structure
and function of striatedmuscle (cardiac and skeletalmuscle).1–4 These
mutations lead to muscle wasting and regeneration defects in skeletal
muscle. Using genome-editing technology, recent studies show that
germline or somatic correction of the dystrophinmutation can restore
muscle function.5–9 However, less is known about dystrophic defects
in the heart, or dystrophic cardiomyopathy. More than 90% of male
DMD patients had cardiac involvement after 18 years of age,10,11

and dystrophic cardiomyopathy has nowbecome a leading cause of fa-
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tality in DMD.12–15 Most importantly, the pathophysiological mecha-
nisms involved in cardiac myocytes appear to differ significantly from
those in skeletal myofibers.13,16 Therefore, novel therapeutic targets
are needed for dystrophic cardiomyopathy.

The pathophysiological conditions of dystrophic cardiomyopathy
and the underlying molecular pathways have been investigated in pa-
tients and animal models of DMD disease. Loss-of-function dystro-
phin mutations often result in increased apoptosis, inflammation,
oxidative stress, and tissue fibrosis in the heart.12,13,17,18 It has been
shown that alterations in calcium handling and calcineurin (CnA)
activation may play a role in dystrophic cardiomyopathy.17,19–22 An
in vitro study showed that even physiological mechanical stretch of
cardiomyocytes can cause aberrant calcium release in mdx mice, an
established model of DMD.17 In vivo studies indicated that exercise
could activate CnA signaling in the hearts of mdx mice,20 which
was associated with exacerbation of dystrophic cardiomyopathy.19

These data indicated that CnA could be a pathogenic factor at the
early stage of dystrophic cardiomyopathy.

We have previously identified CIP as a specifically cardiac and skel-
etal-muscle-expressed protein.23 CIP represents alternatively spliced
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isoforms of a recently reported protein called MLIP.24,25 Most CIP
spliced variants contain exons 1, 3, 8, 9, and 10 of full-length MLIP
(NM_001368972), with a putative DNA-binding domain located
in exons 8 and 9,23 and have been shown to interact with Lamin A/
C.26 We showed that CIP plays a key role in cardiac remodeling in
response to pathophysiological stress.26 Interestingly, we found that
CIP expression was reduced in the heart of CnA transgenic mice
and that loss of CIP further accelerated the progression to heart fail-
ure in these mice, indicating a functional interaction between CIP and
CnA.26 Importantly, the CIP/MLIP gene is conserved between hu-
mans and mice. A recent study linked single-nucleotide variants
(SNVs) of human CIP (MLIP) to dilated cardiomyopathy, high-
lighting the previously unrecognized role of CIP in cardiac disease.27

However, the molecular mechanism(s) underlying CIP and CnA in-
teractions in the regulation of cardiomyopathy remains elusive.

In the present study, we unexpectedly found that CIP protein is
located on the cell membrane of cardiomyocytes, overlapping with
dystrophin, which is encoded by the gene that is responsible for
muscular dystrophy. We therefore investigated the potential func-
tional involvement of CIP in dystrophic cardiomyopathy. Genetic
studies show that loss of CIP accelerates the progression of cardiomy-
opathy and heart failure in mdx mice, a mouse model of human
DMD. Most importantly, overexpression of CIP protects the heart
from the development of pathological dystrophic cardiomyopathy
in mdx mice. Mechanistic studies indicate that CIP is associated
with dystrophin to repress the CnA-Nuclear Factor of Activated
T cells (NFAT) signaling pathway in cardiomyocytes.

RESULTS
Loss of CIP accelerates the development of dystrophic

cardiomyopathy

CIP was previously identified as a novel striated muscle enriched pro-
tein, which was shown to be located in the nucleus when FLAG-
tagged CIP was ectopically expressed in non-myocyte mammalian
cells.23 To better examine the expression and location of endogenous
CIP proteins in the heart and skeletal muscle, we generated antibodies
that specifically recognize murine CIP proteins. Surprisingly, we
noticed that CIP protein is predominantly localized to the cell surface
of cardiomyocytes, where it co-localizes with dystrophin (Figure 1A).
This CIP protein staining pattern appears to be specific, because the
signal is lost in CIP-knockout (KO) hearts (Figure 1B). In contrast,
CIP protein is located to the nuclear envelop of skeletal myocytes.28
Figure 1. Loss of CIP accelerates dystrophic cardiomyopathy in young mdx m

(A) Immunohistochemistry detecting CIP and dystrophin protein in adult mouse heart sec

and CIP knockout (KO) adult mouse heart sections. Bars, 50 mm. (C) Left ventricular po

end-diastole (LVID;d), and (D) Fractional shortening (FS) of 3-month-old CIP-KO;mdx dK

diastolic LVPW, shorter diastolic LVID, and higher FS, which were similar to the paramete

mice but significantly decreased diastolic LVPW, increased diastolic LVID, and decreased

old CIP-KO;mdx dKOmice and their control littermates. Bars, 1.5mm. (G) Sirius red/fast

was quantified. Bars, 1 mm. (H) TUNEL assay of 3-month-old CIP-KO;mdx dKO and co

detection of expression of (J) heart disease marker genes, (K) fibrosis marker genes, and

controls. Samples number is indicated by the number of dots in each group in figure pan

Tukey’s test. *p < 0.05; **p < 0.01.
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These findings prompted us to test the hypothesis that CIP interacts
with dystrophin to modulate muscular dystrophy. We first crossed
CIP-KO mice with mdx mice, which harbor a dystrophin mutation,
to generate a CIP-KO;mdx double-knockout (dKO) mouse to test ge-
netic interaction between CIP and dystrophin. CIP-KO mice appear
normal without detectable cardiac defects up to 12 months of age,26

andmdxmice only start to displaymild cardiomyopathy at 10months
of age.29–31 Strikingly, we found that the dKOmice exhibit severe car-
diomyopathy as early as 3 months of age.

Echocardiographic measurements showed that the left ventricular
posterior wall is thinner and the left ventricular internal diameter is
enlarged in 3-month-old dKO mice, when compared with control
groups (Figure 1C; Table S1). We observed that mdx mice at this
age exhibit slightly higher fraction shortening; however, the cardiac
output of these mice is actually smaller (the difference between LV
Vol;d and LV Vol;s) due to abnormal relaxation when compared
with that of other control groups (Figures 1C and 1D; Table S1).
This observation is consistent with previous observations32–35 and
may reflect hypertrophic remodeling in these mice. Fractional short-
ening in dKO mice decreased to below 20% (Figure 1D), indicating
that they suffer from severe dilated cardiomyopathy and heart failure,
which is commonly observed in DMD patients.12,13 Echocardiogra-
phy at earlier time points indicated dKOmice started to show systolic
dysfunction as early as 9 weeks of age, and cardiac function decreases
rapidly between the age of 2 months and 3 months (Table S2).

Morphological and histological examination verified that dKO hearts
were significantly enlarged and dilated (Figures 1E and 1F). Intrigu-
ingly, the focal myocardial lesions that are often observed in DMD
hearts36 are also found in the left ventricle of dKO hearts but not in
control hearts (arrows in Figures 1E and 1F). Sirius red/fast green
staining showed a dramatic increase in cardiac fibrosis in dKO hearts
(Figure 1G). We examined apoptosis using TUNEL assays and found
a dramatic increase in apoptotic cell death in the hearts of dKO mice,
although modest apoptosis is also observed in CIP-Het;mdx hearts
(Figures 1H and 1I).

We examined molecular markers for cardiomyopathy and heart fail-
ure and found that the expression levels of ANF, BNP, and Myh7
were all elevated in the hearts of dKO mice (Figure 1J). Notably,
the expression of these cardiomyopathy marker genes was not
altered in the hearts of control groups (wild type [WT], CIP-Het,
ice

tions. Bar, 20 mm. (B) Immunohistochemistry detecting CIP protein in wild-type (WT)

sterior wall thickness at end-diastole (LVPW;d), left ventricular internal dimension at

O mice and their control littermates. Compared with WTmice, mdxmice had thicker

rs of CIP-HET;mdx mice. Loss of CIP did not alter cardiac function among non-mdx

FS amongmdxmice. (E) Gross heart morphology, and (F) H&E staining of 3-month-

green staining of 3-month-old CIP-KO;mdx dKO and control hearts. The fibrotic area

ntrol hearts. Bars, 50 mm. (I) Numbers of TUNEL signals were quantified. qRT-PCR

(L) genes related to cell death in 3-month-old CIP-KO;mdx dKO hearts and littermate

els. The significance between groups was tested with 1-way ANOVA with post hoc
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CIP-KO, mdx, or CIP-Het;mdx), further supporting the view that
CIP is specifically involved in the regulation of cardiac function in
dystrophic mice. Consistent with increased fibrosis (Figure 1G),
we detected increased expression of fibrosis markers FBN1 and
ELN in dKO hearts (Figure 1K). In addition, the expression of IL-
1 and TNF-a, which are related to cell death and inflammation,
was also elevated in dKO hearts (Figure 1L). Collectively, these
data indicate that loss of CIP function accelerates disease progres-
sion of dystrophic cardiomyopathy.

Transgenic overexpression of CIP protects the heart from the

development of dystrophic cardiomyopathy

Next, we asked whether cardiac expression of CIP could protect
dystrophic mice from developing cardiomyopathy. We created CIP-
overexpressing mice (CIP-OE), in which the CIP transgene is flanked
by a floxed Stop codon and is then activated by breeding with MCK-
Cre, a Cre recombinase gene driven by themuscle creatine kinase pro-
moter. When bred with mice containing a loxP-flanked sequence of
interest, MCK-Cre-mediated recombination will result in skeletal
and cardiac muscle CIP overexpression.37 We bred the CIP-OE
with mdx mice to create CIP-OE;mdx compound mice. CIP-OE
mice appear normal, without detectable changes in cardiac function,
under physiological conditions. Unlike human DMD patients, mdx
mice develop mild, late-onset cardiomyopathy.29,30

One-year-oldmdxmice exhibit dilated cardiomyopathy (i.e., enlarged
left ventricular chambers, thinner ventricular walls, and enhanced
cardiac fibrosis). Cardiac function was preserved in 1-year-old CIP-
OE;mdxmice compared to their control littermates (Figure 2A; Table
S3), indicating that cardiac CIP overexpression blocks the develop-
ment of cardiomyopathy in mdx mice.

Histological analyses revealed dilated ventricular chambers and
increased fibrosis in 1-year-old mdx mice but no obvious cardiac
dilation or fibrosis in 1-year-old CIP-OE;mdx mice (Figure 2B).
We also examined these mice at earlier and later time points. At
6 months of age, some of the mdx mice started to display cardiac
dilation and increased fibrosis. In contrast, none of the CIP-OE;mdx
mice exhibited pathological findings at this age (Figure S1A). By
16 months of age, mdx mice displayed severe dilated cardiomyopa-
thy with focal myocardial lesions and fibrosis (arrowhead in Fig-
ure S1B), similar to what has been observed in DMD patients.36

In contrast, there was no ventricular dilation or obvious fibrosis in
16-month-old CIP-OE;mdx mice (Figure S1B), indicating that CIP
overexpression provides long-term protection from dystrophic
cardiomyopathy.

Consistent with the results of functional and cellular analyses, molec-
ular marker gene studies revealed decreased expression of markers of
cardiac disease (ANP, BNP) (Figure 2C), fibrosis (FBN1) (Figure 2D),
and necrosis (TNF-a) (Figure 2E) in 1-year-old CIP-OE;mdx hearts,
when compared with controls. Together, these results demonstrate
that overexpression of CIP in striated muscle blocks the progression
of dystrophic cardiomyopathy in mdx mice.
Molecular signature of dystrophic cardiomyopathy

To better define the molecular signature and understand the mecha-
nisms of dystrophic cardiomyopathy, we performed unbiased tran-
scriptome analyses. We isolated RNAs from ventricles of 3-month-
old dKO and control mdx, because severe cardiac remodeling and
fibrosis were observed in these animals. RNA sequencing (RNA-seq)
of dKO and control mdx hearts (4 hearts from each group) identified
1,891 transcripts that were differentially expressed in CIP-KO;mdx
hearts, including 855 down- and 1,036 upregulated genes (Figure 3A;
Table S4; p < 0.01).

Gene Ontology (GO) term analysis revealed that upregulated genes
were enriched for functional annotations related to extracellular ma-
trix organization, collagen formation, and integrin signaling. Among
the most upregulated genes were genes associated with cardiomyop-
athy and heart failure (Myh7, NPPA, NPPB, and Acta1) and cardiac
fibrosis (collagen genes, Postn, ELN, and tgfb2), consistent with our
prior quantitative RT-PCR (qRT-PCR) analyses (Figures 1J and
1K). In contrast, downregulated genes were enriched for functional
annotations related to the oxidation-reduction process, oxidoreduc-
tase activity, and fatty acid oxidation (Figure 3B). Several transcrip-
tion factors and co-factors responsible for fatty acid metabolism,
including Ppara, Ppargc1a, and Ppargc1b, were downregulated, indi-
cating that they may contribute to the pathology of dystrophic
cardiomyopathy.

Given that the severity of cardiac defects in 3-month-old dKO mice
and 1-year-old mdx mice is similar, and transgenic overexpression
of CIP prevented the development of cardiomyopathy in old mdx
mice, we also performed RNA-seq on 1-year-old CIP-OE;mdx and
littermate control mice, using total RNAs isolated from ventricles
(4 hearts for each group). A total of 791 genes, including 356 up-
and 435 downregulated, were dysregulated in CIP-OE;mdx hearts
when compared with mdx controls (Figure 3C; Table S5; p < 0.05).
Intriguingly, GO term analysis demonstrated inversed molecular
signature when compared with 3-month-old CIP-KO;mdx, in that
the upregulated genes were enriched for functional annotations
related to fatty acid catabolic process, fatty acid beta-oxidation, and
oxidoreductase activity, while the downregulated genes were enriched
for functional annotations related to collagen formation, extracellular
matrix organization, and integrin signaling pathway (Figure 3D).
These results suggest that cellular processes and molecular pathways
for oxidation-reduction and fibrosis are likely key contributors to
dystrophic cardiomyopathy.

The RNA-seq data from both young (3-month-old) and aged (1-
year-old) mice with various genetic modifications to dystrophin
and/or CIP, together with their distinctive pathological conditions,
provide a unique opportunity to better understand the molecular
signature of dystrophic cardiomyopathy progression. We per-
formed an unbiased principal component analysis (PCA) using
the whole transcriptome and found that 1-year-old CIP-OE;mdx
hearts, which are phenotypically normal, are distant from 1-
year-old mdx control hearts; instead, their transcriptome signature
Molecular Therapy Vol. 30 No 2 February 2022 901
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Figure 2. Cardiac overexpression of CIP suppresses dystrophic cardiomyopathy in old mdx mice

(A) LVPW;d, LVID;d, and FS of 1-year-old CIP-OE;mdx compound mice and controls. (B) Gross heart morphology, H&E staining, and Sirius red/fast green staining of 1-year-

old CIP-OE;mdx compound mice and controls. Bars, 1.5 mm. The fibrotic area was quantified. N = 6–8. qRT-PCR detection of expression of (C) heart disease marker genes,

(D) fibrosis marker genes, and (E) TNF-a gene that is related to cell death in 6-month-old CIP-OE;mdx compound hearts and controls. Samples number is indicated by the

number of dots in each group in figure panels. The significance between groups was tested with 1-way ANOVA with post hoc Tukey’s test. *p < 0.05; **p < 0.01.
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is similar to those of 3-month-old mdx controls and other litter-
mate controls (Figure 3E). Conversely, the transcriptome signature
of 3-month-old CIP-KO;mdx hearts, which exhibit severe cardio-
myopathy, is separate from that of 3-month-old mdx control
hearts, instead grouping with 1-year-old mdx control hearts
(Figure 3F).
902 Molecular Therapy Vol. 30 No 2 February 2022
Next, we asked whether the molecular signatures of dysregulated
genes could be used to better define dystrophic cardiomyopathy phe-
notypes in these mice, in which dystrophic cardiomyopathy may or
may not be present. Using unsupervised hierarchical clustering to
analyze the 791 genes dysregulated in 1-year-old CIP-OE;mdx hearts
compared with age-matched mdx controls, we found that all of the



Figure 3. Molecular pathways of dystrophic cardiomyopathy

(A) Heatmap of 1,891 differentially expressed genes in 3-month-old CIP-KO;mdx dKO hearts compared to controls (p < 0.01). The ctrl;mdx group serves as reference for the

heatmap; therefore, the average value of the ctrl;mdx group is 1 (log2 value equal to 0). Each column represents one heart in the heatmap, and N = 4 in each group. (B) Gene

ontology analysis of 1,744 upregulated (p < 0.05) and 1,492 downregulated (p < 0.05) genes in 3-month-old CIP-KO;mdx dKO hearts. The Gene Ontology (GO) terms are

ranked by false discovery rate (FDR) values. (C) Heatmap of 791 differentially expressed genes in 1-year-old CIP-OE;mdx hearts compared to controls (p < 0.05). The ctrl;mdx

group serves as reference for the heatmap; therefore, the average value of the ctrl;mdx group is 1 (log2 value equal to 0). Each column represents one heart in the heatmap,

and N = 4 in each group. (D) Gene ontology analysis of 356 upregulated (p < 0.05) and 435 downregulated (p < 0.05) genes in 1-year-old CIP-OE;mdx hearts. The GO terms

are ranked by FDR values. (E) Principal component analysis of all expressed genes in 1-year-old CIP-OE;mdx hearts and controls. (F) Principal component analysis of all

expressed genes in 3-month-old CIP-KO;mdx dKO hearts and controls. In (E) and (F), each dot represents one heart of the indicated genotype. 3-month-old and 1-year-old

control;mdx data are the same between (E) and (F) and serve as reference transcriptomes of the progression of dystrophic cardiomyopathy. (G) Heatmap from hierarchical

clustering of 791 differentially expressed genes in six groups from hearts with the indicated genotypes. Gene clusters from hierarchical classification were subjected to the

DAVID web server for GO analysis. Adjusted p value of each GO term is shown. (H) Heatmap from hierarchical clustering of 3,236 differentially expressed genes in 3-month-

old CIP-KO;mdx dKO and control Ctrl;mdx hearts.
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1-year-old CIP-OE;mdx profiles were separated from 1-year-oldmdx
controls. Instead, they were grouped with 3-month-old mdx controls
and other littermate controls (Figure 3G).
These molecular signatures are consistent with and further support
the results of phenotypic analyses of dystrophic cardiomyopathy
mice. These 791 genes are grouped into five clusters, and GO term
Molecular Therapy Vol. 30 No 2 February 2022 903
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analysis of these clusters showed that they were enriched for func-
tional annotations related to Oxidoreductase, Membrane, Extracel-
lular Matrix, Calcium, and Glycoprotein (Figure 3G). Similarly, unsu-
pervised hierarchical clustering of the 3,236 genes dysregulated in
3 month-old CIP-KO;mdx hearts compared with age-matched mdx
controls showed that that the 3-month-old CIP-KO;mdx hearts clus-
tered with the 1-year-old mdx control hearts (Figure 3H). Together,
these analyses uncover a unique molecular signature of dystrophic
cardiomyopathy and link the dysregulation of functional gene groups
to the pathological condition of this disease.

CIP regulates dystrophic cardiomyopathy and the oxidative

stress pathway

Among the most significantly dysregulated gene clusters in dystro-
phic cardiomyopathy were genes related to extracellular matrix
(fibrosis) and the oxidative stress response. We reasoned that
increased expression of fibrosis genes in dystrophic CIP-KO;mdx
hearts and their reduced expression in healthy CIP-OE;mdx hearts
may represent a consequence of cardiac remodeling. In contrast, we
postulate that an increase in the oxidative stress response, as a result
of reduced expression of the oxidation-reduction process and oxido-
reductase activity genes (Figure 3B), could be a causative factor for
dystrophic cardiomyopathy. Importantly, prior studies have shown
that oxidative stress, in particular Nox4, plays a critical role in cardio-
myopathy.38–40 We confirmed that the expression of Nox4, an
NADPH oxidase, is dramatically upregulated in the heart of 3-
month-old CIP-KO;mdx dKO mice (Figure 4A). Furthermore, the
expression of other oxidases, including Nox2 and NCF2, is also signif-
icantly increased in dKO hearts (Figure 4B).

To further confirm an increase in oxidative stress in dKO hearts, we
measured the GSSG/GSH ratio, an indicator of oxidative stress,41 and
found it is substantially higher in dKO hearts (Figure 4C). Conversely,
we found that the expression of Nox4, but not other oxidases, is
reduced in the hearts of 1-year-old CIP-OE;mdx mice, when
compared with mdx mice. However, this decreasing trend is not sta-
tistically significant (Figure 4D). To look at Nox4 expression in detail,
we examined the RNA-seq data of the distribution of Nox4 expres-
sion using the Integrative Genomics Viewer (IGV). As shown in Fig-
ure 4E, while increased Nox4 reads are aligned to exons of Nox4 locus
of 1-year-old mdx hearts when compared with controls, reduced
reads were found in 1-year-old CIP-OE;mdx hearts compared with
mdx hearts (arrows in Figure 4E). However, we did not observe a
Figure 4. Oxidative stress and Nox4 are key inducers of dystrophic cardiomyo

(A and B) qRT-PCR detection of expression of (A) Nox4, and (B) other oxidative-stress-r

ratio in 3-month-old CIP-KO;mdx dKO hearts and controls. (D) qRT-PCR detection of th

controls. (E) Integrative Genomics Viewer (IGV) distribution of Nox4 expression as displa

Nox4 exons in CIP-OE;mdx hearts compared to Ctrl;mdx hearts. (F) GSSG/GSH rati

expression in WT, AAV-Nox4, and mdx;AAV-Nox4, and their AAV-GFP controls. (H) LV

control virus. (I) Sirius red/fast green staining of heart sections of 2-month-oldmdx and c

Bar, 1 mm. (J) qRT-PCR detection of gene expression in the hearts of 2-month-old m

indicated by the number of dots in each group in figure panels. The significance betw

**p < 0.01.
change in other oxidase genes examined, including Nox2, Ncf2, and
GPx1 (Figure S2), further supporting the specificity of the response.
Consistent with the above observations, we found that the GSSG/
GSH ratio increases dramatically in the hearts of 1-year-old mdx
mice, indicating a significant increase in oxidative stress in aged
mdx mice. Such increased oxidative stress is rescued by overexpres-
sion of CIP in CIP-OE;mdx hearts (Figure 4F).

The above data suggested that CIP modulates cardiac oxidative
stress in dystrophic hearts, likely by regulating the expression and
function of Nox4. Consequently, we asked whether overexpression
of Nox4 in the hearts of young mdx mice would be able to induce
oxidative stress, leading to dystrophic cardiomyopathy, similar to
what we saw in CIP-KO;mdx dKO mice. We achieved cardiac-spe-
cific Nox4 overexpression in mdx and control mice using an
adeno-associated virus serotype 9 (AAV9) delivery system26,42–44

(Figure S3). This approach produced comparable Nox4 expression
levels in both WT and mdx hearts (Figure 4G).

As expected, AAV9-mediated Nox4 overexpression in the hearts of
mdxmice accelerates cardiac remodeling, resulting in increased systolic
and diastolic left ventricle internal dimension (LVID) (Figure 4H).
There is also a substantial increase in cardiac fibrosis in Nox4-overex-
pressed mdx mice (Figure 4I). Molecular marker analyses revealed
increased expression of ANP and Acta1, both markers of cardiomyop-
athy, and fibronectin (FBN1), which denotes fibrosis (Figure 4J). In
contrast, increasedNox4 expression alonedoes not alter cardiac dimen-
sions, fibrosis, or marker gene expression in the hearts of the control
groups (Figures 4H–4J). Together, these data show that Nox4 acceler-
ates the development of cardiomyopathy in the absence of dystrophin,
indicating Nox4 is a critical mediator of dystrophic cardiomyopathy.

CIP interacts with dystrophin and is a component of the

dystroglycan complex

Our data demonstrate genetic and functional interaction of CIP and
dystrophin in the regulation of cardiac function (Figures 1 and 2). As
shown earlier, both CIP and dystrophin proteins are located at the cell
membrane of cardiomyocytes (Figure 1A). We asked whether loss of
CIP affects the expression of dystrophin transcripts and proteins.
Interestingly, dystrophin transcript and protein levels were not
affected in the hearts of 2-month-old CIP-KO mice (Figures 5A
and 5B). Immunohistochemistry demonstrated that the cellular loca-
tion of dystrophin was not altered in hearts of adult CIP-KO mice
pathy

elated genes in 3-month-old CIP-KO;mdx dKO hearts and controls. (C) GSSG/GSH

e expression of oxidative-stress-related genes in 1-year-old CIP-OE;mdx hearts and

yed as reads of RNA-seq. Red arrowheads showed that fewer reads were aligned to

o in 1-year-old CIP-OE;mdx hearts and controls. (G) qRT-PCR detection of Nox4

ID;d and LVID;s of 2-month-old mdx and control mice injected with AAV-Nox4 or

ontrol mice injected with AAV-Nox4 or control virus. The fibrotic area was quantified.

dx and control mice injected with AAV-Nox4 or control virus. Samples number is

een groups was tested with 1-way ANOVA with post hoc Tukey’s test. *p < 0.05;
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Figure 5. CIP interacts with dystrophin and is a component of the dystroglycan complex

(A) qRT-PCR, and (B) western blot detecting dystrophin mRNA and protein expression in 2-month-old WT and CIP-KO hearts. CIP and b-tubulin proteins serve as controls.

(C) Immunohistology detecting dystrophin protein in WT and CIP-KO adult mouse hearts. Bars, 50 mm. (D) qRT-PCR, and (E) western blot detecting CIP mRNA and protein

expression in 2-month-old WT andmdxmouse hearts. Dystrophin (DMD) and b-tubulin proteins serve as controls. (F) Immunohistology detecting CIP protein in 2-month-old

WT andmdx hearts. Bars, 50 mm. (G) Coimmunoprecipitation (coIP) assays in HEK293T showing the interaction between Myc-tagged CIP and FLAG-tagged C-terminal of

dystrophin (DMD-C) or FLAG-tagged Lmo7, but not FLAG-tagged N-terminal of dystrophin (DMD-N). 5% cell lysate was used as input to demonstrate the expression of

tagged proteins. (H) coIP assays using CIP antibodies and protein extracts fromWT and CIP-KO hearts showing the interaction of endogenous CIP and dystrophin proteins.

5% tissue lysate was used as input to show indicated proteins. (I) Wheat germ agglutinin (WGA) conjugated or empty (Ctrl) agarose beads were used for pull-down assays of

protein extracts from adult WT hearts. Both CIP and dystrophin (DMD) were pulled down by WGA, but not control.
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(Figure 5C). Conversely, we examined the expression level and loca-
tion of CIP transcripts and proteins in 2-month-old mdx mice and
found that loss of dystrophin did not alter the expression levels of
CIP (Figures 5D and 5E). The cell membrane location of CIP protein
was not changed in cardiomyocytes from mdx hearts (Figure 5F).
These results suggest that the expression and location of CIP and dys-
trophin are likely regulated independently, and they do not directly
affect each other’s expression.

Using co-immunoprecipitation (coIP) assays with tagged proteins, we
detected an interaction between CIP and dystrophin. Specifically, CIP
could bind the C terminus, but not the N terminus, of dystrophin pro-
tein (Figure 5G). Next, we tested whether endogenous CIP and dys-
trophin proteins interact. Using a CIP-specific antibody to precipitate
associated proteins from WT and CIP-KO mice, we found that the
CIP antibody pulled down dystrophin from WT hearts, but not
CIP-KO hearts (Figure 5H). Given that dystrophin is associated
with the dystroglycan complex,45 we asked whether CIP is also part
of the complex. Using wheat germ agglutinin (WGA) to pull down
dystroglycan complex proteins from adult hearts, we found that
both dystrophin and CIP proteins are pulled down by WGA, but
not in controls (Figure 5I). Together, these results suggest that CIP
protein is located at the cell membrane of cardiomyocytes and is asso-
ciated with dystrophin and dystroglycan complex.

CIP interacts with CnA and regulates CnA-NFAT-Nox4 signaling

To better understanding the molecular mechanism by which CIP reg-
ulates oxidative stress during dystrophic cardiomyopathy, we under-
took an unbiased approach to identify CIP-interacting proteins in the
heart. We used GST-CIP to pull down interacting proteins from heart
extracts. Subsequent mass spectrometry identified multiple candidate
CIP-interacting proteins, including LMO7, HSPA9, a-actinin,
b-tubulin, and CnA (CnA). Their interaction with CIP was confirmed
by coIP assays (Figure 5G; Figure S4).

CnA is a protein phosphatase that regulates cardiac remodeling.46–49

We have previously reported that genetic and functional interactions
Figure 6. CIP regulates the CnA-NFAT-Nox4 pathway to regulate dystrophic c
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between CnA and CIP modulate cardiac hypertrophy.26 We therefore
tested the potential functional involvement of CnA in CIP-mediated
dystrophic cardiomyopathy. coIP assay showed that CIP interacts
with CnA, but not CnB or CIB1, a scaffold protein that interacts
with CnB and the sarcolemma50 (Figure 6A). We mapped the do-
mains of the CIP protein that mediate CnA interactions, using dele-
tion constructs in coIP assays. We found that both C- and N-terminal
domains of the CIP protein mediate its interaction with CnA (Fig-
ure 6B), (summarized in Figure 6C). Furthermore, using a CIP-spe-
cific antibody, we immunoprecipitated CIP-associate proteins from
adult hearts, and we found that CnA is associated with CIP endoge-
nously. In contrast, no such association is detected from CIP-KO
hearts (Figure 6D), demonstrating the specificity of this interaction.

To understand how CIP affects the function of CnA, we used a
NFAT-dependent luciferase reporter, in which the expression of the
luciferase gene is regulated by NFAT and CnA.46 We found that over-
expression of CIP significantly represses CnA-NFAT-activated
NFAT-luciferase activity in a dose-dependent manner (Figure 6E).
CIP itself does not affect NFAT-luciferase activity (Figure 6E).
Accordingly, CIP protein domains with diminished CnA interaction
display reduced ability to inhibit the trans-activity of CnA-NFAT in
luciferase reporter assays (Figure 6F). Together, these results suggest
that CIP interacts with CnA to modulate its function in the regulation
of NFAT activity.

As a transcription factor, NFAT shuttles between the cytoplasm and
nucleus, depending on its phosphorylation status. CnA dephosphor-
ylates NFAT to facilitate its nuclear translocation and the activation of
downstream cardiac hypertrophic genes.46 Using an EGFP-tagged
NFAT construct, we found that co-transfection of activated CnA
potently enhanced the nucleus translocation of NFAT protein (Fig-
ure 6G), consistent with a prior report.51 While overexpression of
CIP alone does not affect the subcellular distribution of NFAT, CIP
reduces CnA-activated NFAT nuclear translocation (Figure 6G).
Quantitative analyses further support this conclusion (Figure 6H).
We then asked whether CIP could affect the phosphorylation status
ardiomyopathy
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of the NFAT protein. We transfected HEK293T cells with CIP, CnA,
and hemagglutinin (HA)-NFAT. Western blots demonstrate that
CnA significantly increased the ratio of de-phosphorylated and phos-
phorylated NFAT proteins (de-p-NFAT/p-NFAT), as previously re-
ported,52,53 and CIPmarkedly reduced the de-p-NFAT/p-NFAT ratio
(Figures 6I and 6J).

A previous study showed that the CnA-NFAT signaling cascade reg-
ulates the expression and function of oxidases Nox4 and Nox2 in the
kidney.54 Therefore, we hypothesized that the interplay of CIP, CnA,
and dystrophinmight modulate downstream oxidative stress and, as a
result, the development of dystrophic cardiomyopathy. We used an
adenovirus system to overexpress CIP (Ad-CIP) in neonatal rat ven-
tricular myocytes (NRVMs). Cells were treated with phenylephrine
(PE) to activate the CnA-NFAT signaling and induce cardiomyocyte
hypertrophy.55,56 Indeed, CIP overexpression results in reduced Nox4
levels when compared with Ad-Ctrl (Figure 6K). Conversely, small
interfering RNA (siRNA)-mediated knockdown of CIP results in
increased Nox4 expression in NRVMs treated with PE (Figure 6K).

Lastly, we examined how CIP and CnA regulate Nox4 expression and
oxidative stress in the heart in vivo. We first compared Nox4 expres-
sion in 3-month CIP-KO;mdx and 1-year mdx hearts and found a
trend of higher Nox4 expression in 3-month CIP-KO;mdx hearts
compared to 1-year mdx hearts (Figure 6L). We then used AAV9-
mediated overexpression of CIP in the hearts of both WT and CnA
transgenic mice with AAV9-GFP as a control. AAV9-CIP had little
impact on Nox4 expression in WT hearts; however, CIP markedly
repressed CnA-induced Nox4 levels in the hearts of CnA transgenic
mice (Figure 6M). As a result, the GSSG/GSH ratio is decreased in
CIP overexpressed CnA transgenic hearts, when compared with con-
trols (Figure 6N). These data suggest that CIP regulates oxidative
stress in cardiomyocytes during cardiac remodeling through the
CnA-NFAT-Nox4 signaling cascade.

DISCUSSION
Our study demonstrates that cardiac-expressed CIP participates in
the regulation of cardiac function in the dystrophic heart, at least in
part, through modulation of the expression and function of Nox4
and oxidative stress by regulating the CnA-NFAT pathway. We
further reveal that increased oxidative stress is a key factor in dystro-
phic cardiomyopathy. This study identifies CIP as a new modifier of
dystrophic cardiomyopathy and suggests it could become a therapeu-
tic target to treat this disease.

Loss of dystrophin, an important structural protein on the plasma
membrane of cardiac and skeletal muscle cells, leads to an increase
in cell permeability, fibrosis, and inflammatory responses of myocytes
and eventually results in loss of myocytes and a decrease of muscle
contractility.12,13,57–59 This creates a substantial challenge for the po-
tential treatment of muscular dystrophy.3,60,61 The pathophysiology
and cell biology of muscular dystrophy, including that of cardiomy-
opathy and heart failure, has been extensively investigated. However,
the underlying molecular signature and mechanisms remain to be
fully understood. Here, we have created unique mouse models that
exhibit many features of dystrophic cardiomyopathy, and our gene
expression signature analyses revealed molecular pathways closely
associated with the conditions of dystrophic cardiomyopathy, con-
firming previous reports.36,62

There have been several studies providing data on transcriptomic
changes in dystrophic cardiomyopathy. Chevalier et al.63 reported
on the transcriptome of isolated cardiomyocytes from mdx mice be-
tween the ages of 8 and 15 weeks, where they found only minimal
changes. This finding is not totally surprising, because the heart sam-
ples were collected much earlier than the timing associated with
changes to the cardiac phenotype. Rogers et al.64 provided RNA-seq
data of approximately 1-year-old female mdx mice. They found
that the extracellular matrix was the most enriched cell component
in gene ontology analyses, consistent with our findings from 3-
month-old dKO and 1-year-old mdx hearts. Kamdar et al.65

compared the single-cell transcriptome of human-induced pluripo-
tent stem cell-derived cardiomyocytes (hiPSC-derived CMs) from
DMD patients and unaffected controls. They found that the fibrosis
program was more activated in the hiPSC-derived CMs from DMD
patients. With the analysis of transcriptome dynamics of dystrophic
hearts from non-syndromic stage to syndromic stage and dystrophic
hearts with manipulation of CIP expression, our data support the
view that dystrophic cardiomyopathy is associated with a unique
transcriptome landscape, which will enable a better design for future
therapeutic interventions.

Although not all the dysregulated genes identified from RNA-seq
were directly regulated by CIP, the most significantly dysregulated
genes in CIP-KO;mdx and CIP-OE;mdx mice were also related to
the extracellular matrix in our study. Data from the present and pre-
vious studies support the concept that cardiac fibrosis is likely a
“default” end point of dystrophic cardiomyopathy.12,36,61,66,67 This
change in fibrosis-related genes supports that CIP-KO or CIP-OE al-
ters progression of dystrophic cardiomyopathy.

Our results show that genes involved in the fatty acid oxidation and
oxidation-reduction process were dysregulated in the hearts of syn-
dromic 3-month-oldCIP-KO/mdxdKOand1-year-oldmdxmice, rep-
resented by the downregulation of Ppara and upregulation of Nox4.
These results were in line with previous findings related to metabolic
remodeling and oxidative stress in dystrophic cardiomyopathy.62,68,69

Numerous studies have linked the oxidative stress pathway to cardio-
myopathy.70,71 Reactive oxygen species (ROS) have an important
physiologic role in normal cardiomyocytes.70 Prosser et al.17 showed
that ROS could mediate stretch-induced calcium release and, there-
fore, cardiomyocyte contraction. Abnormal production of ROS in
diseased cardiomyocytes, such those found in the mdx hearts, could
contribute to oxidative stress and disease progression.17 While
Nox4 is the major source of ROS in the heart,39 the effect of Nox4
in the heart remains controversial.71 Two independent studies drew
opposite conclusions using Nox4 KO and overexpression approaches
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in response to pressure overload.39,72 Although several studies found
dysregulated Nox4 expression in dystrophic hearts,62,66,69 the specific
role of Nox4 in dystrophic cardiomyopathy has not been established.

Our study provides evidence to demonstrate that ectopic overexpres-
sion of Nox4 in mdx mice activates the oxidative stress pathway and
leads to cardiomyopathy. Future studies, using loss-of-function ap-
proaches, will be needed to more definitively determine if Nox4 is
required for the development of dystrophic cardiomyopathy and, if
so, whether Nox4 inhibition can become an effective therapy for heart
failure in muscular dystrophy patients.

Activation of CnA could be an early pathogenic event in dystrophic
cardiomyopathy.73–75 Calcineurin was upregulated in hearts from
young mdx mice, before an apparent cardiomyopathy phenotype is
manifest.20 However, how this signaling factor is regulated in heart
is still not fully understood. Our previous study indicated that there
was a synergistic effect between CIP-KO and CnA overexpression;26

however, the molecular mechanisms underlying the genetic and func-
tional interaction of these two proteins remain to be fully explored. In
the present study, our data support a mechanistic model that CIP
could form a complex with CnA in cardiomyocytes and modulate
the action of CnA on the downstream NFAT pathway, leading to a
reduction of nuclear translocation of de-phosphorylated NFAT pro-
teins and the repression of Nox4 expression, which warrants further
testing in vivo using genetic engineering.

Previous studies have suggested that in DMD patients, the patho-
physiological mechanisms involved in cardiac myocytes seem to
differ significantly from those in skeletal myofibers.12,13 Intriguingly,
we also observed that a skeletal-muscle-specific CIP isoform, skCIP,
regulates myonuclear positioning in skeletal myoblasts andmyotubes,
thereby modulating skeletal muscle function and regeneration.28

Together with the results reported here, our findings indicate that car-
diac and skeletal-muscle-specific CIP isoforms participate in the regu-
lation of myocyte function in the heart and skeletal muscle through
different mechanisms. CIP is an important regulator of cardiac re-
modeling and function and appears to be a novel modifier of dystro-
phic cardiomyopathy. Given that a recent study found that human
CIP was mutated in patients with dilated cardiomyopathy and heart
failure,27 CIP could be a novel target for therapeutic treatment of
dystrophic cardiomyopathy. With the continued improvement of
transgene delivery, such as the AAV system, the CIP transgene could
be specifically delivered to heart to treat dystrophic cardiomyopathy
in the near future.

MATERIALS AND METHODS
Mice

All experimental procedures involving animals in this study were re-
viewed and approved by the Institutional Animal Care and Use Com-
mittee at the Boston Children’s Hospital. CIP-KO and CIP-KI-flox
mice were described previously26 and bred with mdx mice.76 To
obtain CIP-OE mice, the CIP-KI-flox mice, which have a Rosa-CIP
allele (containing a loxed stop codon) were bred with MCK-Cre
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mice37 to excise the stop codon and activate the CIP transgene in
the heart and skeletal muscle. Calcineurin transgenic mice (CnA-
tg)46 were used in this study. All compound mdx mice used in this
study are males, which are offspring of the mating between CIP-
KO (males) with CIP-Het;DMD-Het (females) or CIP-KIF/F;MCK-
Cre (males) with CIP-KIF/F;DMD-Het (females). Compound mutant
mice on mixed genetic backgrounds were used, and all comparisons
used littermates as controls.

Measurement of cardiac function by echocardiography

Echocardiographic measurements were performed on mice using a
Visual Sonics Vevo 2100 Imaging System (Visual Sonics, Toronto,
ON, Canada) with a 40 MHz MicroScan transducer (model MS-
550D). Mice were anesthetized with isoflurane (2.5% isoflurane for
induction) and fastened on the platform. Then the supply of isoflur-
ane was stopped to wait for the awakening of mice. The echocardio-
graphic data were captured when the heartbeat returned to �600
beats per minute. Heart rate and left ventricular (LV) dimensions,
including diastolic and systolic wall thicknesses and LV end-diastolic
and end-systolic chamber dimensions were measured from two-
dimensional (2D) short axis under M-mode tracings at the level of
the papillary muscle. LV mass and functional parameters such as per-
centage of fractional shortening (FS%) and ejection fraction (EF%)
were calculated using the above primary measurements and accom-
panying software. Data from at least 5 animals were collected for
each group.

Generation and administration of AAV9

GPF-tagged mouse CIP cDNA, FLAG-tagged mouse Nox4 cDNA,
and GFP were separately cloned into inverted terminal repeats
(ITR)-containing AAV plasmid (Penn Vector Core P1967) harboring
the chicken cardiac TNT promoter, to yield the constructs pAAV9-
cTnT-CIP, pAAV9-cTnT-Nox4, and pAAV9-cTnT-GFP, respec-
tively. AAV was packaged using AAV9:Rep-Cap and pAd:deltaF6
(Penn Vector Core) as described.77 AAV9 was packaged in 293T cells
with AAV9:Rep-Cap and pAd deltaF6, then purified and concen-
trated by gradient centrifugation. AAV9 titer was determined by
qPCR. AAV9 virus (4 � 1011 virus genome/animal) were injected
into postnatal day 2 CnA-tg pups, mdx pups, or their control litter-
mates with subcutaneous injection. Hearts were harvest at the age
of 4 weeks for CnA-tg mice and at the age of 2 months for mdx
mice. At least 4 mouse hearts were studied in each group.

Hematoxylin and eosin (H&E) staining and Sirius red/fast green

collagen staining.

Mouse heart tissues were dissected out, rinsed with PBS, and fixed in
4% paraformaldehyde (pH 8.0) overnight. After dehydration through
a series of ethanol baths, samples were embedded in paraffin wax ac-
cording to standard laboratory procedures. Sections of 5 mm were
stained with H&E for routine histological examination with light mi-
croscope. For Sirius red/fast green collagen staining, sections were
fixed with pre-warmed Bouin’s solution, 55�C, for 1 h then washed
in running water. Sections were stained in 0.1% fast green solution
for 10 min, then washed with 1% acetic acid for 2 min. After rinsing
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in tap water, sections were stained in 0.1% Sirius resolution for
30 min. After staining, sections were dehydrated and cleared with
xylene. The images were examined with light scope and quantified
with ImageJ software. Data from at least 5 animals were collected
for each group.

Immunofluorescence

Mouse heart tissues were dissected out, collected, and fixed in 4%
paraformaldehyde (PFA) at 4�C for 4 h. After washing in PBS, sam-
ples were treated in 15% and 30% sucrose for 2 h each and embedded
in optical cutting temperature (OCT). About 5–8 mm cryostat sec-
tions were collected on positively charged slides. Sections were
washed in PBS, blocked in 5% serum/PBS, and subjected to immuno-
staining. Antibody sources were as follows: anti-CIP (1:500, 21st Cen-
tury Biochemical, customized), anti-dystrophin (1:500, Sigma-Al-
drich D8168), anti-FLAG (1:200, Sigma-Aldrich, F1804), and Alexa
488 and 594 secondary antibodies (Life Technologies). Fluorescently
stained cells were counterstained with DAPI and imaged with an
FV1000 confocal microscope (Olympus).

Cardiomyocyte culture

Neonatal rat cardiomyocytes were prepared as previously described.78

Briefly, neonatal cardiomyocytes were isolated by enzymatic disasso-
ciation of 1-day-old neonatal rat heart with the Neonatal Cardiomyo-
cyte Isolation System (Cellutron Life Technology). Cardiomyocytes
were plated for 2 h to remove fibroblasts. Cells were then plated on
1% gelatin-coated plates in medium containing 10% horse serum
and 5% fetal calf serum (FCS). 18 h after plating, cells were changed
into serum-free medium and infected with adenovirus (25 MOI) for
24 h. For the treatment of siRNA, 50 nM of siRNA targeting CIP tran-
script (Si-CIP) and control siRNA (Dharmacon) were transfected
into cardiomyocytes by using Lipofectamine RNAiMAX transfection
reagent. 6 h later, medium with transfection reagent was removed.
Cells were then treated with PE (20 mM). Cells were harvested 24 h
after PE treatment for RNA isolation or 4 h after PE treatment for
measurement of GSH/GSSG ratio.

qRT-PCR and western blot analysis

Total RNAs were isolated using Trizol Reagent (Life Technologies)
from cells and tissue samples. For qRT-PCR, 2.0 mg RNA samples
were reverse-transcribed to cDNA by using random hexamers and
MMLV reverse transcriptase (Life Technologies) in 20 mL reaction.
In each analysis, 0.1 mL cDNA pool was used for qPCR. The relative
expression of interested genes is normalized to the expression of 18S
rRNA or b-actin. Data from at least 4 animals or from 3 indepen-
dent cell-cultured experiments were collected for each group. For
western blot analyses, protein samples were cleared by 10,000 � g
centrifugation for 10 min. Samples were subsequently analyzed by
SDS/PAGE and transferred to polyvinylidene fluoride (PVDF)
membranes that were incubated with Odyssey Blocking Buffer (LI-
COR Biosciences) and anti-CIP (1:2,000, 21st Century Biochemical,
customized), anti-b-tubulin (1:10,000, Sigma-Aldrich, T0198), anti-
FLAG (1:5,000, Sigma-Aldrich, F7425), anti-Myc (1:5,000, Sigma-
Aldrich, C3956), anti-Lmo7 (1:1,000, Santa Cruz Biotechnology,
sc-376807), anti-HSPA9 (1:1,000, Santa Cruz Biotechnology, sc-
133137), anti-a-actinin (1:1,000, Sigma-Aldrich, A7811), anti-calci-
neurin A (1:1,000, Cell Signaling Technology, 2614), or anti-dystro-
phin (1:1,000, Sigma-Aldrich, D8168) overnight at 4�C and then
washed three times with PBS buffer before adding IgG secondary
antibody. Specific protein bands were visualized by Odyssey CLx
imager (LI-COR).

CoIP assays

HEK293T cells were transiently transfected with plasmids using Lip-
ofectamine 3000 (Invitrogen). Cells were harvested 48 h after trans-
fection in lysis buffer composed of PBS containing 0.5% Triton X-
100, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF),
and complete protease inhibitors (Roche). For heart tissue, neonatal
CIP-KO and control hearts were lysed with above-mentioned lysis
buffer. After a brief sonication and removal of debris by centrifuga-
tion, proteins were precipitated with anti-FLAG, anti-Myc, or anti-
CIP antibodies and protein A/G beads and analyzed by western
blotting with indicated antibodies. For endogenous coIP, heart pro-
tein from 8- to 12-week-old WT or CIP-KO mice was harvested in
lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% NP-40, 0.25%
sodium deoxycholate) (Beyotime) with complete protease inhibitors
(Roche). The lysates were briefly sonicated and then incubated with
anti-CIP antibody at 4�C overnight. Protein A/G beads were added
to the solution, which was incubated at 4�C for another 1 h. Beads
were washed by lysis buffer for 30 min 4 times, boiled in 2� loading
buffer and analyzed by western blotting.

WGA pull-down assays

Heart protein from 8- to 12-week-old WT or CIP-KO mice was har-
vested in lysis buffer (50 mMTris [pH 7.4], 150 mMNaCl, 1%NP-40,
0.25% sodium deoxycholate) (Beyotime) with complete protease in-
hibitors (Roche). The lysates were briefly sonicated and then incu-
bated with WGA-conjugated agarose beads (Sigma-Aldrich) or
empty agarose beads (Solarbio) at 4�C overnight. Beads were washed
by lysis buffer for 30 min 4 times, boiled in 2� loading buffer, and
analyzed by western blotting.

In vitro GST protein-binding assays

Plasmids encoding a GST fusion with CIP were transformed into
BL21 plus cells (Stratagene). The cells were grown at 37�C in 2�
YT medium to an optical density of 1.0. Isopropyl-b-D-thiogalacto-
pyranoside (50 mM) was then added to the culture to induce protein
expression. After being shaken at room temperature for 4 h, the cells
were harvested, and the GST protein was purified with glutathione
beads. Glutathione beads conjugated with GST fusion protein were
incubated with wild-type heart lysate at 4�C for 6 h in 500 mL of
GST-binding buffer (20 mM Tris [pH 7.3]/150 mM NaCl/0.5% Non-
idet P-40/protease inhibitor/1 mM PMSF). The beads were washed
three times with GST binding buffer. 25 mL of SDS loading buffer
was then added to the beads. After boiling, 25 mL was loaded onto
an SDS/PAGE gel to separate the CIP-binding proteins. Gel was
then stained with Coomassie blue. Stained protein bands were cut
out and followed by mass spectrometry analysis.
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Constructs, cell culture, and luciferase reporter assays

COS7 and HEK293T cells were cultured in DMEM supplemented
with 10% FBS in a 5% CO2 atmosphere at 37�C. Firefly luciferase re-
porter constructs fused with the 3� NFAT binding sequence in the
upstream region were purchased from Addgene. Transfections were
performed with Lipofectamine 3000 (Invitrogen) reagents according
to the manufacturer’s instruction. Cells were co-transfected with
NFAT luciferase reporter, Renilla luciferase reporter (normalizing
control), and other indicated plasmids. 48 h after transfection, cell ex-
tracts were prepared, and luciferase activity was determined. For
luciferase assay, normalized luciferase activity from triplicate samples
in 12-well plates relative to Renilla luciferase activity was calculated,
and the results are expressed as fold activation over the value relative
to the control (NFAT luciferase reporter and empty pcDNA). To
determine the subcellular location of GFP-NFAT fusion protein,
COS7 cells were co-transfected with GFP-tagged NFAT plasmid
(Addgene) and other indicated plasmids. Cells were cultured for
24 h before taking the live cell images.

NFAT dephosphorylation assays

As shown by previous studies, phosphorylation of NFAT could slow
down its migration during electrophoresis, which made it possible to
differentiate the phosphorylated and dephosphorylated protein by
western blotting.52,53 pcDNA-CIP, pcDNA-CnA, pcDNA-HA-
NFAT, and empty pcDNA (to normalize the total plasmid amount)
were transfected into HEK293T cells. Cell proteins were harvested
in RIPA (Beyotime) 48 h after transfection, briefly sonicated, and
analyzed by western blotting with anti-HA antibody.

GSH/GSSG measurement

Measurement of GSH/GSSG was performed with GSH/GSSG Ratio
Detection Assay Kit (ab138881) according to manufacturer’s instruc-
tion. Data from 4 hearts were collected for each group.

RNA-seq data analysis

Raw reads were mapped to UCSC mm9 using Tophat 2.0.79 RNA
fragment was counted by htseq-count.80 RNA fragment was further
normalized per kilobase of exon per million mapped fragment
(FPKM). Differentially expressed gene was calculated using DE-
seq,81 and fold change > 0.5 and p value < 0.05 were used as param-
eters. Data from 4 hearts were collected for each group.

Heatmap of gene expression level

Log2 fold change was calculated by fragments in treated groups over
control groups. A positive value stands for higher expression level in
treated groups and vice versa. The heatmap was clustered using the
hierarchy cluster method, and for the Euclidean distance, complete
linkages were used as the parameter.

Principal component analysis

All expressed genes in the genome from RNA-seq analyses were used
as the signature of each group. Principal component analysis method
was used to find top principal components among groups. We found
that the top 2 principal components were sufficient to reach a cumu-
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lative energy of 0.98. Principal components 1 and 2 were plotted as x
axis and y axis in 2D coordinates.

Statistics

Values are reported as means ± STD unless indicated otherwise. An
analysis of variance (ANOVA) followed by Tukey’s testing was
used to evaluate the statistical significance for multiple-group com-
parisons. In addition, the 2-tailed Mann-Whitney U test was used
for 2-group comparisons. Values of p < 0.05 were considered statisti-
cally significant.
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