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function [20,21]. In addition, we have shown through an obesity in-
duced type II diabetes model that ATF3 expression preserves
homeostasis and preserves cardiac function [22]. Most importantly, pa-
tients with heart failure display high levels of cardiac ATF3 expression
[20,21], suggesting that ATF3may play a role in cardiac remodeling pro-
cesses, however, whether ATF3 in the failing heart is part of an adaptive
or a maladaptive process needs further research [12]. To partially re-
1. Introduction

The c-Jun dimerization protein 2, JDP2, is a member of the basic leu-
cine zipper (bZIP) superfamily [1]. JDP2 is constitutively expressed in all
cells tested [2]. As a homodimer, JDP2 typically suppresses transcription
through binding to CRE and TRE DNA elements found in the promoters
of numerous genes by recruitment of histone deacetylases [3]. Alterna-
tively, JDP2 associates with other members of the bZIP family. JDP2 is
able to activate transcription when associated with CHOP10 [4] or as a
co-activator of the steroid hormone receptors [5]. JDP2 shares a high de-
gree of homologywith Activating Transcription Factor 3, ATF3, especial-
ly within the bZIP domain; thus it is not surprising that ATF3 and JDP2
share similar target genes and cellular functions [3,6]. Furthermore,
JDP2 is able to suppress ATF3 transcription through a composite TRE
site located within the ATF3 promoter [7].

ATF3 expression in the heart is highly induced as a result of numer-
ous cardiac insults [8]. Although much research has been done in vari-
ous cardiac models, the role of ATF3 expression in the heart is
controversial [9–13]. Transgenic mice with embryonic cardiomyocytes'
specific expression of either JDP2 or ATF3 resulted in enlarged atria and
a lethal phenotype [14–16]. JDP2 expression in cardiomyocytes protects
against hypertrophy and apoptosis in vitro [17]. Importantly, adult ATF3
expression resulted in a hypertrophic heart phenotype with increased
fibrosis and cardiac dysfunction [16]. In a pressure overload model
using phenylephrine infusion, ATF3 expression has been correlated
with maladaptive cardiac remodeling [18,19]. However, using trans-
verse aortic constriction (TAC) and angiotensin II infusion models,
gy and Cancer Science, The B.
f Technology, 7th Efron St. Bat-
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ATF3 deficiency was shown to promote heart failure and cardiac dys-

solve the aforementioned discrepancies, we studied the role of JDP2 ex-
pression in cardiac remodeling process following TAC. ATF3 is a known
JDP2 target gene [7]. In the absence of JDP2, ATF3 expression is elevated.
Thus, we used C57Bl/6mice harboringwhole body knockout (KO) of ei-
ther JDP2 or ATF3 and examined cardiac remodeling processes in nor-
mal growth and following pressure overload model. Our finding is
consistentwith the notion that ATF3 expression is a cardiacmaladaptive
process following TAC while JDP2 expression is an adaptive mechanism
that lowers ATF3 expression and promotes activation of the p38 signal-
ing pathway.

2. Materials and methods

2.1. Mice

This study was carried out in strict accordance with the Guide for the Care and Use of
Laboratory Animals of the National Institute of Health. In addition, our protocol was ap-
proved by the Committee of the Ethics of Animal Experiments of the Technion. Mice
strains used in this study: whole-body ATF3 KO (ATF3-KO) [23] and JDP2 KO (JDP2-KO)
[24], ATF3-flox (ATF3f/f) [25], andαMHC-Cre [26]. Allmice genotypes are on C57Bl/6 back-
ground. Male mice were used in all the experiments.

2.2. TAC-induced cardiac hypertrophy

Studies were conducted at the Technion, Israel Institute of Technology, Faculty of
Medicine, Haifa, Israel, after obtaining approval from the institute's care and use commit-
tee for animal experimentation. All proceedings complied with the AnimalWelfare Act of
1966 (P.L. 89–544), as amended by theAnimalWelfare Act of 1970 (P.L.91–579) and 1976
(P.L. 94–279). TACprocedurewas done according to thepreviously describedprotocol [27,
28] using a 27 G blunt needle to create a standardized constriction of the aorta. All TAC
procedures were performed by Dr. R. Shofti which was blinded to the mice genotype.

2.3. Echocardiography

Mice were anesthetized with 1% of isoflurane and kept on a 37 °C heated plate
throughout the procedure. An echocardiography was performed four weeks following
TAC using a Vevo2100 micro-ultrasound imaging system (VisualSonics, Fujifilm) which
was equipped with 13–38 MHz (MS 400) and 22–55 MHz (MS550D) linear array trans-
ducers. Those performing echocardiography and data analysis were blinded to the mice
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genotype. Cardiac size, shape, and function were analyzed by conventional two-
dimensional imaging and M-Mode recordings. Maximal left ventricles end-diastolic
(LVDd) and end-systolic (LVDs) dimensions were measured in short-axis M-mode im-
ages. Fractional shortening (FS) was calculated as follows: FS (%) = [(LVDd − LVDs) /
LVDd] × 100. All values were based on the average of at least five measurements.

2.4. MRI hardware and animal monitoring

A MRI was performed on a 9.4T bore scanner (Bruker Biospec, Ettlingen, Germany),
using a cylindrical volume coil (86 mm inner diameter) for signal excitation and a single
channel surface coil (20 mm diameter) for signal reception. The animal was anesthetized
with a concentration of 0.5–1.5% isoflurane, and supplemented with oxygen (0.5 l/min).
Respiration was monitored during imaging (Small Animal Instruments, Stony Brook,
New York, NY) and body temperature was maintained using thermostat-regulated circu-
lating hot water.

2.5. Cardiac MR (CMR) sequences

The mice were scanned using cine FLASH sequence, acquired from the self-gating
technique IntraGate (Bruker BioSpin MRI, Ettlingen, Germany). The performed CMR pro-
tocol comprised of three sets of scans: (i) Single slice Long Axis view, for general evalua-
tion of the heart structure and accurate planning of the subsequent scans; (ii) Single
slice two chamber Short Axis view, perpendicular to LV walls, at the level of the papillary
muscles, and (iii) Contiguous multi slices two chamber Short Axis view for entire LV
coverage.

2.6. Cardiac MR sequences parameters

i. Single slice Long Axis view. 1 mm thickness, FOV = 3 × 3 cm, matrix dimension =
400 × 400, spatial resolution = 75 × 75 μm2, repetition/echo time (TR/TE) =
6.5/3.2 ms, number of repetitions = 100, 10 cardiac movie frames (cardiac phases).

ii. Single slice two chamber Short Axis view. 0.7 mm thickness, FOV= 3 × 3cm, matrix
dimension = 400 × 400, spatial resolution= 75 × 75 μm2, repetition/echo time (TR/
TE) = 6.5/3.2 ms, number of repetitions = 150, 15 cardiac movie frames (cardiac
phases).

iii. Multi slices two chamber Short Axis view. Contiguous 9–12 slices, depending onheart
size, 0.7 mm thickness, FOV = 3 × 3cm, matrix dimension = 400 × 400, spatial
resolution = 75 × 75 μm2, repetition/echo time (TR/TE) = 81–120/3.2 ms (depend-
ing on slices number), number of repetitions=120, 15 cardiacmovie frames (cardiac
phases). The maximal acquisition time for each animal was ~40 min.

2.7. MRI image analysis

Image analysis was performed using Segment software (Medviso AB, Lund,
Sweden) [29]. Manual segmentation of the endocardium and epicardium of the LV
was performed to measure LV mass and LV functional parameters – end-systolic
and end-diastolic (ESV and EDV, respectively) volumes. Ejection fraction (EF) was
calculated as EF (%) = [(EDV − ESV) / EDV] × 100.

2.8. Heart harvesting

At endpoint, mice were anesthetized, weighed and sacrificed. Hearts were excised,
and ventricleswereweighed and then divided into three pieces thatwere used for protein
extraction, RNA purification, and histological analysis.

2.9. mRNA extraction

mRNA was purified from ventricles using an Aurum total RNA fatty or fibrous tissue
kit (#732-6830, Bio-Rad) according to the manufacturer's instructions.

2.10. Quantitative real time PCR (qRT-PCR(

cDNAwas synthesized from 800 ng of purifiedmRNA derived from the ventricles. Pu-
rifiedmRNAwas added to a total reactionmix of high-capacity cDNA reverse transcription
kit (#4368814, Applied Biosystems) in a final volume of 20 μl. Real-time PCR was per-
formed using Rotor-Gene 6000TM (Corbett) equipment with absolute blue SYBER green
ROX mix (Thermo Scientific AB-4162/B). Serial dilutions of a standard sample were in-
cluded for each gene to generate a standard curve. Values were normalized to β2 micro-
globulin expression levels. The primer sequences are shown in Supplemental Table 1.

2.11. Fibrosis staining

Heart tissue was fixed in 4% formaldehyde overnight, embedded in paraffin, serially
sectioned at 10 μm intervals, and then mounted on slides. Masson's trichrome staining
was performed according to the standard protocol. Imageswere acquired by using Virtual
Microscopy (Olympus). The percent of the interstitial fibrosis was determined as the ratio
of the fibrosis area to the total area of the heart section using Image Pro Plus software [21].
Please cite this article as: R. Kalfon, et al., c-Jun dimerization protein 2 (
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2.12. Western blot analysis and quantification

Harvested tissues were homogenized in RIPA buffer (PBS containing 1% NP-40,
5 mg/ml Na-deoxycholate, 0.1% SDS) and supplemented with protease inhibitor cocktail
(P-8340, Sigma Aldrich). Homogenization was performed at 4 °C using the Bullet Blender
homogenizer (BBX24; Next advance) according to the manufacturer's instructions as pre-
viously described [13].

2.13. Antibodies

The primary antibodies used: anti-α-tubulin (Cat # T-9026), anti-phospho-ERK (Cat#
M-9692), anti-phospho-JNK (Cat# J-4644) and anti-JNK (Cat# J-4750) were all purchased
from Sigma Aldrich. Anti-p38 (Cat# 9212), anti-phospho-p38 (Cat# 9211) and anti-ERK
(Cat# 9102) were purchased from Cell signaling.

2.14. Apoptosis

Apoptosis was performed using in situ cell death detection assay kit (Roche Inc.) ac-
cording to the manufacturer instructions.

2.15. Statistics

Our data is expressed asmeans±SE. The comparison between severalmeanswas an-
alyzed by one-way ANOVA followed by Tukey's post hoc analysis. All statistical analyses
were performed using GraphPad Prism 5 software (La Jolla, CA). A P value ≤0.05 was ac-
cepted as statistically significant.

3. Results

3.1. JDP2-KO derived hearts display the highest ventricles/bodyweight ratio
in control and TAC operated mice

To assess the role of the JDP2 and ATF3 in TAC mediated cardiac hy-
pertrophy, we used C57Bl/6 mice with whole body deletion of either of
the genes. The hearts from control mice were harvested at 20 weeks of
age. JDP2-KO hearts displayed the highest ratio of ventricles/body
weight (Vw/Bw) compared to aged match ATF3-KO and wild type
mice (Fig. 1A). Eight weeks following TAC operation the Vw/Bw ratio
of all mice was significantly increased (Fig. 1A and B). While wild type
and JDP2-KO hearts showed the highest increase in the percentage of
Vw/Bw ratio as compared with the non-operated mice counterparts
(58% and 63% respectively), ATF3-KO mice showed a modest increase
in Vw/Bw ratio (32%, Fig. 1A and B). Although the percent change for
JDP2-KO and wild type following TAC are similar, the hearts derived
from JDP2-KO mice reached the highest Vw/Bw (7.5). This is attributed
to thehighVw/Bwratio in control JDP2-KOmice (4.8) compared towild
type control mice (3.8).

3.2. JDP2-KO mice display increased hypertrophic markers

Wenext examined the cardiac expression of various geneticmarkers
as an indication of a stressed heart using quantitative RT-PCR. All TAC-
operated mice displayed a significant increase in hypertrophic markers
ANP, BNP and βMHC compared to control mice (Fig. 1 C–E). Both ATF3-
KO and JDP2-KOmice displayed higher levels of ANP and BNP in control
mice but only the JDP2-KOmice reached statistical significance. Follow-
ing TAC operation, the levels of both ANP and BNPwere two fold higher
in JDP2-KO mice as compared with the wild type mice counterparts,
while the level of ANP and BNP transcript in the hearts derived from
ATF3-KO mice following TAC-operation were the lowest (Fig. 1 C–D).
While the level of βMHC transcript was the highest in ATF3-KO control
mice, the level of βMHC was significantly lower in ATF3-KO mice as
compared with wild type and JDP2-KO mice following TAC (Fig. 1E).
No significant difference was observed between wild type and JDP2-
KO mice (Fig. 1E).

Collectively, JDP2-KO mice displayed the highest expression of hy-
pertrophicmarkers in controlmice aswell as following TAC. In addition,
ATF3-KO mice showed a modest change in hypertrophic gene expres-
sion as compared with both wild type and JDP2-KO mice.
JDP2) deficiency promotes cardiac hypertrophy and dysfunction in
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Fig. 1. JDP2-KOmice display increased cardiac hypertrophy following TAC. Cardiac hypertrophy was induced by pressure overload (TAC). Following 8 weeks of TAC, mice were sacrificed
and heartswere excised. (A) The ratio of ventriclesweigh (Vw) tomouse bodyweight (Bw)Vw/Bw(mg/gr) is shown. (B) Representative pictures of control and TAC-operatedmice hearts
of each genotype. The percentage increase in Vw/Bw ratio is shown at the bottom. (C\\H) mRNA was extracted from ventricles and the expression level of cardiac remodeling markers
were measured by qRT-PCR. Expression levels are presented as relative values (compared to wild type control mice, determined as 1). The expression levels of the following gene
markers are shown: C. ANP D. BNP E. βMHC. F. IL-6 G. IL1-β. H. F4/80. I. CD3. The results represent the means ± SE (n = 6–8/group). ⁎⁎⁎P ≤ 0.05, control vs. TAC; †P ≤ 0.05, difference
between genotypes.
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3.3. JDP2-KO mice display increased inflammatory markers

We next examined the expression level of the inflammatory cyto-
kines, interleukin 6 (IL-6) (Fig. 1F) and IL-1β (Fig. 1G). No significant
difference in IL-6 expression was observed in control mice. While IL-6
level was significantly increased following TAC-operation in all three
genotypes, JDP2-KOmice showed a two-fold increase in IL-6 expression
(Fig. 1F). The expression of IL-1β, was expressed in similar levels in con-
trol mice, yet, following TAC, IL-1β expression was found to be the
highest in wild type and JDP2-KO mice as compared to ATF3-KO mice
(Fig. 1G). Macrophage and T cells infiltration as indicated by F4/80
and CD3 expression, respectively, were similar following TAC in all
three genotypes (Fig. 1H-I). Suggesting that the differences observed
in the pathology of 8-week TAC model between the various genotypes,
are not due to alteredmacrophages and T cells recruitment to the heart.

Collectively, JDP2-KO mice display an increased inflammatory re-
sponse following TAC operation while no significant difference was ob-
served, at least in part, between wild type and ATF3-KO mice.
Fig. 2. JDP2-KOmice display higher level of fibrosis in the heart. Cardiac hypertrophy was induc
were excised. (A–F) mRNA was extracted from ventricles and the expression levels of the follo
MMP2 F. MMP9. Expression levels are presented as relative values (compared to wild type c
(G) Representative paraffin-embedded heart sections stained with Masson's trichrome to visu
(I) Quantification of apoptotic stained cardiomyocytes in TAC-operated mice hearts. The res
difference between genotypes.
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3.4. 3.4 JDP2-KO mice display increased fibrosis

We next examined several hallmarks of fibrosis markers colIα,
cTGF and TGFβ (Fig. 2 A–C). The levels of all fibrosis markers were
significantly higher in the hearts derived from either JDP2-KO or
ATF3-KO control mice groups compared to wild type mice counter-
parts (Fig. 2 A–C). Importantly, following TAC, the hearts derived
from JDP2-KO mice displayed the highest expression levels in these
three fibrosis markers. In addition, the hearts derived from ATF3-
KO showed the lowest expression of fibrosis markers compared to
all other genotypes following TAC (Fig. 2 A–C). The fibrosis modify-
ing enzymes matrix metallopeptidase 2 and 9 and their tissue inhib-
itor metalloproteinase (TIMP) are responsible for regulating the
collagen deposition in a tissue. The expression levels of these en-
zymes were significantly the highest in control and TAC-operated
JDP2-KO mice (Fig. 2 D–F). Nevertheless, wild type and ATF3-KO
mice consistently displayed the lowest levels of these markers fol-
lowing TAC operation.
ed by pressure overload (TAC). Following 8 weeks of TAC, mice were sacrificed and hearts
wing fibrosis markers were measured by qRT-PCR: A. Col1α B. cTGF C. TGFβ3 D. TIMP1 E.
ontrol mice, determined as 1). The results represent the means ± SE (n = 6–8/group).
alize fibrosis. (H) Quantification of the level of fibrosis (%) stained by Masson's trichrome.
ults represent the means ± SE (n = 4–5/group). ⁎⁎⁎P ≤ 0.05, control vs. TAC; †P ≤ 0.05,
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Next, fibrosis was examined histologically by Masson's trichrome
staining. This analysis confirmed a significant increased fibrosis in the
hearts derived from the TAC-operated mice, with JDP2-KO mice
exhibiting the highest fibrosis levels (Fig. 2G and H). We next used in
situ cell death staining to examine apoptosis in TAC operated heart sec-
tions. This analysis revealed a significant increase in the number of apo-
ptosis positive cells in heart sections derived from JDP2-KO mice
compared with wild type and ATF3-KO counterparts (Fig. 2I). The in-
crease in apoptosis is partially explained by the reduced Bcl2/Bax ratio
in JDP2-KO mice (supplemental Fig. 1).

3.5. JDP2-KO mice display decreased cardiac function following TAC

We next used cardiac MRI, the gold standard for LV function and LV
mass assessment. LV mass was significantly higher in TAC-operated
mice in all three genotypes as comparedwith their control counterparts.
Wild type and JDP2-KOmice showed similar ventricularmass following
TAC, while ATF3-KOmass was only modestly increased (Fig. 3A). In ad-
dition, end-diastolic and end-systolic volumes were significantly larger
in JDP2-KO mice as compared to both wild type and ATF3-KO mice.
ATF3-KO mice displayed the smallest chamber volumes in both end-
diastole and end-systole (Fig. 3 A–B). JDP2-KO mice consistently
displayed a significantly lower ejection fraction (EF) (EF, Fig. 3 B\\C)
the highest percentage of deteriorated cardiac dysfunction (47%) com-
pared to wild type and ATF3-KO (30% and 27% respectively). These re-
sults are consistent with the reduced cardiac function in JDP2-KO mice
found in echocardiographic analysis at four weeks following TAC
Fig. 3. JDP2-KO mice present deteriorated heart function following TAC. Cardiac hypertrophy w
volumes, mass and function were examined by a cardiac MRI. (A) The following parameters we
ventricular end-systolic volume (LVESV). (B)Heart functionwas assessed by calculating percen
percentage change following TAC for each genotype is shown at the bottom. (C) Representative i
the means ± SE (n = 6–8/group). ⁎⁎⁎P ≤ 0.05; control vs. TAC, †P ≤ 0.05, difference between ge
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operation (Supplementary Fig. 2). In contrast, ATF3-KO mice following
TAC displayed a similar performance as compared to wild type mice
(Fig. 3 and Supplementary Fig. 2). Based on these results and previous
findings regarding ATF3 deficiency promoting cardiac dysfunction fol-
lowing TAC [20,21], we sought to determine whether cardiomyocyte
specific ATF3 deficiency differs from whole body ATF3-KO following
TAC. We used ATF3f/f mice crossed with αMHC-CRE to delete ATF3 in
cardiomyocytes. Thesemice displayed similar EF as compared to control
mice (ATF3f/f) but an attenuated increase in diastolic and systolic vol-
umes and ventricular mass (Supplementary Fig. 3 A–B).

3.6. bZIP repressor compensation paradigm

We next examined the expression of JDP2 and ATF3 in control and
TAC operatedmice using qRT-PCR. Both JDP2 and ATF3 expression is el-
evated by 2–3 fold at 8 weeks following TAC procedure (Fig. 4 A-B).
Consistently, RNAseq of TAC-operated wild type mice showed that
JDP2 and ATF3 transcription is induced to maximal levels (2–3 fold) al-
ready at first week and remains constantly elevated until eighth week
[30]. Interestingly, the levels of either JDP2 or ATF3 were significantly
increased following the absence of its counterpart gene in the hearts de-
rived from controlmice (Fig. 4 A–B). Previous studies suggested a role of
p38 signaling pathway in the adaptive response in TAC-induced cardiac
hypertrophy [31]. Therefore, we studied the TAC induced changes in the
MAPK tier and found that all three MAPKs signaling pathway are being
significantly activated following TAC operation (Fig. 4 C\\F). This is in-
dicated by the increased ratio of the corresponding phospho-MAPK/
as induced by pressure overload (TAC). Following 8 weeks of TAC, left ventricular cardiac
remeasured: left ventricular (LV)mass and left ventricular end-diastolic (LVEDV) and left
tage of ejection fraction (EF) according to: EF (%)= [(LVEDV− LVESV) / LVEDV] ∗ 100. The
mages ofmid-ventricular short-axis slice at peakdiastole and systole. The results represent
notypes.

JDP2) deficiency promotes cardiac hypertrophy and dysfunction in
016/j.ijcard.2017.08.074
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Fig. 4. The bZIP repressor compensation paradigm. mRNA was extracted from ventricles of control and TAC-operated mice and the expression levels of the (A) ATF3 and (B) JDP2 were
measured by qRT-PCR. Expression levels are presented as relative values (compared to wild type control mice, determined as 1). The results represent the means ± SE (n =
6–8/group). (C) Western blot analysis of heart lysate derived from the indicated genotypes with the indicated antibodies. (D–F) Densitometric analysis of Western blot shown in C is
presented as means ratio of the corresponding phospho-protein to total protein ± SE (compared to wild type control, determined as 1, n = 4/group). (D) pERK/ERK (E) pp38/p38
(F) pJNK/JNK. ⁎⁎⁎P ≤ 0.05, control vs. TAC; †P ≤ 0.05 difference between genotypes. The results represent the mean ± SE (n = 6–8/group).
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MAPK following TAC. While phospho-ERK ratio is elevated following
TAC in all genotypes to similar extent (Fig. 4D), phospho-JNK ratio is sig-
nificantly elevated in lysate derived from JDP2-KOmice as compared to
wild type and ATF3-KOmice (Fig. 4F). Interestingly, lysate derived from
JDP2-KO mice showed no phospho-p38 activity in both control and
TAC-derived lysates (Fig. 4 C–D). The lack of phospho-p38 activity
could be partially explained by the significant loss of MEK6, the p38 up-
stream regulator, in JDP2-KOmice following TAC (Supplementary Fig. 4
A–B). Collectively, the increase in ATF3 expression level in JDP2-KO
mice is consistent with suppression of MEK6 transcription and reduc-
tion of the p38 kinase activity following TAC. This suggests the possible
role of ATF3 in the maladaptive cardiac remodeling processes following
the TAC pressure overload model.

4. Discussion

The role of the bZIP protein superfamily in cardiac remodeling and
hypertrophy is well documented. However, since the bZIP family is
composed of numerous proteins, the precise role of each member of
the family is difficult to interpret. In the heart, the role of the bZIP tran-
scription factors is studiedmainly usingwhole bodyKOand cardiac spe-
cific transgenicmice. In thismanuscript,we usedwhole bodyKOof both
JDP2 and ATF3 as well as cardiac specific ATF3-KO. We analyzed the
consequence in control healthy mice as well as mice following stress,
using a pressure overload model TAC.

In the absence of stress, the hearts derived from JDP2-KO and ATF3-
KOmice display a distinct gene expression pattern that partially resem-
bled a remodeled heart. This includes hypertrophic, fibrosis and inflam-
matory markers. Yet, only JDP2-KO mice display statistically significant
higher Vw/Bwweight ratio. Collectively, we conclude that JDP2 expres-
sion is important tomaintain homeostasis in the heart and preserve car-
diac size and function during normal growth. The lack of ATF3, on the
other hand, demonstrates a much milder outcome on cardiac remodel-
ing in non-stressed mice. The latter is consistent with the notion that
Please cite this article as: R. Kalfon, et al., c-Jun dimerization protein 2 (
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ATF3 is an immediate early gene and its expression is induced only fol-
lowing stress. Yet, chronic loss of ATF3 even in un-stressedmice display
gene expression alterations, suggesting that even low levels of ATF3 ex-
pression play a role in promoting long term cardiac remodeling
processes.

The significance of JDP2 and ATF3 expression for heart function is
highlighted following stress, as simulated by TAC, a pressure overload
model. Whereas following TAC the loss of JDP2 results in worsening of
cardiac function, the loss of ATF3 is consistent with amelioration of car-
diac function and reduced cardiac remodeling processes. Our studies
show that TAC-operated ATF3-KO mice display reduced Vw/Bw ratio,
lower level of expression of hypertrophic markers, reduced fibrosis
and most importantly, attenuated cardiac dysfunction compared to
TAC-operated JDP2-KO mice. Following a phenylephrine infusion pres-
sure overload model, we observed a similar protective phenotype
i.e., loss of ATF3 expression resulted in reduced cardiac remodeling pro-
cesses [18,19]. In addition, we have shown that chronic ATF3 expression
in the adult heart results in a hypertrophic phenotype leading to cardiac
dysfunction [16]. Interestingly, here we showed that elevated ATF3 ex-
pression found in JDP2-KO mice is correlated with deterioration in car-
diac outcome. Collectively, we conclude that chronic ATF3 expression in
the heart ismaladaptive and results in cardiac dysfunction. Importantly,
heart failure patients display high cardiac levels of ATF3 expression as
compared to healthy individuals. In this regard, we hypothesize that
chronic ATF3 expression in heart failure patients is maladaptive and
therefore is a bone fide drug target to improve cardiac function in
these individuals.

In this manuscript, we described a unique bZIP repressor compensa-
tion mechanism by which JDP2 and ATF3 regulate the expression level
of the other gene. ATF3 is elevated upon loss of JDP2 expression- a po-
tential explanation for the observed cardiac hypertrophy. On the other
hand, loss of ATF3 expression resulted in elevated levels of JDP2 which
did not lead to a significant deterioration of cardiac function as com-
pared with wild type mice. Thus a delicate balance mechanism exists
JDP2) deficiency promotes cardiac hypertrophy and dysfunction in
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http://dx.doi.org/10.1016/j.ijcard.2017.08.074


7R. Kalfon et al. / International Journal of Cardiology xxx (2017) xxx–xxx
between JDP2 and ATF3. However, although JDP2 and ATF3 are highly
similar in the bZIP domain and share multiple cellular functions, the
compensation mechanism in their expression demonstrate that these
genesmay be redundant during normal growth but display distinct cel-
lular functions following stress. A case in point is the activation ofMAPK
signaling pathway. Our analysis clearly demonstrates that the lack of
ATF3 promotes activation of the p38 kinase, while in the absence of
JDP2, p38 kinase activation is completely abrogated. This result is con-
sistent with the previously reported role of p38 signaling pathway in
the adaptive response to TAC [31,32]. In JDP2-KO mice ATF3 transcrip-
tion is elevated while MEK6 transcription is suppressed leading to
dampening of the p38 kinase signaling pathway and a worse heart out-
come phenotype. Furthermore, whereas ATF3 is known to promote ap-
optosis in β cells [23], JDP2 expression attenuates the appearance of
apoptotic cardiomyocytes both in vitro [17] and in vivo (Fig. 2I).

Previous studies suggest that ATF3 deficiency promotes cardiac re-
modeling processes and deterioration of cardiac function [20,21]. Here
we provide evidence that is consistent with the conclusion that ATF3
expression promotes, rather than inhibits, cardiac maladaptive remod-
eling processes. Thus, although we used the same C57Bl/6 ATF3-KO
mice [23] and identical pressure overload model, our results are consis-
tent with an opposite conclusion. It should be noted that the cardiac
stress induced using the TAC protocol in the different labs results in
heart hypertrophic growth in wild type mice to a similar Vw/Bw ratio
[20,21]. The only apparent difference is the time of analysis. While we
sacrificed the mice eight weeks following TAC, the other studies ana-
lyzed the mice four weeks following TAC. It is possible that ATF3 plays
an adaptive role during the acute, compensatory period whereas ATF3
expression turns into a maladaptive role when expression becomes
chronic. Further analysis is required to fully reveal the dual role of
ATF3 in cardiac remodeling. Understanding the seemingly opposite re-
sults using the same experimental model is a crucial step to further elu-
cidate the potential use of bZIP repressor inhibitors for the treatment of
heart failure patients.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijcard.2017.08.074.
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