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Background: Activating transcription 3 (ATF3) is a member of the basic leucine zipper family of transcrip-
tion factors. ATF3 is an immediate early gene expressed following various cellular stresses. ATF3 acts
through binding to cyclic AMP response elements found in the promoters of key regulatory proteins that
determine cell fate. In the heart, multiple cardiac stresses result in chronic ATF3 expression. Transgenic
mice with ATF3 expression in cardiomyocytes clearly demonstrate that ATF3 serves a leading role in
heart hypertrophy, cardiac fibrosis, cardiac dysfunction and death. In contrast, the use of ATF3 whole
body knockout mice resulted non-conclusive results. The heart is composed of various cell types such
as cardiomyocytes, fibroblasts, endothelial and immune cells. The question that we addressed in this
study is whether ablation of ATF3 in unique cell types in the heart results in diverse cardiac phenotypes.
Methods: ATF3-flox mice were crossed with aMHC and Postn specific promoters directing CRE expression
and thus ATF3 ablation in cardiomyocytes and myofibroblast cells. Mice were challenged with transverse
aortic constriction (TAC) for eight weeks and heart function, ventricle weight, hypertrophic markers,
fibrosis markers and ATF3 expression were assessed by qRT-PCR.
Results: The results of the study show that ATF3 deletion in cardiomyocytes followed by TAC resulted in
reduced heart growth and dampened fibrosis response while ATF3 ablation in myofibroblasts displayed a
reduced hypertrophic gene program.
Conclusions: TAC-operation results in increased ATF3 expression in both myofibroblasts and cardiomy-
ocytes that promotes a hypertrophic program and fibrotic cardiac growth, respectively.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cardiac remodeling in the heart is a response to physiological,
pathological and pharmacological stresses [1,2]. Cardiac remodel-
ing is an adaptive process that preserves efficient heart function
in response to different conditions to provide sufficient blood sup-
ply. These adaptive changes are transient and reversible [3]. Never-
theless, once the stress becomes chronic, the adaptive changes
becomes maladaptive and irreversible leading to fibrosis, reduced
contractile function, heart failure and death [4]. Cardiac remodel-
ing is specified by an altered gene expression program induced
by a large number of transcription factors that coordinate the car-
diac response to changes to multiple environmental cues [5]. A
case in point is ATF3, a transcription factor and member of the bZIP
super family [6]. ATF3 is expressed at very low levels under normal
conditions, but its expression is highly elevated following various
cardiac stresses [6]. In addition, high ATF3 expression levels were
found in patients with heart failure [7]. Numerous studies from
our group and others have provided compiling evidence consistent
with a maladaptive role for ATF3 expression in the heart. First, dur-
ing development stages, ATF3 expression in cardiomyocytes
results in enlarged atria with conduction defect and sudden death
[8,9]. Second, in adults, ATF3 expression in cardiomyocytes
resulted in hypertrophy, fibrosis, cardiac dysfunction and early
death [9]. Third, mice lacking ATF3 expression displayed reduced
cardiac remodeling following exposure to chronic high blood pres-
sure [10,11]. In addition, inconsistent results were described for
the role of ATF3 expression in the heart after TAC, a pressure over-
load model in mice. Results from our lab suggest that ATF3 ablation
results in a slight protective role [12] while another study
described a worsened phenotype in mice lacking ATF3 following
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TAC [7]. To further study this discrepancy, we dissected the role of
ATF3 expression in either one of the two major cell components in
the heart, myofibroblasts and cardiomyocytes. This was done by
using ATF3-flox mice crossed with the available transgenic mice
directing CRE expression to cardiomyocytes and activated fibrob-
lasts i.e. aMHC-CRE and Periostin-CRE-ER, respectively. The results
suggest that the expression of ATF3 in either type of cell in the
heart contributes to a distinct maladaptive response to pressure
overload following TAC.

2. Material and methods

All experimental protocols were approved by the Institutional
Committee for Animal Care and Use at the Technion, Israel Insti-
tute of Technology, Faculty of Medicine, Haifa, Israel. All study pro-
cedures complied with the Animal Welfare Act of 1966 (P.L. 89–
544), as amended by the Animal Welfare Act of 1970 (P.L.91–
579) and 1976 (P.L. 94–279).

2.1. Animals

All surgeries were performed under isoflurane anesthesia and
use of analgesics such as Buprenorphine post-surgery.

The ATF3 gene is located on chromosome 1. Mice with ATF3 flox
allele were generated to delete ATF3 specifically in cardiomyocytes
using the aMHC-CRE (Myh6-CRE) [13], and in activated fibroblasts
through tamoxifen inducible using Periostin-CRE-ER (Postn-CRE-
ER The Jackson Laboratories Stock No: 029645).

Tamoxifen (#T5648-1G, SIGMA) was diluted to 10 mg/mL with
corn oil and 10% EtOH. TAC-operated ATF3-flox Postn-CRE-ER and
Control ATF3-flox male mice were injected two days post-
operation intraperitonealy (IP) with Tamoxifen 40 mg/kg/day for
five consecutive days.

2.2. Transverse aortic constriction

Transverse aortic constriction (TAC) surgery was performed on
10–12 weeks old male mice with the following genotypes: ATF3-
flox/flox, aMHC-CRE ATF3flox/flox and Postn-CRE-ER, ATF3flox/flox. Con-
striction was performed using a 27G blunt needle to create a
standardized constriction of the aorta as was previously described
[14]. All TAC procedures in this study were performed by same
individual, blinded to the mice genotype.

2.3. Magnetic resonance imaging (MRI) acquisition and analysis

Cardiac MRI was performed to measure cardiac function and
determine the severity of the TAC surgery. Details of the MRI and
all other related experimental methods were described previously
[12,15]. EF was calculated as follows: EF (%) = [(LVEDV- LVESV)/
LVEDV] � 100.

2.4. Echocardiography

Mice were anesthetized with 1% of isoflurane and kept on a 37�C
heated plate throughout the procedure. An echocardiography was
performed 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 transducers. Those
performing echocardiography and data analysis were blinded to
the mice genotype. Cardiac size, shape, and function were analyzed
by conventional two-dimensional imaging and M-Mode record-
ings. Maximal left ventricular end-diastolic (LVDd) and end-
systolic (LVDs) dimensions were measured in short-axis M-mode
images.
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Fractional shortening (FS) was calculated as follows: FS (%) = [
(LVDd-LVDs)/LVDd] � 100.

All values were based on the average of at least five
measurements.

2.5. Heart harvesting

Eight weeks following TAC, mice were anesthetized, weighed
and sacrificed. Hearts were excised and weighed and were used
for RNA 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.

2.6. Quantitative real time PCR (qRT-PCR)

cDNA was synthesized from 1000 ng of purified mRNA derived
from the ventricles. Purified mRNA was added to a total reaction
mix of high-capacity cDNA reverse transcription kit (#4368814,
Applied Biosystems) in a final volume of 20 ll. Real-time PCR
was performed using Rotor-Gene 6000TM (Corbett) equipment
with absolute blue SYBR green ROX mix (Thermo Scientific AB-
4162/B). Serial dilutions of a standard sample were included for
each gene to generate a standard curve. Values were normalized
to GAPDH unless otherwise indicated.
Primer name
 Primer sequence 50–30
GAPDH
 F-TTGCCATCAACGACCCCTTCAT
R-AGACTCCACGACATACTCAGCA
HSP90
 F-
TCGTCAGAGCTGATGATGAAGT
R-
GCGTTTAACCCATCCAACTGAAT
ATF3
 F-
GAGGATTTTGCTAACCTGACACC
R-TTGACGGTAACTGACTCCAGC
ANP (atrial natriuretic
peptide)
F-GCTTCCAGGCCATATTGGAG
R-GGGGGCATGACCTCATCTT
BNP (brain natriuretic
peptide)
F-GAGGTCACTCCTATCCTCTGG
R-GCCATTTCCTCCGACTTTTCTC;
ACTA1 (skeletal actin)
 F-GTGAGATTGTGCGCGACATC
R-GGCAACGGAAACGCTCATT
Col1a
 F-CTGGCGGTTCAGGTCCAAT
R-TTCCAGGCAATCCACGAGC
TGFb
 F-CCTGGCCCTGCTGAACTTG
R-GACGTGGGTCATCACCGAT
CTgF
 F-AGACCTGTGGGATGGGCAT
R-GCTTGGCGATTTTAGGTGTCC
ACTA2
 F-GTCCCAGACATCAGGGAGTAA
R-TCGGATACTTCAGCGTCAGGA
Col3a1
 F-
CTGTAACATGGAAACTGGGGAAA
R-
CCATAGCTGAACTGAAAACCACC
2.7. Statistics

Data is expressed as means ± SE. The comparison between sev-
eral means was analyzed by one-way ANOVA followed by Tukey’s
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post hoc analysis. All statistical analyses were performed using
GraphPad Prism 5 software (La Jolla, CA). A P value � 0.05 was
accepted as statistically significant.
3. Results

To assess the potential role of ATF3 in the remodeled heart, we
used qRT-PCR of mRNA derived from TAC-operated and control
C57Bl6 mice. ATF3 expression was significantly induced already
eight weeks following TAC (Fig. 1A). The increase in ATF3 tran-
scription is consistent with RNA-sequencing data from hearts har-
vested from mice sacrificed at different time points after TAC
procedure [16]. To explore the role of ATF3 expression in car-
diomyocytes of the remodeled heart, we used ATF3-flox mice
[ATF3-flox] [17]. Mice were crossed consecutively with aMHC-
CRE transgenic mice [13] (Fig. 1B). aMHC promoter is constitu-
tively active in cardiomyocytes shortly before birth [18]. Therefore,
CRE recombinase is expected to remove the first encoding exon in
ATF3 (exon B) in newborn mice [17,19]. These mice were desig-
nated ATF3-cardiomyocytes-KO (ATF3-cKO). Similarly to ATF3
whole-body KO mice, ATF3-cKO are viable, fertile and display no
overt phenotype. Next, 10–12 weeks old mice were either un-
operated or challenged with TAC. ATF3-flox mice lacking CRE
served as controls. Eight weeks following TAC, mice were subjected
to cardiac MRI, the gold standard for LV function. Non-operated
mice from both genotypes displayed no significant difference in
ejection fraction (EF) (Fig. 1C). In contrast, TAC-operated mice from
both genotypes displayed a significantly lower EF as compared to
non-operated mice. No significant difference was observed
between TAC-operated mice of both genotypes. Mice were sacri-
ficed 8 weeks following TAC and hearts were harvested and
weighed. The hearts from TAC-operated mice displayed a signifi-
cantly higher ratio of ventricles/body weight (VW/BW) compared
to non-operated genotype matched ATF3-flox mice (Fig. 1D). How-
ever, ATF3-cKO displayed significantly lower increase in the VW/
BW as compared with ATF3-flox control mice after TAC. To verify
the efficiency and successful ATF3 ablation, we measured the
mRNA levels of ATF3 using quantitative RT-PCR (qRT-PCR). Consis-
tent with Fig. 1A, ATF3 expression remained higher in TAC oper-
ated mice even eight weeks following TAC (Fig. 1E). The mice
expressing CRE recombinase displayed very low ATF3 expression
even lower than the levels observed in naïve mice (Fig. 1E).
Demonstrating and validating the use of ATF3-flox / CRE approach
to direct ATF3 ablation specifically to cardiomyocytes. Next, we
examined the cardiac expression of various hypertrophic markers
as an indication of a remodeled heart using qRT-PCR. Following
TAC, ATF3-flox mice displayed a significant increase in all three
hypertrophic markers ANP, BNP and Acta1 (Fig. 2A). In contrast,
in ATF3-cKO mice, only ANP was higher in control un-operated
mice. The increase in the bassal level of ANP transcription is consis-
tent with our previous results with whole body ATF3-KO [12]. ANP
expression was further elevated in TAC-operated ATF3-cKO mice
and reached the level of the TAC-operated control mice. In contrast,
BNP and Acta1 basal levels were similar in both genotypes. Follow-
ing TAC, BNP and Acta1 expression levels were elevated in the
hearts derived from ATF3-flox mice but failed to do so in the
TAC-operated ATF3-cKO (Fig. 2A). We also examined fibrosis hall-
mark genes by qRT-PCR (Fig. 2B). While there was no difference in
the levels of fibrosis markers in non-operated mice, TAC-operated
control ATF3-flox mice displayed significantly higher levels in
three out of the five markers as compared with ATF3-cKO mice
in which none of the markers differed from control un-operated
mice. Collectively, mice with ATF3 ablation in cardiomyocytes
responded similarly to TAC as compared with their control coun-
terparts except for a significantly lower VW/BW ratio and reduced
3

fibrosis markers. This result is consistent with our previous study
using mice with whole body ATF3-KO in which we observed lower
levels of several fibrosis markers [12]. Nevertheless, although
fibrosis markers were similar to control, Masson trichrome stain-
ing showed lower staining compared to WT that did not reach sta-
tistical significance [12]. Therefore, we did not include heart
section Masson trichrome staining in this study.

To examine the role of ATF3 expression in cardiac fibroblasts
cells, we crossed the ATF3-flox mice with transgenic mice express-
ing CRE fused to ligand binding domain of the estrogen receptor
(CRE-ER) under the control of the Periostin promoter (Fig. 3A)
[20]. The CRE-ER fusion protein is located in the cytoplasm in Peri-
ostin expressing cells (Myofibroblasts cells) and therefore, in order
to obtain CRE-ER translocation to the nucleus, it requires the addi-
tion of the estrogen agonist, tamoxifen, provided by IP injections
(Fig. 3A). Mice expressing CRE-ER treated with tamoxifen directing
ATF3-fibroblasts-KO are designated ATF3-fKO. Similar to ATF3-
cKO, ATF3-fKO are viable, fertile and display no overt phenotype.
To optimize the timing of tamoxifen injection after TAC operation,
we first studied the kinetics of Periostin expression in the heart fol-
lowing TAC using the RNA-sequencing data [16]. This analysis
showed that Periostin transcription peaks during the first week fol-
lowing TAC and declines thereafter. Periostin expression remains
at about ~5 folds higher compared to sham control four weeks fol-
lowing TAC (Fig. 3B) and about twice as high eight weeks after TAC
[21]. Therefore, to induce ATF3-flox ablation soon after TAC, we
used five consecutive daily injection of tamoxifen starting two days
after TAC-operation. Non-operated ATF3-flox CRE-ER positive mice
injected with tamoxifen were used as controls. Eight weeks follow-
ing TAC, mice were analyzed by echocardiography. TAC-operated
ATF3-flox mice lacking CRE were used for comparison with fibrob-
last ATF3 ablated mice (ATF3-fKO). We first evaluated cardiac func-
tion by assessing fractional shortening (FS) from echocardiography
analysis. As expected, a reduced FS was observed for both geno-
types following TAC with no significant difference between mice
genotypes (Fig. 3C). Mice were sacrificed 8 weeks following TAC
and hearts were harvested and weighed. The hearts from TAC-
operated mice displayed significantly higher VW/BW ratios as
compared to ATF3-flox control mice but no difference was
observed between the two genotypes (Fig. 3D). To verify the effi-
ciency of successful ATF3 ablation, we measured ATF3 mRNA levels
using qRT-PCR and found that following TAC, the CRE expressing
mice displayed significant reduced ATF3 expression levels
(Fig. 3E), thus demonstrating and validating the conditional KO
approach directed specifically to myofibroblasts. We next exam-
ined the cardiac expression of various hallmark hypertrophic
markers as an indication for heart hypertrophy using qRT-PCR.
Whereas control ATF3-flox TAC-operated mice displayed a signifi-
cant increase in hypertrophic markers ANP, BNP and Acta1 com-
pared to control non-operated mice, ATF3-fKO displayed a
dampened hypertrophic response (Fig. 4A). In contrast, following
TAC, ATF3-fKO displayed no difference in the expression of all
fibrosis hallmark genes tested (Fig. 4B). Collectively, mice with
ATF3 ablation directed specifically to myofibroblasts displayed a
significantly reduced hypertrophic response following TAC.
4. Discussion

The heart is constantly exposed to changing requirements in
blood supply. As long as these changes are transient, the adaptive
changes are short-lived and reversible [3]. Nevertheless, chronic
changes require sustained remodeling which are adaptive at the
early stages but becomes maladaptive with time resulting in heart
failure and death [5]. Indeed, heart failure remains an unmet need
for novel therapeutic interventions [22]. Large numbers of tran-



Fig. 1. ATF3 expression in cardyomyocytes promotes heart growth following TAC operation. A. mRNA was extracted from ventricles and the expression level of ATF3 was
analyzed by qRT-PCR normalized with HSP90 as housekeeping gene. ATF3 transcription at eight weeks following TAC and control. B. Schematic representation for cardiac
specific KO. aMHC-CRE transgenic mouse strain was crossed with ATF3-flox mouse strain (ATF3-flox). CRE is expressed shortly before birth resulting in Exon B excision (loxP
sites are indicated) specifically in cardiomyocytes. CRE expressing mice harboring two alleles of ATF3-flox are designated ATF3-cKO. C. Eight weeks following TAC procedure
(10–12 weeks old male mice), mice were subjected to MRI. Ejection fraction (EF) was calculated as described in the methods. D. Mice were sacrificed eight weeks following
TAC. The hearts were excised and the ventricles weight to body weight ratio is shown (VW/BW). E. mRNA was extracted from ventricles and the expression level of ATF3 was
analyzed by qRT-PCR normalized with HSP90 as housekeeping gene.
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Fig. 2. Hypertrophic and Fibrosis gene markers in ATF3-cKO mice. mRNA was extracted from ventricles and the expression levels were measured by qRT-PCR normalized
with HSP90 as housekeeping gene. A. Hypertrophic gene markers ANP, BNP and Acta1. B. Fibrosis gene markers Col1a1, Col3a1, TGFb3, Acta2, CTGF were analyzed.
Expression levels are presented as relative values (compared to ATF3-Flox control mice, defined as 1). All results represent the mean ± SE *** P � 0.05, control vs. TAC;
yP � 0.05, difference between genotypes. Each dot or triangle represents one mouse. n.s. indicates no statistical difference.
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scription factors are responsible for altering genetic programs lead-
ing to heart failure following multiple chronic stresses. Identifica-
tion of the key regulators responsible for maladaptive changes
may lead to developments of novel approaches and means to pre-
vent heart failure [5,22]. ATF3 is a key regulatory protein found to
be elevated in failing hearts [7]. While most of the evidence sug-
gests that ATF3 has a maladaptive role, [9,10,12] others suggested
an adaptive role following pressure overload [7], high fat diet [19]
and hypertension [23]. In addition, ATF3 over-expression was
found to play a cardio-protective role following doxorubicin-
induced apoptosis [24]. Nevertheless, gain and loss of function
studies have not always led to consistent results and therefore,
4

the conclusions derived from these studies need to be carefully
considered. Genetic ablation of genes is a bona fide tool to study
the importance of genes in cardiac remodeling [25]. However,
complete gene KO may not necessarily provide conclusive results,
since whole animal KO may indirectly lead to adaptive and mal-
adaptive outcomes due to different functional roles in several
organs. Moreover, a complex organ such as the heart, which is
composed of multiple cell types, may also lead to dichotomous
outcome. To better define the role of ATF3 expression in response
to pressure overload, a conditional KO approach was used to dis-
sect the role of ATF3 expression in the two main cell types in the
heart, fibroblasts and cardiomyocytes. This allowed us to conclude



Fig. 3. ATF3 expression in myofibroblasts promotes hypertrophic gene program following TAC. A. Schematic representation for fibroblasts specific KO. Periostin-CRE-ER
transgenic mouse strain was crossed with ATF3-flox mouse strain (ATF3-flox). CRE-ER is expressed in activated fibroblasts cells. Tamoxifen (red circle) injection is used to
facilitate the translocation of CRE-ER into the nucleus resulting in Exon B excision (loxP sites are indicated) specifically in fibroblasts. CRE-ER expressing mice harboring two
alleles of ATF3-flox are designated ATF3-fKO. B. RNA-sequencing data analysis for Periostin expression in the hearts of mice at different time points following TAC [16]. C.
Eight weeks following TAC (10–12 weeks old male mice), mice were subjected to echocardiography and fractional shortening was calculated as described in the methods. D.
Mice were sacrificed eight weeks following TAC. The hearts were excised and the ventricles weight to body weight ratio is shown (VW/BW). E. mRNA was extracted from
ventricles and the expression level of ATF3 was analyzed by qRT-PCR. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Hypertrophic and Fibrosis gene markers in ATF3-fKO mice. mRNA was extracted from ventricles and the expression level were measured by qRT-PCR. A. Hypertrophic
gene markers ANP, BNP and Acta1 B. Fibrosis gene markers Col1a1, Col3a1, TGFb3, Acta2, CTGF were analyzed. Expression levels are presented as relative values (compared
to ATF3-Flox control mice, defined as 1). All results represent the mean ± SE *** P � 0.05, control vs. TAC; yP � 0.05, difference between genotypes. Each dot or triangle
represents one mouse. n.s. indicates no statistical difference.
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that the loss of ATF3 in cardiomyocytes led to a reduced cardiac
growth phenotype as compared with the control ATF3-flox control
mice following TAC, while hypertrophic markers (ANP and Acta1)
and cardiac function were similar. Significantly, although ATF3-
cKO displayed reduced VW/BW ratio, this was not accompanied
by lower levels of hypertrophic markers. However, we hypothesize
that the decreased VW/BW ratio is due to the lower fibrosis levels.
In contrast, the loss of ATF3 expression in cardiac fibroblasts
displayed a milder hypertrophic hallmark response to TAC as
5

compared with ATF3-flox control mice, while cardiac function
and cardiac growth was similar to control mice. Interestingly, the
ablation of ATF3 expression in cardiomyocytes resulted in a signif-
icant reduction of fibrosis gene marker response. The cells that
express the fibrosis genes are myofibroblasts, and therefore, it is
surprising that lack of ATF3 expression in cardiomyocytes resulted
in an altered expression of fibrosis genes in the myofibroblasts.
Similarly, the ablation of ATF3 expression in myofibroblasts
resulted in reduced expression of the hypertrophic gene program.



Fig. 5. Schematic representation of the main conclusions. Pressure overload stress results in elevation of ATF3 expression in the heart. ATF3 in cardiomyocytes is responsible
for cardiac growth and fibrosis gene markers while ATF3 expression in myofibroblasts promotes hypertrophic gene program.
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This was unexpected, since cardiomyocytes are the cells in the
heart that are responsible for the expression of the hypertrophic
genes. We predict that secreted factors, yet to be determined, facil-
itate the communication between various cell types in the heart.
Recent publications show that heart failure promotes tumor
growth. Tumor promotion is mediated via the secretion of factors
[26] and via recruitment of immune cells [27]. A recent study from
our lab, showed that even early stages of cardiac remodeling pro-
mote cancer progression and metastasis spread [21]. Thus, it is
likely to hypothesize that cardiomyocytes communicate with other
cell types in the heart to preserve homeostasis during normal
growth as well as following stress. Single cell sequencing analysis
may be a method of choice to explore this mode of cooperation
between cardiomyocytes and myofibroblasts. Exploring the local
as well as distant secreted factors following cardiac stresses may
have clinical importance. These can be used to suppress maladap-
tive cardiac remodeling in the heart and damage to other organs
especially for patients with multiple diseases.

In summary, the use of conditional KO mice with differential
removal of ATF3 in the two major cardiac resident cells allowed
us to dissect the role of ATF3 in these cells. This is consistent with
an additive maladaptive effect of ATF3 expression in the remodeled
heart.
5. Conclusions

ATF3 expression in the heart plays a key role in maladaptive
response. While ATF3 expression in cardiomyocytes is mainly
responsible for cardiac growth and activation of fibrosis program
in myofibroblasts, ATF3 expression in the fibroblasts promotes
the hypertrophic gene program in cardiomyocytes (Fig. 5).
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