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Cardiac-specific overexpression of a constitutively active form of
calcineurin A (CNA) leads directly to cardiac hypertrophy in the
CNA mouse model. Because cardiac hypertrophy is a prominent
characteristic of many cardiomyopathies, we deduced that delineat-
ing the proteomic profile of ventricular tissue from thismodelmight
identify novel, widely applicable therapeutic targets. Proteomic
analysis was carried out by subjecting fractionated cardiac samples
from CNA mice and their WT littermates to gel-free liquid chroma-
tography linked to shotgun tandem mass spectrometry. We identi-
fied 1,918 proteins with high confidence, of which 290 were
differentially expressed. Microarray analysis of the same tissue pro-
vided us with alterations in the ventricular transcriptome. Because
bioinformatic analyses of both the proteome and transcriptome
demonstrated the up-regulation of endoplasmic reticulum stress,
we validated its occurrence in adult CNA hearts through a series of
immunoblots and RT-PCR analyses. Endoplasmic reticulum stress of-
ten leads to increased apoptosis, but apoptosis was minimal in CNA
hearts, suggesting that activated calcineurin might protect against
apoptosis. Indeed, the viability of cultured neonatal mouse cardio-
myocytes (NCMs) from CNA mice was higher than WT after se-
rum starvation, an apoptotic trigger. Proteomic data identified α-
crystallin B (Cryab) as a potential mediator of this protective effect
and we showed that silencing of Cryab via lentivector-mediated
transduction of shRNAs in NCMs led to a significant reduction in
NCM viability and loss of protection against apoptosis. The identifi-
cation of Cryab as a downstream effector of calcineurin-induced
protection against apoptosis will permit elucidation of its role in
cardiac apoptosis and its potential as a therapeutic target.

Despite major advancements in the field of cardiovascular
medicine, heart disease remains the leading cause ofmortality

in the developed world (1, 2). To meet this challenge, we require
further understanding of the molecular mechanisms that trigger
progression to cardiac disease. Knowledge of global changes in
protein composition during disease progression will be critical to
the elucidation of these molecular mechanisms. Previously, we
described a proteomic analysis of cardiac tissue from a mouse
model of dilated cardiomyopathy, the PLNR9C mouse, with an
Arg9 to Cysmutation in phospholamban, a key regulator of cardiac
contractility (3). PLNR9C mice progress directly to dilated car-
diomyopathy, with decreased cardiac function, ventricular wall
thinning, and early mortality (4). Endoplasmic reticulum (ER)
stress and apoptosis are prominent features identified by bio-
informatic analysis of the changes in protein composition observed
during progression of the disease.
Here our aim was to carry out a similar analysis on a

well-established model of hypertrophic cardiomyopathy that
arises from the transgenic, cardiac-specific overexpression of a
constitutively active form of calcineurin (calcineurin A, CNA)
(5). Indeed, patients with cardiac hypertrophy exhibit increased

calcineurin expression (6), thus our objective was to identify
alterations in protein expression that accompany the pathophysi-
ological mechanisms associated with this form of cardiac disease.
CNA mice manifest with a severe hypertrophic phenotype as

early as 2 wk after birth; they demonstrate significantly elevated
left ventricular mass at 2, 4, and ∼10 wk of age (7). CNAmice also
demonstrate a progressive decrease in both systolic and diastolic
cardiac function (8), and exhibit histo-pathological signs, with an
increase in cardiomyocyte disarray and interstitial fibrosis. Dong
et al. (9), demonstrated that the majority of CNA transgenic mice
die by 6 mo, with death attributed to atrioventricular heart block,
potentially caused by a decrease of transient outward K+ currents.
This finding is in accord with the observation that the primary
cause of death in patients with hypertrophic cardiomyopathy is
sudden cardiac death.

Results
Proteomic Analysis of Cardiac Tissue from CNA Transgenic Mice.
Transgenic mice were examined for the presence of hypertrophic
cardiomyopathy. Indeed, we found that transgenic mice demon-
strated significantly increased heart mass index, increased car-
diomyocyte cross sectional area, and interstitial fibrosis (Fig. S1
and Table S1). Through echocardiographic analysis, we demon-
strated significant increases in ventricular wall thicknesses and
decreased fractional shortening (Fig. S1 and Table S1).
Proteomic analysis was carried out on cardiac ventricular tissue

from 14-wk-old and 24-wk-old CNA transgenic mice and theirWT
littermates.We subfractionated cardiac tissue lysates into cytosolic,
microsomal, mitochondrial matrix, and mitochondrial membrane
fractions by differential centrifugation, as described previously (4).
Because the contractile proteins are several orders of magnitude
more abundant than most other proteins, we did not include the
sarcomeric fraction in our proteomic analysis. Nevertheless, large
amounts of the contractile proteins were still well represented in
the soluble cytosolic fraction. Samples were subjected to gel-free
shotgun liquid chromatography-tandem mass spectrometry, as
described previously (10). All proteomic sample runs from all
fractions were combined to produce 4,893,830 spectra, which
were mapped to a nonredundant mouse protein sequence data-
base using the SEQUEST search algorithm (Fig. S2). We selected
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only spectra matching to peptides with ≥99% confidence. To fur-
ther refine this dataset and thus reduce false positives, we selected
only those proteins identified by four or more peptides. This latter
criterion resulted in a proteome with 1,918 high-confidence pro-
teins (Fig. 1 A and B and Table S2) with false-discovery rates of
0.0007 and 0.012 at the peptide and protein levels, respectively.
Hierarchical clustering analysis demonstrates that proteins

enriched in particular fractions cluster together. In accord with
our previous findings using the same protocol (11), proteins that
were most abundant in the cytosolic fraction were enriched in
Gene Ontology (GO) annotations related to that fraction in-
cluding “cytosol,” “cytoplasm,” and “soluble fraction” (Fig. 1A);
proteins most abundant in the microsomal fraction, which con-
sists of membraneous structures including the sarco(endo)plas-
mic reticulum, the golgi apparatus, and the plasma membrane,
were enriched with annotations for these constituents; proteins
most abundant in the mitochondrial matrix and membrane
fractions were enriched in GO annotations for mitochondria.

Validation and Bioinformatic Characterization of Significantly Altered
Proteins. Using a linear model-based regression analysis that we
published previously (4), we identified 290 significantly altered
proteins (116 down-regulated and 174 up-regulated) (Fig. 1B and
Table S2).We confirmed the altered expression of several proteins
by both immunoblot (where antibodies were commercially avail-
able) and RT-PCR analyses (Fig. 2 A and B). All 25 of 25 immu-
noblots and RT-PCR analyses demonstrated expression changes
in CNA mice that were concordant with our proteomic data.
Next, we characterized this set of 290 altered proteins using GO

term-enrichment analysis. A wide variety of GO terms were
enriched in the pool of significantly altered proteins (Tables S3 and
S4). Significantly down-regulated proteins were highly enriched in
a multitude of GO terms associated with metabolism, including
“fatty acid metabolism,” “tricarboxylic acid cycle,” and “acetyl-
CoA catabolism.” Significantly up-regulated proteins were en-
riched in GO terms related to ER stress and the unfolded protein
response, including “response to stress,” “response to unfolded
protein,” and “response to heat,” suggesting that the CNA hearts
were subject to ER stress. Several GO terms were also related to
programmed cell death, including “apoptosis,” “regulation of ap-
optosis,” and “negative regulation of programmed cell death.”

Microarray Analysis of Cardiac Tissue from CNA Transgenic Mice. In
parallel, we performed microarray analysis on total cellular mRNA
from hearts of 14-wk-old CNA transgenic mice and their WT
littermates to complement the proteomic profile for the stage at
which hypertrophy is fully expressed. We found that the expression
of 722 genes was significantly altered (with P < 0.05 and a fold-
change >2) in the disease model (168 down-regulated and 554 up-
regulated) (Table S5). To broadly characterize this differential
gene set, we searched for enriched GO terms associated with the
latter genes (Tables S6 and S7). Down-regulated genes were again
associated with GO terms related to energy metabolism, including
“fatty acid metabolism,” but up-regulated genes were again asso-
ciated with GO terms related to ER stress and apoptosis, including
“response to stress,” “response to heat,” and “negative regulation
of programmed cell death.” In addition, up-regulated genes were
also associated with GO terms related to the extracellular matrix,
including “extracellular matrix organization and biogenesis,” as
well as several GO terms related to ion channels, including “reg-
ulation of action potential” and “ion transport,” Which is congru-
ent with the observed interstitial fibrosis and previous reports
indicating electrophysiological abnormalities in these hearts (9).
Comparison of the proteome to the microarray dataset resulted

in an overlap of 1,649 proteins between the two datasets. Although
the overall correlation of expression ratios was rather low for this
global perspective (r = 0.44) (Fig. S3A and Table S8), we did find
that 70% of the proteins demonstrated concordant expression
ratios (i.e., were increased in both proteome and microarray or
decreased in both) (Fig. S3D). Next, we assessed whether there
was increased correlation of relative expression ratios found in the
subset of 290 significantly altered proteins. Indeed, this latter
protein subset demonstrated an increased correlation with the
total microarray data (r = 0.65) (Fig. S3 B and E and Table S9).
Finally, we compared only the significantly altered proteins to the
subset of microarray containing only significantly altered genes.
This process resulted in a very high correlation, with r = 0.88;
however, only 63 proteins were represented in the subset of sig-
nificantly altered genes (Figure S3 C and F and Table S10).

Assessment of ER Stress and Apoptosis in CNA Hearts.As several GO
terms related to ER stress and the unfolded protein response were
enriched in both our sets of significantly up-regulated genes and

Fig. 1. Hierarchical clustering and statistical analysis of cardiac proteins in WT and CNA hearts. (A) A heat map demonstrating the clustering of proteins
based on their expression intensities in the cytosolic (Cyto), microsomal (Micro), mitochondrial matrix (mitoI), and mitochondrial membrane (MitoII) fractions
for WT and CNA mice. To the right of the heat map are selected annotations found to be enriched in the protein clusters shown. (B) A volcano plot showing
the CNA/WT protein expression ratio (Log2 scale) of proteins against their P value (−Log2). Red diamonds indicate the 290 significantly altered proteins.
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proteins, we investigated the degree of ER stress in CNAmice.We
evaluated the expression of four markers of ER stress, including
Grp78, Pdia1, phosphorylated eIF2α, and spliced Xbp-1 (Fig. 3A).
Indeed, these markers were all up-regulated in adult ventricular
tissue from CNA mice, supporting the presence of ER stress in
CNA transgenic animals.
Because ER stress can lead to apoptosis, we evaluated the basal

level of apoptosis in CNA hearts. Paradoxically, we found that
apoptosis, as evidenced by the presence of TUNEL reactive nuclei,
was not elevated in CNA hearts compared with WT hearts (Fig.
3B). In contrast, hearts from the PLNR9C mouse model of dilated
cardiomyopathy, previously demonstrated to have an elevated rate
of apoptosis (4), exhibited prominent TUNEL labeling.
This unexpected finding suggested that activated calcineurin

might mediate protection from cell death following an apoptotic
stimulus. To evaluate this question, we subjected neonatal car-
diomyocytes (NCMs) from CNAmice and their WT littermates to
serum starvation for 72 h, a protocol that normally triggers apo-
ptosis. NCMs from CNA transgenic animals exhibited significantly
higher retention of viability following 72 h serum starvation,
compared with WT (P = 0.006) (Fig. S4), indicating that the ex-
pression of constitutively active calcineurin in cardiomyocytes
might play a role in protection against apoptosis.

Identification and Knockdown of Protective Mediator. To identify
which proteins contributed to the protection against cell death
afforded by activated CNA overexpression, we data-mined the
proteome for apoptosis regulatory proteins with differential ex-
pression. This process resulted in the identification of eight protein
candidates previously shown to act as apoptotic regulators, in-
cluding Reticulon-3, Reticulon-4, Catenin-α1, Ubiquilin-1, Bcl-
associated athanogene-3, α-Crystallin B (Cryab), Cytochrome C
(CyC), and Asc (Fig. S5). To identify those factors that might be
responsible for the protective effects, we compared the expression
values for these factors in the CNAproteome to their expression in
the PLNR9C proteome, our aim being to filter out those factors that
might be responsible for the protective effects from those factors
that were simply up-regulated because of ER stress, as both the
CNA and the PLNR9C models have elevated ER stress, yet the

PLNR9C model shows increased apoptosis. The comparison iden-
tified four candidates with differential expression between the
two proteomes. One candidate, Cryab, which is abundantly up-
regulated in CNAmice but not significantly altered in the PLNR9C

mouse model, was selected for further study.
Immunobloting confirmed that Cryab was overexpressed ap-

proximately twofold in adult CNA hearts and CNA transgenic
NCMs (Fig. 4A). To test its protective effects against apoptosis, we
silenced Cryab in NCMs using lentivectors expressing specific
shRNAs targeting Cryab. Transduction of NCMs with the shRNA-
expressing lentivectors resulted in an ∼20-fold reduction in Cryab
mRNA expression relative to NCMs transduced with the control
lentivectors expressing scrambled shRNAs (Fig. 4B). Furthermore,
we validated the knockdown of Cryab at the protein level by im-
munofluorescence analysis (Fig. 4 C–F and Fig. S6). Next, we val-
idated the functionality of the Cryab knockdown by demonstrating
its effect on NCM viability. In this case, exposure to H2O2 was
used as the trigger for induction of apoptosis (12). Mouse NCMs,
transduced with either the Cryab knockdown lentivectors or the
scrambled shRNAcontrol lentivectors, were subjected to a viability
assay following administration of 200 μmol/LH2O2 for 48 h. NCMs
transduced with the Cryab-targeting shRNAs demonstrated a sig-
nificant (P<0.0001) reduction in viability comparedwith theNCMs
transduced with the negative control construct (Figs. S7 and S8).
Finally, we assessed the effect of Cryab knockdown in CNA

NCMs compared with WT littermate NCMs. As expected, CNA
NCMs demonstrated significantly higher retention of viability
following 200 μmol/L H2O2 exposure for 24 and 72 h compared
with theWTNCMs (Fig. 4G). This protective effect was abolished
in CNA NCMs in which Cryab was silenced, thus indicating that
Cryab is at least partially responsible for the protection afforded
by calcineurin overexpression.

Discussion
Our aim in the present study was to investigate alterations in
the proteome and transcriptome of ventricular tissue in a well-
establishedmousemodel of hypertrophic cardiomyopathy induced

Fig. 3. ER stress and cardiac apoptosis. (A) Immunoblots demonstrating
increased Grp78, Pdia1, and phosphorylated eIF2α in adult CNA hearts,
compared with their WT littermates and a PCR gel demonstrating increased
ratio of spliced (active) Xbp1 (sXbp1) to unspliced Xbp1 (uXbp1) in CNA
hearts, compared with WT hearts. (B) Photomicrographs demonstrating
negligible TUNEL labeling of a WT heart section; a CNA heart section
demonstrating negligible TUNEL labeling, a heart section from the PLNR9C

mouse model of dilated cardiomyocyte demonstrating a high degree of
TUNEL labeling (bright spots) and, the absence of TUNEL labeling in a neg-
ative control section in which the labeling enzyme was omitted.

Fig. 2. Immunoblot and RT-PCR expression analysis of significantly altered
genes. Protein expression levels were analyzed by immunoblot (A) or RT-PCR
(B). Numbers on the right of the panels indicate the fold-change of the re-
spective proteins in the proteomic analysis and arrows indicate up- or down-
regulation.
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by cardiac-specific overexpression of constitutively active calci-
neurin (5). The proteome, which provides expression ratios for
1,918 high-confidence proteins, and the transcriptome, which
provides expression ratios for 21,403 genes, are now publicly
available resources. Stringent statistical analyses of these expres-

sion profiles resulted in the identification of 290 significantly al-
tered proteins and 722 significantly altered genes. When these
were compared, only 63 proteins overlapped the significantly al-
teredgenes subset, yet the correlationof their expression ratioswas
very high. In light of the relatively recent understanding of the role
of microRNAs (miRs) in posttranscriptional regulation (13),
a perfect concordance between mRNA and protein levels was not
expected. It may be of particular relevance that mir-133 and cal-
cineurin have been demonstrated to exhibit reciprocal repression
of each other. Indeed,Dong et al. (14) also showed that calcineurin
activity was increased in amodel of cardiac hypertrophy induced by
aortic banding, whereas mir-133 levels were decreased. Consistent
with thesefindings, vanRooij et al. (15) demonstrated thatmir-133
was one of the down-regulated microRNAs identified by micro-
RNA microarray analysis in CNA transgenic mice. Therefore,
a proportionof the discordancebetween the transcriptomeand the
proteome may represent genuine biological divergence between
net mRNA and protein levels.
Overall, we have high confidence in this proteome through

validation of a large series of these proteins through standard
techniques. In addition, atrial natriuretic factor, a protein with
a well-established association with cardiac hypertrophy (16), as
well as angiotensin converting enzyme and β-myosin heavy chain,
are all proteins reported to be up-regulated in cardiac disease (17,
18) and they were all up-regulated in the proteome.
The CNA model of hypertrophic cardiomyopathy exhibits se-

vere cardiac pathology in addition to hypertrophy, which includes
systolic dysfunction, interstitial fibrosis, cardiac arrhythmia, and
sudden cardiac death. It is important to understand how changes
in protein expression cause the observed phenotypes in this
mouse model. For example, several genes directly involved in
cardiac cyto-structure were substantially up-regulated, including
actin, fibrillin, tubulin, filamin, spectrin, and annexin. Similarly,
Fhl1, reported to be involved in the formation of sarcomeres
by binding myosin-binding protein C (19), was found to be up-
regulated sevenfold in CNA hearts and to be up-regulated in
other studies of human hypertrophic cardiomyopathy (20) and in
other models of cardiomyopathy (4, 21).
Conduction system defects in cardiac hypertrophy may result

from redistributed gap junctional proteins, leading to a reduction
in cell-to-cell coupling (8). Our results showing marked down-
regulation of a gap junction protein, Gja1, are consistent with this
pathology andmay help explain the re-entrant circuits that lead to
ventricular tachycardia (22), a common phenomenon in CNA
mice (23). In addition, a transcriptional regulator, Lmcd1 (Lim
and cysteine-rich domains protein 1) was increased sevenfold in
CNA hearts. Lmcd1 restricts the transcription factor Gata6, an
atrioventricular conduction system-specific regulatory factor (24)
function by inhibiting DNA binding (25). Therefore, the resultant
modulation of transcriptional regulation in these cells may con-
tribute to the observed electrophysiological abnormalities.
The majority of down-regulated proteins found in our study

can be classified as metabolic enzymes. Indicating that there is
a significant generalized reduction in β-oxidation and a decrease
in the shuttling of metabolites into the citric acid cycle in CNA
hearts. This classification is in accordance with the documented
shift from fatty acid oxidation to anaerobic glycolysis in hyper-
trophic hearts (26, 27).
GO enrichment analysis indicated a significant overrepresen-

tation of proteins related to the unfolded protein response and
response to stress. ER stress can lead to the unfolded protein
response in which ER resident chaperones are elevated to re-
store homeostasis (28). An important ER stress response is the
activation of protein kinase RNA-like ER kinase (PERK) by its
release from Grp78 (28). PERK activation results in the phos-
phorylation of eIF2α, which, in turn, inhibits protein translation
(28). Our proteomic data demonstrated that prominent ER
chaperones involved in this response to stress, including Grp78,

Fig. 4. Cytoprotective candidate selection, knockdown and Cryab mediated
cyto-protection. (A) Immunoblot validating the significantly increased Cryab
protein levels in NCMs (1 wk old) and in CNA mouse hearts (14 wk old)
compared with their WT littermates. (B) Bar graph demonstrating signifi-
cantly decreased Cryab mRNA expression in WT NCMs following trans-
duction with lentivectors expressing shRNAs targeting Cryab. (C and E)
Photomicrograph (630× magnification) of WT NCMs immunofluorescently
probed with anti-Cryab antibody 4 and 7 d after transduction with the
control lentivectors expressing the scrambled shRNA. (D and F) Photomi-
crograph of WT NCMs immunofluorescently probed with anti-Cryab anti-
body 4 and 7 d after transduction with lentivectors expressing the Cryab
targeting shRNAs. (G) Bar graph demonstrating the significant increase in
viability in CNA NCMs, compared with WT NCMs (both transduced with the
control lentivectors expressing the scrambled shRNAs). Both cultures were
incubated with serum-free media and 200 μM H2O2 for 24 and 72 h. Abro-
gation of the protective effect in CNA NCMs incubated with serum-free
media and 200 μmol/L H2O2 for 24 and 72 h, compared with WT NCMs, was
observed when Cryab was silenced (Cryab KD).
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Grp94, and calreticulin, were all significantly up-regulated in the
transgenic mice, as were additional markers/mediators of ER
stress, including Pdia1, phosphorylation of eIF2α, and splicing of
Xbp1, confirming ER stress-response pathway activation in this
mouse model.
Prolonged ER stress can lead to apoptosis, which led us to

evaluate the basal degree of apoptosis in unstimulated hearts.
However, the negligible evidence of apoptosis in the CNA hearts,
despite elevated ER stress, suggested that calcineurin over-
expression may protect against apoptosis. This finding would be in
accordance with reports demonstrating decreased apoptosis in
CNA mice following ischemia/reperfusion injury (29), or that
ablation of calcineurin predisposes the heart to apoptosis (30).
Accordingly, we evaluated whether CNA transgenic car-

diomyocytes were resistant to cell death following apoptosis
stimulation by either serum starvation or H2O2. Indeed we found
a significant protective effect afforded by CNA overexpression,
which supports demonstrations that either plasmid transfection or
adenovirus-mediated overexpression of calcineurin significantly
protected rat neonatal cardiomyocytes against either simulated
ischemia/reperfusion, 2-deoxyglucose, or staurosporine induced
apoptosis (29, 31).
To identify potential mediators of this protective effect, we

surveyed the subset of significantly altered proteins in the CNA
proteome.We identified potential candidates related to apoptosis
regulation and compared their expression in the CNA proteome
to our previously published proteome of the PLNR9C model of
dilated cardiomyopathy. This R9C model was demonstrated to
have markers of elevated ER stress but also of increased apo-
ptosis. Therefore, by comparison of the CNA proteome to the
PLNR9C proteome, we eliminated proteins that were commonly
up-regulated because of ER stress and identified differentially
expressed proteins potentially responsible for the CNA mediated
cyto-protection. Four proteins were differentially expressed be-
tween the two proteomes, including Reticulon-3, Ubiquilin-1,
Cryab, and CyC. Reticulon-3 has been demonstrated to be both
a proapoptotic factor (32), and an antiapoptotic factor (33, 34).
CyC, on the other hand, is a well-established mediator of apo-
ptosis through its role in the formation of the apoptosome;
however, it was only down-regulated at 24 wk, when it was unlikely
to be the cause of the cyto-protection we observed in NCMs. The
remaining proteins were Ubquilin and Cryab. Cryab is a heat-
shock protein that is essential for maintenance of lens cells in the
eye. Several studies have demonstrated an antiapoptotic role for
this factor (35–38). Of note, Manukyan et al. (38) demonstrated
that the calcineurin/NFAT pathway directly activates the Cryab
promoter as evidenced by direct binding of Nfatc3 to the cryab
promoter, which was increased in CNA transgenic hearts, and
abrogated by the expression of Cain, a calcineurin inhibitor. Ac-
cordingly, we demonstrated by proteomic analysis and then by
immunoblotting that Cryab is overexpressed in CNA hearts. We
also showed that silencing of Cryab via lentivector-mediated
transduction of NCMs with Cryab targeting shRNAs led to a sig-
nificant reduction in cardiomyocyte viability. These observations
correlate with a report that a significant increase in apoptosis
occurs in Cryab-deficient hearts following ischemia/reperfusion
injury in the mouse (39). The protection afforded by calcineurin
overexpression in NCMs was shown here to be largely ablated
following silencing of Cryab.
The exact mechanism of Cryab cyto-protection has yet to be elu-

cidated; however, there is evidence indicating that cellular stresses
promote the translocation of this chaperone to the mitochondria.
Indeed, following ischemia reperfusion in cardiomyocytes, Cryab

was shown to translocate from a predominantly cytosolic location to
the mitochondria (40, 41). Furthermore, adenoviral-mediated
overexpression of Cryab led to a reduction in H2O2-mediated CyC
release (41). This protective effect may be enhanced by p38 MAPK
inducedphosphorylationof the serine59 residue (41).Another study
has demonstrated that Cryab binds to, and sequesters, Bax and Bcl-
X(s), thereby preventing their proapoptotic effects on the mito-
chondria (42). Two different mutants of Cryab exhibit decreased
bindingof these latterproapoptotic factors,which, in turn, decreased
Cryab-mediated cyto-protection. Alternatively, Cryab induced cyto-
protection may be mediated by the maintenance of the intracellular
integrity. It is possible that cellular stresses in cardiac myocytes may
activate Cryab expression and mobilize cytosolic Cryab to the cyto-
skeleton and contractile filaments, where its chaperone functions
stabilize the cytoskeleton and myofilaments. Indeed, Verschuure
et al. demonstrated thatwhenERstresswas inducedby proteosomal
inhibition, crystallin wasmobilized to the actin cytoskeleton inH9c2
cells, a rat cardiac myoblast cell line (43). In addition, a human
disease-causing mutation in Cryab (R120G) causes desmin-related
myopathy (44–46) that presents with amyloid-positive aggregrates,
contractile dysfunction, and progresses to heart failure (47).
In conclusion, using our proteomic-derived list of altered

proteins we have demonstrated compensated ER stress in CNA
mice and identified Cryab as a specific mediator of the cyto-
protective effects of calcineurin.

Methods
Animals. CNA mice expressing the constitutively active CNA catalytic subunit
driven by the α- myosin heavy chain promoter were generously provided by
Jeff Molkentin (Cincinnati Children’s Hospital Medical Center, Cincinnati,
OH) and have been described previously (5). Cardiac hypertrophy was eval-
uated in CNA mice by echocardiography and histology. All animal care
protocols were approved by and conformed with the guidelines of the
institutional animal care and use committees at all universities involved
in this study.

Proteomic Analysis and Microarray Analysis. Hearts were pooled and then
fractionated as described in SI Methods and elsewhere (10). Protein were
then digested and treated for liquid chromatography-tandem mass spec-
trometry as described in SI Methods and elsewhere (4, 10).

Hierarchical clustering analysis was carried out using Cluster 3.0 and
Treview Software. Statistical analysis was carried out as described in SI
Methods and elsewhere (4, 10). Microarray analysis was carried out as de-
scribed in SI Methods and elsewhere (4, 10).

Immunoblotting and RT-PCR. Immunoblotting and RT-PCR was carried out
using standard techniques as described in SI Methods and elsewhere (4, 10).

Apoptosis and Viability Assays and Gene Knockdown. Mouse hearts were
analyzed by TUNEL as per the manufacturer’s instructions. Lentivector-
mediated transduction of neonatal cardiomyocytes was carried out as pre-
viously described (48). Neonatal cardiomyocytes were subjected to either
serum starvation for 72 h or 200 μMH2O2 for 24 or 72 h. Viability assays were
carried out using WST-8 (Dojindo). See SI Methods for more discussion.
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