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ARTICLE INFO ABSTRACT

Keywords: The clinical use of doxorubicin for cancer therapy is limited by its cardiotoxicity, which involves cardiomyocyte
GCN2 apoptosis and oxidative stress. Previously, we showed that general control nonderepressible 2 (GCN2), an eu-

DOXO_I’UbiC‘iI} karyotic initiation factor 2a (elF2a) kinase, impairs the ventricular adaptation to chronic pressure overload by
Cardiotoxicity affecting cardiomyocyte apoptosis. However, the impact of GCN2 on Dox-induced cardiotoxicity has not been
81’;‘(;1:“‘"’ stress investigated. In the present study, we treated wild type (WT) and Gecn2™/~ mice with four intraperitoneal
uce2 injections (5mg/kg/week) to induce cardiomyopathy. After Dox treatment, Gcn2~/~ mice developed less

contractile dysfunction, myocardial fibrosis, apoptosis, and oxidative stress compared with WT mice. In the
hearts of the Dox-treated mice, GCN2 deficiency attenuated elF2a phosphorylation and induction of its down-
stream targets, activating transcription factor 4 (ATF4) and C/EBP homologous protein (CHOP), and preserved
the expression of anti-apoptotic factor Bcl-2 and mitochondrial uncoupling protein-2(UCP2). Furthermore, we
found that GCN2 knockdown attenuated, whereas GCN2 overexpression exacerbated, Dox-induced cell death,
oxidative stress and reduction of Bcl-2 and UCP2 expression through the elF2a-CHOP-dependent pathway in
H9C2 cells. Collectively, our data provide solid evidence that GCN2 has a marked effect on Dox induced
myocardial apoptosis and oxidative stress. Our findings suggest that strategies to inhibit GCN2 activity in car-
diomyocyte may provide a novel approach to attenuate Dox-related cardiotoxicity.

1. Introduction

Doxorubicin (Dox) is a powerful anti-cancer chemotherapy drug
that is widely used in the therapy of a broad range of hematological
malignancies, carcinomas and solid sarcomas [1]. However, the clinical
use of Dox can also trigger dilated cardiomyopathy and heart failure in
a dose dependent manner [2,3]. The molecular mechanism involved in
the cardiotoxicity of Dox is multifactorial [4], including increased re-
active oxygen species (ROS) production [5-7], DNA damage and
apoptosis [8,9], and autophagy dysregulation [10]. As the risk of Dox-
induced cardiotoxicity in patients with cancer is increasing [11], there
is an urgent need to explore new drugs and strategies to reduce Dox-
induced cardiomyopathy.

General control nonderepressible 2 (GCN2) is a serine/threonine

kinase that is activated by uncharged transfer RNA accumulation [12].
Under conditions of amino acid deprivation, GCN2 maintains amino
acid homeostasis through phosphorylating eukaryotic initiation factor
20 at Ser51 (eIF20°¢™>!) and selectively stimulating the expression of
amino acid biosynthetic genes [13,14]. In addition to regulating amino
acid starvation response, GCN2 is also involved in memory formation
[15], immune response [16,17] and muscle atrophy [18]. Interestingly,
GCN2 was found to promote sodium salicylate- or histone deacetylase
inhibitor-induced apoptosis [19,20], and it has been suggested that
GCN2 expression levels determine the sensitivity of cancer cells to Na™,
K*-ATPase ligand-induced apoptosis [21]. We have previously de-
monstrated that GCN2 deficiency attenuated transverse aortic con-
striction (TAC)-induced cardiac dysfunction and cardiomyocyte apop-
tosis [22]. However, whether GCN2 can also affect Dox-induced
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cardiotoxicity remains unclear. To address the issues, we first examined
the effect of GCN2 on Dox-induced cardiotoxicity using Gen2 deletion
(Gen2”/") mice and wild-type (WT) littermates. Then, we used the H9C2
rat cardiomyoblast cell line to investigate the role of GCN2 in Dox-
induced cell death and oxidative stress.

2. Materials and methods
2.1. Antibodies and reagents

Antibodies against (3-tubulin, C/EBP homologous protein (CHOP),
activating transcription factor 4 (ATF4), Bcl-2 and uncoupling protein-2
(UCP2), and mouse 3’- nitrotyrosine (3’-NT) ELISA kit were acquired
from Abcam PLC (#ab6046, #abl11419, #ab23760, #ab194583,
#ab203244, #ab116691, Cambridge, UK); GCN2, elF2a, phospho-
elF2a°™!, cleaved caspase-3 and Bax antibodies were acquired from
Cell Signaling Technology (#3302, #5324, #3398, #9661, #2772,
Danvers, MA, USA). Dulbecco's modified Eagle's medium (DMEM) ,
fetal bovine serum (FBS), lipofectamine 2000 and TRIzol reagent were
obtained from Invitrogen (#11965175, #10099141, #11668019,
#15596026, Grand Island, NY, USA). Dox, 3-(4,5-dimethylthiazol-2-
yl) — 2,5-diphenyltetrazolium bromide (MTT), DCFH-DA (2,7’
Dichlorodihydrofluorescein diacetate), dihydroethidium (DHE) were
purchased from Sigma (#D1515, #M2128, #D6883, #D7008, St.
Louise, MO, USA). Short hairpin RNA (ShRNA) sequences targeting
GCN2, elF2a or UCP2 were constructed into pLKO.1 lentiviral vectors
[23] (Addgene Plasmid # 10878) for viral packaging. The forward oligo
targeting sequences of shRNA hairpins were follows: shGCN2, TTAGC
TTATATCCATGAGAAA; shelF2a, GCTTGGAATCCTAGTTCTACG;
shUCP2, CGGCTGCAGATCCAAGGAGAG. GCN2 cDNA clone and single
guide RNA (sgRNA) targeting CHOP (antisense sequence TCAGCCAA
GCTAGGGATGCA) were sub-cloned into pLVX-Tet3G plasmid (Takara,
Otsu, Japan) and lentiCRISPRv2 [24] (Addgene Plasmid # 52961) for
viral packaging, respectively. The GCN2 and CHOP adenovirus were
purchased from Oubokang Co. Ltd. (customized products, Beijing,
China). DIO (3,3'-dioctadecyloxacarbocyanine perchlorate) and kits for
TUNEL assay, malondialdehyde (MDA) and glutathione measurement
were obtained from Beyotime Institute of Biotechnology (#C1038,
#C1090, #S0131, #S0053, Shanghai, China). All other chemicals made
in China were analytical grade.

2.2. Experimental animals

Gcn2™~ mice [25] were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA) and then crossed with C57BL/6J strain (obtained
from HFK Bioscience Co., Beijing). Adult male littermates (10-12 weeks
of age) were used in this study. Animal studies were performed in ac-
cordance with the principles of laboratory animal care (NIH publication
no. 85-23, revised 1985) and with approval of the University Of Chi-
nese Academy of Science Animal Care and Use Committee. Mice were
received intraperitoneal injections of Dox (5 mg/kg/week) for 4 weeks
(cumulative dose: 20 mg/kg). Initial body weight and age matched
mice were used as controls.

2.3. Echocardiography

Mice were anesthetized with 1.5% isoflurane and echocardiographic
images were obtained with a Visualsonics high-resolution 2100 system
as previously described [26,27].

2.4. Cell culture

H9C2 cardiomyocytes derived from rat myocardium were obtained
from China Infrastructure of Cell Line Resource (Beijing, China) and
grown in DMEM medium supplemented with 10% (v/v) inactivated FBS
and 1% penicillin and streptomycin at 37 °C with 5% CO.
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To generate a stable GCN2/elF2a/UCP2 knockdown or doxycy-
cline-inducible GCN2 overexpression cell line, 5 x 10° exponentially
growing cells were transfected with the shRNA lentivirus or pLVX-
Tet3G-GCN2 lentivirus for 24 h, followed by puromycin selection (1 pg/
ml) for 3 weeks.

2.5. Measurement of intracellular ROS and superoxide levels

The levels of intracellular ROS and superoxide were determined by
spectrophotometry using DCFH-DA and DHE respectively. The cells
were washed with PBS and incubated with 5pM fluorescence dyes
(final concentration) for 30 mins at 37 °C in dark. Then cells were wa-
shed three times with PBS and the fluorescence intensity was de-
termined using a Synergy H1 Hybrid Multi-Mode Microplate Reader
(Biotek Instruments, Inc., Winooski, VT, USA).

2.6. Tissue processing

Heart paraffin sections (5 um) were stained with a trichrome stain
kit (Modified Masson', ScyTek Laboratories, Inc., UT, USA) and TUNEL
apoptosis detection kit to assess fibrosis and apoptosis, respectively. At
least 4 mice per group were used for these experiments.

2.7. Western blots and quantitative real-time polymerase chain reaction
(gPCR) analysis

As previously reported [28,29], protein was extracted from heart
tissue or cells with buffer (50 mM Tris-Cl, 150 mM NaCl, 100 pg/ml
phenylmethylsulfonyl fluoride (#P7626, Sigma), protease and phos-
phatase inhibitor cocktail (#04693124001, #4906837001, Roche,
Basel, Switzerland) and 1%Triton X-100) on ice for 30 min. After cen-
trifugation at 12,000 g and 4 °C for 20 min, the supernatant was used for
Western blot.

TRIzol reagent was used to extract total RNA from heart tissue.
Reverse transcriptional reactions were performed using the PrimeScript
RT Reagent Kit (#RR036B, TaKaRa, Otsu, Japan). The mRNA levels
were determined using the SYBR® Premix Ex Taq™ II Kit (#RR820DS,
TaKaRa). The cycling conditions for qPCR were as follows: initial de-
naturation at 95 °C for 30 s, followed by 40 cycles of 5s at 95 °C, 30 s at
60 °C, and 30 s at 72 °C. Primers are listed in Supplemental Table 1. The
results were normalized to 18 S rRNA.

2.8. Data and statistical analysis

All values are expressed as the means + standard error. Statistical
significance was defined as p < .05. One- or two-way analysis of var-
iance (ANOVA) was used to test each variable for differences among the
treatment groups with StatView (SAS Institute Inc.). If ANOVA de-
monstrated a significant effect, pair wise post hoc comparisons were
made with the Fisher's least significant difference test.

3. Results

3.1. Gen2™~ attenuated Dox-induced cardiac dysfunction, fibrosis and
apoptosis

As we previously demonstrated [22], GCN2 deficiency does not
affect body weight, heart weight and left ventricular function. Exposure
to Dox for 4 weeks significantly decreased body weight and increased
the ratio of heart weight to body weight in WT and Gcn2”" mice;
however, Gecn2”" mice exhibited more body weight than WT mice
(Fig. 1A-B). qPCR results showed that the mRNA levels of atrial na-
triuretic peptide (ANP; a marker for cardiac stress) were significantly
higher in WT hearts than in Gcn2” hearts after Dox treatment (Fig. 1C).
Echocardigraphyic examination also revealed that Gen2™~ mice devel-
oped significantly less left ventricular (LV) dysfunction in response to
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Fig. 1. General control nonderepressible 2 (GCN2) deficiency attenuated doxorubicin (Dox)-induced left venticular (LV) dysfunction. Male Gen2”~ and wild-type
(WT) mice received intraperitoneal injections (5 mg/kg/week) for 4 weeks. The body weight (A), the heart weight to body weight ratio (B), and the mRNA levels of
atrial natrurietic peptide (ANP) (C) were measured. Echocardiography was used to measure LV ejection fraction (D, E). n = 7-8, *indicates p < .05, * * indicates

p < .01.

Dox treatment as indicated by significantly less reduction in LV ejection
fraction (53.7 = 2.1% in WT vs 62.3 * 2.0% in Gen2”~; p < .05)
(Fig. 1D, E).

LV fibrosis and cardiomyocyte death are the main mechanisms re-
sponsible for Dox-induced LV dysfunction. As demonstrated by Masson
staining, we found that Dox treatment resulted in more LV fibrosis in
WT than in Gen2 ™/~ hearts (Fig. 2A-B). Exposure to Dox also increased
more collagen I mRNA expression in WT hearts than in Gen2™”/~ hearts
(2.29 + .19 in WT vs 1.39 + .11 in Gen2™/") (Supplemental Fig. 1).
Next, we performed terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) staining to determine whether GCN2
deficiency affects Dox-induced cardiomyocyte apoptosis. As shown in
Fig. 2A, Dox treatment significantly increased apoptotic cells in WT and
Gcn2”~ hearts; however, the increase in apoptotic cells was sig-
nificantly less in Gen2~ /~ hearts than in WT hearts (Fig. 2A, C). Con-
sistent with TUNEL staining results, WT hearts exhibited higher cas-
pase-3 activity and greater activation (cleavage) of pro-apoptotic
protein caspase-3 than Gen2™”~ hearts after Dox treatment (Fig. 2D, E).
In addition, the expression of anti-apoptotic factor Bcl-2 was sig-
nificantly decreased, whereas the expression of pro-apoptotic factor Bax
was significantly increased in Dox-treated WT hearts; however, these
changes were significantly attenuated by Gcn2 deletion (Fig. 2D, E).

3.2. Gen2”" attenuated Dox-induced oxidative stress and endoplasmic
reticulum (ER) stress

Since Dox-induced cardiotoxicity is associated with increased oxi-
dative stress, we measured oxidative stress markers such as MDA, 3’-NT
and the ratio of reduced glutathione (GSH)-to-oxidized glutathione
(GSSG), to evaluate whether Dox treatment differentially stimulated
oxidative stress in WT and GCN2”~ hearts. Under basal conditions,
myocardial MDA and 3-NT levels, as well as the GSH/GSSG ratio were
not different in hearts of WT and Gcn2~~ mice. However, Dox treatment
caused greater oxidative stress in hearts of WT mice than in hearts of
Gcn2”” mice, as indicated by higher MDA and 3’-NT levels, and lower
GSH/GSSG ratios (Fig. 3A-C). To further explore the mechanism re-
sponsible for the attenuated oxidative stress in Dox-treated Gcn2””
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hearts, we performed qPCR to measure anti-oxidative stress response
genes, including superoxide dismutase 1 (Sodl), Sod2, Sod3, un-
coupling protein 2 (Ucp2), glutaredoxin (Glrx), metallothionein 1
(Mt1), Mt2, and dual specificity protein phosphatase 1 (Duspl). Sodl
was not affected by Gen2 deletion and Dox treatment. Sod2 and Sod3
were downregulated in Dox-treated Gcn2”~ hearts; however, there was
no difference between WT and Gcn2™”~ hearts. Dox treatment also sig-
nificantly decreased mRNA levels of Ucp2, Glrx, Mt1, Mt2 and Dusp1 in
WT hearts, while the decreases in Ucp2, Glrx and Mt1 were significantly
attenuated by Gcn2 deletion (Fig. 3D). Western blot analysis also
showed that GCN2 deficiency attenuated Dox-induced UCP2 reduction
(Fig. 3E).

It is well known that ER stress is associated with phosphorylation of
elF2a and induction of its downstream targets, ATF4 and CHOP.
Although GCN2 is an elF2a kinase, loss of GCN2 has no significant
effect on myocardial elF2a°™! phosphorylation under basal condi-
tions. However, while elF2a phosphorylation and myocardial ATF4 and
CHOP levels were significantly increased in the hearts of WT mice after
Dox treatment, these increases were significantly attenuated in hearts of
Gen2”~ mice (Fig. 3E).

3.3. GCN2 affects Dox-induced oxidative stress, ER stress and cell death in
H9C2 cardiomyocytes

To confirm the pro-apoptotic role of GCN2 in cardiomyocytes, we
stably transfected HOC2 cells with shRNA lentiviral vector targeting
GCN2. Another cell line stably transfected with PLKO.1l-scramble
shRNA was used as a control (shScr). Compared with control cells,
GCN2-depleted cells exhibited an ~16% increase in cell viability.
Although Dox treatment decreased cell viability in both cell lines, the
viability of GCN2-depleted cells was significantly higher than that of
control cells after treatment with 1 or 2 uM Dox (Fig. 4A). Knockdown
of GCN2 had no obvious effects on intracellular ROS or superoxide le-
vels under basal conditions, but significantly attenuated the increase of
ROS and superoxide levels in Dox-treated (1 puM, 24h) H9C2 cells
(Fig. 4B-C). Furthermore, GCN2 knockdown also significantly atte-
nuated Dox-induced upregulation of p-eI[F2a, ATF4, CHOP and Bax, as
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Fig. 2. GCN2 deficiency attenuated Dox-induced myocardial fibrosis and apoptosis. After exposure to Dox or control conditions for 4 weeks, representative heart
sections from control and Dox-treated WT and Gen2™~ mice were stained with Masson trichrome (upper panel, scale bar =50 pm), and DiO (green), DAPI (blue) and
TUNEL assay kit (red) (lower panel, scale bar= 10 um, arrows point to TUNEL positive cells) (A). The fibrosis area (B) and TUNEL positive cells (C) were quantified.
Heart tissue was collected from control and Dox-treated mice and lysates were subjected to casapse-3 activity assay (D) and Western blot for the expression of cleaved
caspase-3, Bcl-2 and Bax. B-tubulin was used as a loading control (E). N = 3-5, * indicates p < .05, ** indicates p < .01, *** indicates p < .001.

well as downregulation of Bcl-2 and UCP2 in H9C2 cells (Fig. 4D).

Then we generated a stable H9C2 cell line with tetracycline (Tet)-
controlled expression of FLAG-tagged mouse GCN2 using pLVX-Tet3G-
GCN2 lentivirus. Under basal conditions, GCN2 overexpression (Tet on)
did not affect cell viability and cellular redox state. However, Dox
treatment caused more cell death and higher levels of intracellular ROS
and superoxide in GCN2 overexpressing cells than in control (Tet off)
cells (Fig. 4E-G). After 1puM Dox treatment for 24h, GCN2-over-
expressing cells also exhibited higher levels of p-elF2a, ATF4, CHOP
and Bax, as well as lower levels of Bcl-2 and UCP2 (Fig. 4H). Together,
these data suggested that GCN2 affects Dox-induced oxidative stress, ER
stress and cell death in cardiomyocytes.
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3.4. Knockdown of elF2a attenuated Dox-induced oxidative stress and cell
death

Since elF2a phosphorylation was increased in Dox-treated hearts
and H9C2 cells, we also stably transfected H9C2 cells with shRNA
lentiviral vectors targeting elF2a to determine whether knockdown of
elF2a also protects against Dox-induced cell death. Compared to con-
trol cells, elF2a-depleting cells exhibited higher viability and lower
intracellular ROS levels in response to Dox treatment. In addition, Dox-
induced upregulation of p-elF2a, ATF4, CHOP and Bax, as well as
downregulation of UCP2 were significantly attenuated by depleting
elF2a in HI9C2 cells (Supplemental Fig. 2).
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Fig. 3. GCN2 deficiency attenuated Dox-induced myocardial oxidative stress and endoplasmic reticulum (ER) stress. Heart tissue was collected from WT and Gen2 ™/
~ mice 4 weeks after Dox treatment or control conditions. Then, myocardial 3"-nitrotyrosine (3'-NT) (A), malondialdehyde (MDA) (B) levels, and the ratio of reduced
glutathione to oxidized glutathione (GSH/GSSG) ratio (C) were determined. The mRNA levels of anti-oxidative stress response genes were examined using real-time
polymerase chain reaction (PCR) (D). Heart lysates were examined by Western blotting for the expression of total and phosphorylated eIF2a, activating transcription
factor 4 (ATF4), C/EBP homologous protein (CHOP) and uncoupling protein 2 (UCP2). B-tubulin was used as a loading control (E). N = 3-4, * indicatesp < .05, **

indicates p < .01.

3.5. CHOP expression affects Dox-induced oxidative stress and cell death

To determine whether the GCN2/elF2a pathway affects Dox-in-
duced cell death through a CHOP-dependent pathway, we over-
expressed FLAG-tagged CHOP in HO9C2 cells by adenovirus transfection.
Adenovirus with empty vector (Ad-Empty) was used as a control.
Compared to control cells, CHOP-overexpressing cells exhibited lower
levels of cell viability in response to Dox treatment (Fig. 5A), indicating
that CHOP overexpression exacerbated Dox-induced cell death. Fur-
thermore, CHOP overexpression significantly increased levels of in-
tracellular ROS and superoxide in both control and Dox-treated H9C2
cells (Fig. 5B-C). More interestingly, CHOP overexpression resulted in a
significant increase in Bax expression, as well as remarkable reductions
in Bcl-2 and UCP2 expression under basal conditions. After Dox treat-
ment, Bcl-2 and UCP2 were further decreased, while Bax was increased
in CHOP-overexpressing cells (Fig. 5D).

Next, we knocked out Chop in H9C2 cells using clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 lentiviral vectors
targeting CHOP. Under basal condition, Chop deletion had no obvious
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effect on cell viability and cell redox state. After Dox treatment for 24 h,
Chop”~ cells exhibited higher cell viability and lower levels of in-
tracellular ROS and superoxide levels than WT cells (Fig. 5E-G). Wes-
tern blot results also showed that CHOP depletion significantly de-
creased Bax expression, and increased Bcl-2 and UCP2 expression in
both control and Dox-treated cells (Fig. 5H).

To further confirm the role of CHOP in the GCN2/elF2a pathway,
we overexpressed CHOP in shScr, shelF2a or shGCN2 stably transfected
cells with Ad-CHOP adenovirus. After treatment with .5uM Dox for
24h, the viability of GCN2- or elF2a-depleted cells was still sig-
nificantly higher than that of control cells (Supplemental Fig. 3).
However, overexpression of GCN2 using Ad-GCN2 adenovirus had no
obvious effect on cell viability in Dox-treated Chop™~ cells (Supple-
mental Fig. 4), indicating that CHOP is required for GCN2 to regulate
Dox-induced cell death.
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Fig. 4. GCN2 affects Dox induced cell death, oxidative stress and ER stress in H9C2 cardiomyoblast cells. Scramble shRNA (shScr) and GCN2-specific shRNA
(shGCNZ2) stably transfected cells were treated with 0-2 uM Dox for 24 h and the cell viability (A) was determined. After treatment with 1 uM Dox for 24 h, the
intracellular reactive oxygen species (ROS) (B) and superoxide (C) levels in control and GCN2 knockdown cells were measured, and cell lysates were examined by
Western blot (D). After treatment with 0-2 pM Dox for 24 h, the cell viability of control and GCN2 overexpressed cells was determined (E). Control and GCN2
overexpressed cells were treated with 1 pM Dox for 24 h, then the intracellular ROS (F) and superoxide (G) levels were measured, and cell lysates were examined by
Western blot (H). N = 3-8, * indicates p < .05, ** indicates p < .01.

3.6. Knockdown of UCP2 exacerbated Dox-induced oxidative stress and cell

death

We noticed that UCP2 expression was reduced in Dox treated hearts
and HI9C2 cells, and this reduction was regulated by the GCN2/elF2a/

CHOP pathway. To determine whether UCP2 affects Dox-induced cell
death and oxidative stress, we further depleted UCP2 in H9C2 cells by
stably transfecting shUCP2 shRNA lentiviral vectors. Under basal con-
ditions, UCP2 knockdown resulted in a significant decrease in cell
viability and increases in intracellular ROS and superoxide levels. After
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Dox treatment, UCP2-depleted cells exhibited a significantly lower cell
viability and higher levels of intracellular ROS and superoxide than
those of shScr stably transfected cells (Fig. 6A-C). Western blot results
revealed that UCP2 expression was reduced ~70% in UCP2-depleted
cells, and the expression of UCP2 was further reduced after treatment
with 1 pM Dox for 24 h (Fig. 6D). Interestingly, UCP2 knockdown sig-
nificantly increased CHOP and Bax expression, whereas decreased Bcl-2
expression in both control and Dox-treated cells (Fig. 6D).

To further understand the role of GCN2/CHOP/UCP2 pathway in
cell death, we overexpressed GCN2, CHOP and GCN2 plus CHOP in
both shScr and shUCP2 stably transfected cells. In control cells, over-
expression of GCN2 or CHOP by adenovirus transfection had no obvious
effect on cell viability. However, when GCN2 and CHOP were co-
overexpressed, there was an ~35% reduction in cell viability. In UCP2-
depleted cells, overexpression of GCN2 and CHOP resulted in ~24%
and ~45% reduction in cell viability, respectively. Co-overexpression of
GCN2 and CHOP in UCP2-depleted cells decreased cell viability by
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~64% (Fig. 6E), indicating that UCP2 depletion renders H9C2 cells
more vulnerable to cell death induced by GCN2 activation and CHOP
induction.

4. Discussion

In the present study, we demonstrated that GCN2 deficiency at-
tenuates Dox-induced heart failure by inhibiting cell death and de-
creasing oxidative stress. The underlying mechanism for the patholo-
gical role of GCN2 in response to Dox was due to e[F2a-mediated CHOP
induction, which results in upregulation of Bax and downregulation of
Bcl-2 and UCP2. Our work implies that GCN2 not only acts as a sensor
for amino acid availability but also controls myocardial redox state via
regulation of the elF2a/CHOP/UCP2 pathway.

Emerging evidence has suggested that cardiomyocyte apoptosis re-
presents a critical process in the development and progression of dox-
orubicin-induced cardiotoxicity [8,30]. Although GCN2 did not affect
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Dox-induced cell death in mouse embryonic fibroblasts [31], we found
that Gen2”” mice exhibited preserved EF values and decreased cardio-
myocyte apoptosis after Dox treatment. The regulation of GCN2 on
cardiac cell apoptosis was further confirmed in HI9C2 cells, where GCN2
knockdown attenuated while GCN2 overexpression exacerbated Dox-
induced cell death. This is in accordance with previous studies de-
monstrating that GCN2 exerts a pro-apoptotic role of GCN2 in cardio-
myocytes [22] and cancer cells [19,20]. Consistent with our previous
finding that GCN2 is a novel negative regulator of cardiac Bcl-2 ex-
pression [22], we found that Gcn2” hearts or GCN2-depleted H9C2
cells exhibited higher levels of Bcl-2, whereas GCN2 overexpression
decreased Bcl-2 expression in Dox-treated cells. We also observed that
GCN2 increases the pro-apoptotic factor Bax expression in Dox-treated
hearts and cardiomyocytes. Since a decreased ratio of Bcl-2/Bax can
lead to the formation of pores in the mitochondria, release of cyto-
chrome c, and activation of the apoptotic pathway [32,33], it is likely
that GCN2 deficiency confers resistance to Dox-induced cardiomyocyte
apoptosis by increasing the ratio of Bcl-2 and Bax.

It has been well established that increased ROS production and a
marked reduction in expression of anti-oxidant enzymes are associated
with the cardiotoxicity of Dox [7,34], while decreased oxidative stress
attenuates heart dysfunction [35]. In that regard, the lower levels of
oxidative stress observed in the hearts of Dox-treated Gcn2”~ mice
provide an important alternate mechanism for improved cardiac func-
tion. Dox treatment decreased the mRNA levels of a series of anti-oxi-
dative stress response genes, while the reduction of Ucp2, Glrx and Mt1
was attenuated by GCN2 deletion. We also demonstrated that GCN2
knockdown increases, while GCN2 overexpression decreases, UCP2
expression in Dox-treated H9C2 cells. It has been proposed that Dox-
induced UCP2 reduction contributes to the increased ROS production in
cardiomyocytes [36,37]. UCP2 overexpression can inhibit H,O»-in-
duced mitochondrial death pathway in cardiomyocytes [38], while
UCP2 knockdown exacerbated Dox-induced cell death and oxidative
stress. In addition, we demonstrated that UCP2 knockdown directly
decreases Bcl-2 expression and increases Bax expression in H9C2 cells.
With KO or transgenic mice, Glrx and Mtl have also been found to
protect against Dox-induced cardiomyopathy and oxidative stress
[39,40]. Accordingly, the preserved expression of Ucp2, Glrx and Mt1
observed in hearts from Gcn2”~ mice after Dox treatment may partially
contribute to reduced myocardial oxidative stress.

Since elF2a is the only identified substrate of GCN2, it is reasonable
to propose that GCN2 promotes cell death and oxidative stress through
phosphorylation of elF2a. In fact, we consistently observed that GCN2
expression affects el[F2a phosphorylation in Dox-treated hearts and
cells. In addition, elF2a knockdown had a similar effect to GCN2
knockdown on Dox-induced cell death and oxidative stress. In response
to amino acid deprivation, GCN2-mediated elF2a phosphorylation in-
creases the translation of ATF4, which in turn increases the expression
of CHOP and other stress response genes [14]. The regulation of the
GCN2-elF2a pathway on ATF4/CHOP expression has also been de-
monstrated in anti-cancer drug treated cells [20,21]. Consistent with
these reports, we found that GCN2 deletion or depletion attenuated,
whereas GCN2 overexpression exacerbated, ATF4/CHOP induction in
Dox-treated hearts or H9C2 cells, indicating that CHOP induction under
stress conditions is partially GCN2 dependent. Furthermore, when Chop
was deleted, GCN2 overexpression could not exacerbate Dox-induced
cell death, suggesting a crucial role for CHOP in GCN2-eIF2a pathway.
It should be noticed that other factors apart from CHOP may also be
involved in GCN2-elF2a pathway mediated cell death, as over-
expressing CHOP could not diminish the protective effect of GCN2 or
elF2a knockdown on Dox-induced cell death. Therefore, more careful
studies are still needed to address this point.

As an ER-resident transcription factor, CHOP is increased in the
failing heart and plays a pivotal role in ER stress-mediated cardio-
myocyte apoptosis [41-43]. There is some evidence that CHOP pro-
motes apoptosis through inhibition of Bcl-2 and activation of Bax
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[44,45]. In the present study, we found that the attenuated CHOP in-
duction in Dox-treated Gen2”” hearts or GCN2-depleted H9C2 cells was
associated with increased Bcl-2 expression and decreased Bax expres-
sion, whereas the enhanced CHOP induction had an opposite effect on
Bcl-2 and Bax expression. In addition, using CHOP adenovirus vector
and Chop™~ cells, we demonstrated that CHOP can directly regulate Bcl-
2 and Bax expression in H9C2 cells. Therefore, it is likely that GCN2
regulates Bcl-2 and Bax expression under stress conditions via a CHOP
dependent manner.

In addition to downregulating Bcl-2 expression, CHOP can also
sensitize cells to endoplasmic reticulum stress by perturbing the cellular
redox state [44,46]. In the failing heart, CHOP induction was associated
with increased oxidative stress [22,47]. Conversely, Chop deletion re-
duces ROS levels of 3 cells under diabetic conditions [48], and at-
tenuates renal ischemia-reperfusion induced oxidative stress [49]. Me-
chanistically, CHOP represses a series of anti-oxidative stress response
genes in ER stress-mediated cell death [46]. In this study, we observed
that both CHOP overexpression and UCP2 downregulation increased
intracellular ROS and superoxide levels in both Dox treated and un-
treated cells. Overexpression of CHOP remarkably decreased UCP2
expression, whereas deletion of Chop significantly increased UCP2 ex-
pression in H9C2 cells. On the other hand, knockdown of UCP2 also
increased CHOP expression, which forms a positive feedback loop. Our
and previous studies demonstrated that forced expression of CHOP
alone does not induce cell death [44,46,50]. However, overexpression
of CHOP can induce cell death in UCP2-depleted cells and this effect
could be further enhanced by GCN2 overexpression. Thus, GCN2-
mediated interaction between CHOP and UCP2 might be critical for
cardiomyocyte survival and oxidative stress in the failing heart.

In summary, our study demonstrates that GCN2 deletion protects
against Dox-induced cardiomyopathy via inhibiting eIF2a-ATF4-CHOP
signaling, which mediates the reduction of Bcl-2/Bax ratio and UCP2
expression. Our results suggest that inhibiting GCN2 activity may help
in reducing Dox-related cardiotoxicity.
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