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Figure 1. Doxorubicin (Dox) induces DNA damages and activates mitochondrial pathway of apoptosis in cardiac myocytes. (a–d) Cell death markers 
were recorded by flow cytometry in neonatal rat ventricular myocyte (NRVM) treated or not with Dox (1 µM) for 12 hr, 24 hr, 36 hr, and 48 hr. Results are 
presented as mean ± SEM. ***p<0.001 vs. control. (a) Percentages of dead cells (FDA negative cells) measured by FDA assay (n=4–12). (b) Percentages 
of small cells obtained by gating the cell population with decrease forward scatter signal (n=4–12). (c) Percentages of cells with decreased ΔΨm (TMRM 

Figure 1 continued on next page
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low cells) recorded after TMRM staining (n=3–12). (d) Necrosis was assessed using propidium iodide (PI) and the percentage of cells with permeabilized 
plasma membrane (PI positive cells) is presented (n=4–7). (e) NRVM were untreated (Ctl) or treated with Dox (1 µM) for 24 hr and the percentage of 
cells with fragmented DNA (sub-G1 DNA content) was recorded by flow cytometry and is presented as mean ± SEM (n=4). ***p<0.001 vs. control. (f, 
g) NRVM were treated or not with Dox (1 µM) for 6 hr and the levels of cleaved-caspase 9 (f) or cleaved-caspase 3 (g) were detected by western blot. 
Actin was used as a loading control and protein levels relative to Ctl are presented in bar graphs (mean ± SEM, n=3 for caspase 9 and n=11 for caspase 
3). *p<0.05, ***p<0.001 vs. control. (h, i) NRVM were treated or not with Dox (1 µM) ± the general caspase inhibitor ZVAD-fmk (50 µM) for 24 hr. The 
percentage of dead cells (h) and small cells (i) is presented (mean ± SEM, n=3–8). ***p<0.001 vs. control, ###p<0.001 vs. Dox alone. (j) NRVM were 
untreated (Ctl) or treated with Dox (1 µM) for 16 hr and the level of the DNA damage marker phosphorylated histone H2AX (H2AX-pS139) was analyzed 
by western blot. Actin was used as a loading control. Protein levels relative to Ctl are presented in bar graphs (mean ± SEM, n=4). ***p<0.001 vs. 
control.

Figure 1 continued
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Figure 1—figure supplement 1. Doxorubicin (Dox) induced apoptotic cell death in cardiac myocytes. (a–c) Neonatal rat ventricular myocyte (NRVM) 
were left untreated or treated with Dox (1 µM) ± CE3F4 (10 µM) for 24 hr and analyzed by flow cytometry. Representative monoparametric histograms of 
(a) FDA fluorescence (cell death) or (b) TMRM fluorescence (ΔΨm potential). (c) Representative biparametric cytograms where forward scatter signal (cell 
size) is represented versus side scatter signal (cell density).
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Figure 2. Doxorubicin (Dox) modulates cAMP-EPAC1 pathway in cardiac cells. (a) Neonatal rat ventricular myocyte (NRVM) were untreated or treated 
with 1 µM Dox for 3 hr, 6 hr, 16 hr, and 24 hr and the level of EPAC1 protein was detected by western blot. Actin was used as a loading control. Protein 
levels relative to Ctl are presented in bar graphs (mean ± SEM, n=4–6). *p<0.05 vs. control. (b) NRVM were untreated or treated with Dox (1 µM) for 
3 hr, 6 hr, 16 hr, and 24 hr or with the EPAC activator 8-CPT (10 μM) for 3 hr. GTP-activated form of RAP1 was analyzed by pull-down assay. RAP1-GTP/
RAP1 total ratios relative to Ctl are expressed in bar graphs as mean ± SEM (n=4). *p<0.05 vs. control. (c–d) NRVM were untreated or treated with Dox 
(1 µM) for 3 hr, 6 hr, 16 hr, and 24 hr. (c) CAMYEL-based EPAC1 BRET sensor was used to measure EPAC1 activation. The BRET ratio was calculated as the 
ratio of the Renilla luciferase emission signal to that of citrine-cp (means ± SEM, n=8). ***p<0.001 vs. control. (d) The concentration of cAMP (nM) was 
monitored by cAMP dynamic 2 kit (means ± SEM, n=4). *p<0.05 vs. control.
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Figure 3. Pharmacological inhibition of EPAC1, but not EPAC2, protects cardiomyocytes from doxorubicin (Dox)-
induced DNA damage. (a) Neonatal rat ventricular myocyte (NRVM) were untreated or treated with Dox (1 µM) 
± the specific EPAC1 inhibitor CE3F4 (10 µM) for 16 hr and the level of the DNA damage marker H2AX-pS139 
was analyzed by western blot. Actin was used as a loading control. Protein levels relative to Ctl are presented in 

Figure 3 continued on next page
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bar graphs (mean ± SEM, n=3–5). **p<0.01 vs. control, ##p<0.01 vs. Dox alone. (b) NRVM were transfected with 
control (shCtl) or EPAC1 (shEPAC1) shRNA for 12 hr before treatment with Dox for 16 hr. The relative levels of 
EPAC1 and H2AX-pS139 were measured by immunoblotting with actin as a loading control (mean ± SEM, n=3–5). 
***p<0.001 vs. shCtl, ##p<0.01 vs. shCtl + Dox. (c, d) NRVM were untreated or treated with Dox (1 µM) and either 
the EPAC activator 8-CPT (10 µM) or the EPAC1 inhibitor ESI-09 (1 µM) or the EPAC2 inhibitor ESI-05 (1 µM) for 
24 hr. (c) The level of the DNA damage marker H2AX-pS139 was analyzed by western blot. Actin was used as a 
loading control. Protein levels relative to Ctl are presented in bar graphs (mean ± SEM, n=3). *p<0.05, **p<0.01, 
***p<0.001 vs. control, #p<0.05 vs. Dox alone. (d) The level of free topoisomerase IIβ (TopIIβ) was quantified by 
band depletion assay. Actin was used as a loading control. Protein levels relative to Ctl are presented in bar graphs 
(mean ± SEM, n=3–5). ***p<0.001 vs. control, ###p<0.001 vs. Dox alone.

Figure 3 continued
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Figure 4. EPAC1 inhibition reduces doxorubicin (Dox)-induced mitochondrial apoptotic pathway. (a, b) Neonatal rat ventricular myocyte (NRVM) were 
untreated or treated with Dox (1 µM) ± CE3F4 (10 µM) for 24 hr and analyzed by flow cytometry. Results are expressed as means ± SEM. **p<0.01, 
***p<0.001 vs. control, ###p<0.001 vs. Dox alone. (a) TMRM staining was used to assess the percentage of cells with decreased ΔΨm (as TMRM low 
cells) (n=10). (b) Calcein-cobalt assay was used to record MPTP opening (as calcein negative cells) (n=3–4). (c, d) NRVM were untreated or treated with 

Figure 4 continued on next page
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Dox (1 µM) ± CE3F4 (10 µM) for 16 hr. Activity of the mitochondrial respiratory complex I (n=4) (c) and complex IV (n=3) (d) is presented in the bar graphs 
as means ± SEM. *p<0.05, **p<0.01 vs. control, #p<0.05 vs. Dox alone. (e, f) NRVM were untreated or treated with Dox (1 µM) ± CE3F4 (10 µM) for 
6 hr and the levels of cleaved-caspase 9 (e) and cleaved-caspase 3 (f) were detected by western blot. Actin was used as a loading control and protein 
levels relative to Ctl are presented in bar graphs (means ± SEM, n=3 for caspase 9 and n=7–11 for caspase 3). *p<0.05, ***p<0.001 vs. control, #p<0.05, 
##p<0.01 vs. Dox alone. (g, h) NRVM were treated or not with Dox (1 µM) ± CE3F4 (10 µM) ± dexrazoxane (200 µM) for 24 hr and analyzed by flow 
cytometry. Results in bar graphs are expressed as mean ± SEM. ***p<0.001 vs. control, ##p<0.01, ###p<0.001 vs. Dox alone. (g) Percentage of dead 
cells (FDA negative cells) (n=3–7). (h) Percentage of small cells (n=8). (i) Representative micrographs of NRVM untreated or treated with Dox (1 µM) ± 
CE3F4 (10 µM) for 24 hr. (j) The percentage of dead cells (FDA negative cells) was assessed in NRVM left untreated or treated with Dox (1 µM) ± the 
specific EPAC2 inhibitor ESI-05 (1 µM) and presented as means ± SEM (n=5). ***p<0.001 vs. control, ###p<0.001 vs. Dox alone. (k) Freshly isolated adult 
rat ventricular myocytes (ARVM) were treated or not with Dox (1 µM) ± CE3F4 (10 µM) for 24 hr and cell death was determined. The percentage of dead 
cells (FDA negative cells) is presented in bar graphs (means ± SEM, n=4–5). *p<0.05 vs. control, #p<0.05 vs. Dox alone.

Figure 4 continued
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Figure 5. Doxorubicin (Dox)-induced cardiotoxicity was prevented in EPAC1 knock-out (KO) mice. WT (a–d) or EPAC1 KO mice (e–g) were injected (i.v.) 
three times with saline solution (Sal) or Dox at 4 mg/kg for each injection (12 mg/kg cumulative dose). Echocardiographic analysis was performed at 
15 weeks after the last injection. (a) Representative echocardiography images. (b) Ejection fraction (EF) and (c) left ventricle end-diastolic volume (LVEDV) 
are presented as means ± SEM. *p<0.05 vs. saline. (d) The protein level of EPAC1 was determined by western blot at 2, 6, and 15 weeks after the last 
injection. Actin was used as a loading control. Relative protein levels are presented in bar graphs. *p<0.05 vs. saline. (e) Absence of EPAC1 protein was 
verified in EPAC1 KO mice by western blot. Actin was used as a loading control. (f) EF and (g) LVEDV in EPAC1 KO mice are presented as means ± SEM. 
In (b, c, d, f, and g), the number of mice is indicated in the corresponding bargraph.
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Figure 5—figure supplement 1. Body weight of mice treated with doxorubicin (Dox). WT and EPAC1 knock-out (KO) mice were injected (i.v.) three 
times with (a) saline solution (Sal) or (b) Dox at 4 mg/kg for each injection (12 mg/kg cumulative dose). The body weight was measured every week after 
treatment with Sal or Dox. The data were fitted to a linear relationship. The slopes were 0.41 and 0.34 g/week in (a), and 0.21 and 0.18 g/week in (b) for 
WT and EPAC1 KO mice, respectively, and were not statistically different (p=0.0708 and 0.6487, respectively in (a) and (b)).
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Figure 6. Doxorubicin (Dox)-induced cardiotoxicity was prevented in EPAC1 knock-out (KO) mice. WT and EPAC1 
KO mice were injected (i.v.) three times with saline solution (Sal) or Dox at 4 mg/kg for each injection (12 mg/kg 
cumulative dose). Ventricular cells were isolated from control and treated mice 15 weeks after last i.v. injection 
and loaded with fluorescence Ca2+ dye Fluo-3 AM allowing to measure (a) cell shortening, (b) calcium transient 
amplitude, and (c) sarcoplasmic reticulum calcium release (upon application of 10 mM caffeine) by confocal 
microscopy. Normalized values are presented as mean ± SEM. *p<0.05, ***p<0.001 vs. WT saline, #p<0.05, 
##p<0.01 vs. EPAC1 KO saline. The number of animals and cells is indicated in the bars of the graphs. (d) The 
level of SERCA2A protein was measured by western blot. Calsequestrin was used as a loading control. Relative 
protein levels are presented as mean ± SEM. ***p<0.001 vs. WT saline. The number of saline or Dox-treated mice 
is indicated in the bars of the graphs. (e) Histograms of normalized mean ± SEM values of relaxation time constant 
(Tau) of calcium transients in Sal and Dox. The number of animals and cells is indicated in the bars.
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Figure 7. EPAC1 inhibition enhances doxorubicin (Dox)-induced cytotoxicity in various human cancer cell lines. Human MCF-7 breast cancer cells 
(a) and HeLa cervical cancer cells (b) were untreated or treated with the indicated doses of Dox ± CE3F4 (10 µM) for 24 hr. Cell death was measured by 
flow cytometry after FDA staining. Results presented in graphs are expressed as the percentage of dead cells (FDA negative cells) (means ± SEM, n=5 
for MCF-7 and n=8–9 for HeLa, *p<0.05, ***p<0.001 vs. control, #p<0.05, ##p<0.01 vs. Dox alone). Representative biparametric cytograms showing FDA 
fluorescence vs. forward scatter (cell size) are presented.


