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Synergistic effect of Chloroquine
and Panobinostat in ovarian cancer

through induction of DNA damage and

inhibition of DNA repair™- **

ABSTRACT

Ovarian cancer (OC) is the deadliest gynecologic malignancy, which is mainly due to late-stage diagnosis and chemotherapy resistance.
Therefore, new and more effective treatments are urgently needed. The in vitro effects of Panobinostat (LBH), a histone deacetylase
inhibitor that exerts pleiotropic antitumor effects but induces autophagy, in combination with Chloroquine (CQ), an autophagy
inhibitor that avoid this cell survival mechanism, were evaluated in 4 OC cell lines. LBH and CQ inhibited ovarian cancer cell
proliferation and induced apoptosis, and a strong synergistic effect was observed when combined. Deeping into their mechanisms of
action we show that, in addition to autophagy modulation, treatment with CQ increased reactive oxygen species (ROS) causing DNA
double strand breaks (DSBs), whereas LBH inhibited their repair by avoiding the correct recruitment of the recombinase Rad51 to
DSBs. Interestingly, CQ-induced DSBs and cell death caused by CQ/LBH combination were largely abolished by the ROS scavenger
N-Acetylcysteine, revealing the critical role of DSB generation in CQ/LBH-induced lethality. This role was also manifested by the
synergy found when we combined CQ with Mirin, a well-known homologous recombination repair inhibitor. Altogether, our results

Neoplasia (2021) 23, 515-528

provide a rationale for the clinical investigation of CQ/LBH combination in ovarian cancer.
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Introduction

Ovarian cancer (OC) is one of the most common gynecologic
malignancies and it has the highest mortality rate among them, nearly 185
000 annual deaths worldwide [1]. This high mortality is mainly due to the
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asymptomatic growth of the tumor that results in its diagnosis in advanced
stages [2]. In addition, relapse of disease is common after surgery and standard
platinum-based chemotherapy [3,4], and also after further treatments with
different chemotherapeutic agents [5]. Therefore, there is a clear need to
develop new therapeutic strategies. One of these strategies should be efficient
drug combinations that could overcome resistances and improve ovarian
cancer survival.

Histone deacetylase inhibitors (HDACI) represent promising agents in
cancer treatment [6]. The first of these compounds approved by the FDA was
SAHA in 2006 for the treatment of cutaneous T-cell lymphoma, followed by
Romidepsin in 2009, Belinostat in 2014 and Panobinostat (LBH) in 2015
for the treatment of different hematological malignancies [7]. Many others
HDAC: are currently in clinical trials for the treatment of several cancers.
All these molecules inhibit HDAGC:s, critical regulators of gene expression
that deacetylate different histones acting as transcriptional repressors [8].
The inhibition of HDACs promotes transcriptional activation of multiple
genes that are silenced in human tumors [9]. Moreover, HDACi have been
shown to exert pleiotropic antitumor effects; they induce the expression
of proapoptotic genes, cause cellular differentiation and/or cell cycle arrest
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[6,10,11] and impair DNA repair [12-16]. HDACi also promote autophagy,
but this effect instead of exerting antitumor effects has been proposed as a
potential mechanism of resistance to these drugs; autophagy might recycle
proteins to generate energy in an attempt to survive stressful conditions
generated by the treatment [17]. This is the reason why some researchers have
analyzed the effect of the combination of HDAC; and other proautophagy
drugs with autophagy inhibitors, such as Chloroquine (CQ), and have found
synergistic effects in some tumor cell lines, such as breast, colon, leukemic
and neuroblastoma cell lines [18-23].

CQ was originally discovered and used to treat malaria, and subsequently
it was used as an anti-inflammatory agent to treat inflammatory diseases [24].
CQ is a weak base and therefore it can raise the pH of cellular compartments.
This led to the assumption that CQ blocks the autophagic flux by increasing
the lysosomal pH, which promotes the inhibition of resident hydrolases.
However, a recent report has shown that CQ mainly inhibits autophagy by
impairing autophagosome fusion with lysosomes rather than by affecting the
acidity of this organelle [25]. Some clinical trials have shown that CQ enhance
the potential of combinatorial anticancer therapies by increasing tumor cell
death [26], although it remains unclear whether this is really due to autophagy
inhibition [27,28]. In fact, it has recently been suggested that the ability of
CQ to inhibit autophagy by blocking autophagolysosome formation may not
be the only mechanism by which it exerts antitumor effect [27,29].

In this study, we analyzed the effect of one HDACi, LBH, and of CQ
and their combination in ovarian cancer cells. We show that CQ increases
reactive oxygen species (ROS) which causes DNA double strand breaks
(DSBs), whereas LBH inhibits the repair of these lethal lesions by affecting the
recruitment of the recombinase Rad51 to DSBs (graphical abstract). These
results provide an explanation, together with the modulation of autophagy,
for the strong synergistic effect that we observed in ovarian cancer cell lines
treated with a combination of these drugs.

Materials and methods

Cell lines and culture conditions

The ovarian cancer cell lines (OCCLs) IGROV-1, OVCAR-8, SK-
OV-3 and A2780 were acquired from American Type Culture Collection
(ATCC) (OVCAR-8, SK-OV-3), European Collection of Authenticated Cell
Cultures (ECACC) (A2780) and Merck Millipore (IGROV-1). Multiple
myeloma cell line JJN3-HR was previously constructed in our group [12].
IGROV-1, A2780 and JJN3-HR were cultured in RPMI 1640 medium
(Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS)
(Gibco) and 1% penicillin/streptomycin (Gibco). SK-OV-3 and OVCAR-
8 were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco)
supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were
incubated at 37°C in a 5% CO, atmosphere. The presence of mycoplasma
was routinely checked with MycoAlert kit (Lonza) and only mycoplasma-free
cells were used in the experiments.

Reagents

Chloroquine (CQ) and N-Acetylcysteine (NAC) were purchased from
Sigma-Aldrich, Mirin and Bafilomycin Al (Baf) were obtained from
MedChemExpress, and Panobinostat (LBH) was provided by Novartis
Pharmaceuticals.

Cell proliferation assay

OCCLs were seeded into 96-well plates (4¢10° cells/mL) and were treated
with different concentrations of Chloroquine (10, 25, 50, 75, 100 and 125
pM) or Panobinostat (10, 25, 50, 75, 100 and 150 nM) for 24, 48 or

72 h. Cell proliferation was determined using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma-Aldrich). MTT was
dissolved in PBS (5 mg/mL) and 10 pL of this salt per well was added to
cells. After 1 h of incubation, medium was aspirated, and formazan crystals
were dissolved in DMSO (100 pL/well). Absorbance was measured at 570
nm in a plate reader (Ultra Evolution, Tecan). The half maximal inhibitory
concentration (IC50) was calculated using GraphPad Prism 8.

Cell cycle analysis

OCCLs were treated with Panobinostat or Chloroquine, fixed in 70%
ethanol and stored at 4 °C for later use. Cells were rehydrated with PBS,
stained with 50 pg/mL propidium iodide (PI) (Sigma-Aldrich) and treated
overnight with 100 pg/mL RNase A in the dark (Sigma-Aldrich). Cell cycle
profiles were then analyzed by flow cytometry using BD Accuri C6 Plus
Flow Cytometer (BD Biosciences). Data were analyzed with BD Accuri C6
Software.

Apoptosis assay

OCCLs were treated with Chloroquine, NAC and/or Panobinostat,
Bafilomycin Al and/or Panobinostat, and Mirin and/or Chloroquine, for 72
h and then stained with FITC Apoptosis Detection Kit CE (Immunostep)
according to the manufacturer’s guidelines. Apoptotic cells were determined
using BD Accuri C6 Plus Flow Cytometer. The synergism of the combination
was quantified using Compusyn Software (ComboSyn, Inc) which is based
on the Chou-Talalay method [58] and calculates a combination index (CI)
with the following interpretation: CI > 1: antagonistic effect; CI = 1: additive
effect; CI < 1 synergistic effect.

Western blot

Cells were resuspended in lysis buffer (50 mM Tris, 130 mM NaCl, 1 mM
EDTA, 1% Triton X-100) containing protease inhibitors (Complete, Roche
Applied Science, Indianapolis), and protein concentration was measured
using the Bradford assay (BioRad). Protein samples (50 ug/lane) were
subjected to SDS-PAGE and transferred to PVDF membranes (Millipore).
After blocking, membranes were incubated with antibodies against the
following proteins: LC3B (1:1000, NB600-1384, Novus Biologicals), Beclin-
1 (1:1000, 3738S, Cell signaling), p62 (1:1000, ab109012, abcam) and
B-actin (1:10000, Sigma-Aldrich). B-actin was used for loading control.
Horseradish peroxidase linked-sheep (antimouse) (NXA931, GE Healthcare)
or -goat (antirabbit) (AP307P, Millipore) were used as secondary antibodies at
a 1:10000 dilution. Immunoblots were incubated for 1h at room temperature
and developed using enhanced chemiluminescence western blotting detection
reagents (Thermo Fisher Scientific). Protein expression levels were calculated
using Image] software.

Detection of reactive oxygen species (ROS) generation

The production of intracellular ROS was determined by DCFH-DA
staining using flow cytometry. For short times, OCCLs were seeded at
250,000 cells/well in 6-well plates, incubated for 24 h and then stained
with 5 ptM DCFH-DA (Sigma-Aldrich) in serum-free medium for 30 min
in darkness. After this incubation, performed at 37°C in 5% CO,, cells
were treated with different concentrations of Chloroquine (25, 50 pM),
Panobinostat (25, 50 nM) or NAC (15 mM) for 15 min. For long times,
OCCLs were seeded at 250,000 cells/well, incubated for 24 h and treated
with Chloroquine (25, 50 pM) and/or Panobinostat (25, 50 nM). After that,
cells were stained with 5 pM DCFH-DA in serum-free medium for 30 min
in darkness (37°C in 5% CO,). ROS generation was then analyzed using BD
Accuri C6 Plus Flow Cytometer.
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Immunoﬂuom‘cence

OCCLs were plated on round glass coverslips (12 mm diameter) (250,000
cells/well in 6-well plates) and after 24 h of culture, cells were treated with
Chloroquine, NAC and/or Panobinostat for 48 or 72 h. Then, cells were
fixed with 4% paraformaldehyde for 10 min, permeabilized using 0.5%
Triton X-100 (Boehringer Mannheim) in PBS for 10 min, blocked in 10%
BSA in PBS for 30 min and incubated with phospho-H2AX antibody
(1:1000, 05-636, Sigma-Aldrich) and/or Rad51 antibody (1:1000, PC130,
Sigma-Aldrich) or LC3B (1:200, NB600-1384, Novus Biologicals) for 1h
30min. After washing, coverslips were incubated with fluorescent secondary
antibodies (1:400, Alexa Fluor 488 goat antimouse IgG and/or Alexa Fluor
594 antirabbit, Molecular Probes, Invitrogen) for 1h. DAPI (dihydrochloride
of 4, 6-diamidino-2-phenylindole, Roche) was used to visualize the nuclei.
Mowiol reagent (Calbiochem) was used to fix preparations on slides. Cells
were then analyzed by confocal microscopy (63x) using a LEICA SP5
microscope DMI-6000V model coupled to a LEICA LAS AF software
computer.

Homologous recombination (HR) functional assay

SK-OV-3 cell line was transfected with 1 pg of pHR plasmid linearized
by digestion with Nhel [30]. G418 was added at 500 pg/mL 72 h post-
transfection and stable pools were obtained after 3 wk of selection. To
measure HR efficiency in stable pools, cells (SK-OV-3 and JJN3) were
first preincubated with different concentrations of Panobinostat (5, 7 or 10
nM) for 24 h. Then, 10° cells were cotransfected with 5pg of a plasmid
that express I-Scel and 0.5 pg of pDsRed-N1 to correct for differences in
transfection efficiencies. Transfections were performed using the Amaxa Cell
Line Nucleofector Kit V and Amaxa Nucleofector device (Lonza). Programs
used were V-005 for SK-OV-3 cell line and T-016 for JJN3 cell line. After
transfection, cells were incubated again with the same concentration of
Panobinostat for 48 h. Green (EGFP) and Red (DsRed) fluorescence were
measured by flow cytometry using BD Accuri C6 Plus Flow Cytometer. HR
efficiency was calculated as the ratio of GFP+ to DsRed+ cells.

Statistical analysis

Differences between the results obtained from treated and nontreated cells
were assessed for statistical significance using Student’s unpaired 2 tailed t-test
with IBM SPSS Statistics for Windows version 25.0 (IBM Corp.). ANOVA
with Tukey’s posthoc test was used when more than 2 groups were compared.
Data are presented as mean = standard deviations. Statistical significance was
concluded for values of P < 0.05.

Results

Chloroguine inhibits proliferation, induces apoptosis and blocks
autophagy in ovarian cancer cell lines

The effect of CQ on the proliferation of ovarian cancer cells was evaluated
at different concentrations of the drug in 4 OCCLs. We found that treatment
with CQ inhibited cell proliferation in a dose- and time-dependent manner
in all the cell lines analyzed (Fig. 1A) with IC50 values that ranged from
12.31 pM for A2780 up to 29.05 pM for IGROV-1. To characterize CQ
antiproliferative activity, a cell cycle study was performed. Flow cytometry
analysis showed that cell cycle profiles were similar in treated/untreated cells at
the conditions assayed. A slight accumulation in GO/G1 phase was observed
in some cell lines at 24 h that only reached significance in A2780 cell line
(P-value < 0.05) (Figs. 1B and S1). In addition, a slight increase in the
percentage of the sub-GO population was observed in IGROV-1, OVCAR-

8 and SK-OV-3 cell lines; however, a strong and significant increase in the

sub-GO population was found in A2780 cell line after 72 h of treatment (P-
value < 0.05) (Fig. 1B). To determine whether the cytotoxic effect of CQ
was due to the induction of apoptosis, ovarian cancer cells were treated with
variable concentrations of the drug, stained with Annexin V-PI, and analyzed
by flow cytometry. The results showed that CQ induced apoptosis in a dose-
dependent manner, with A2780 being the most sensitive cell line (Fig. 1C).
Chloroquine is a well-known autophagy inhibitor [25], therefore we also
analyzed the expression of autophagy-related proteins in OCCLs at different
times post treatment. The levels of LC3-II and Beclin-1 increased after CQ
treatment (Fig. 1D) in all the cell lines tested. p62 levels also increased
in all cell lines except for IGROV-1, probably due to their resistance to
CQ. All these results suggest a blockage of the autophagy process [25,27].
To confirm this hypothesis, we performed immunofluorescence assays for
LC3B detection. We observed a clear accumulation of autophagosomes in

the cytoplasm of the 4 OCCLs (Figure S2).

Panobinostat inbibits proliferation and induces G2/M cell cycle arrest,
apoptosis and autophagy

Next, we studied the effect of Panobinostat (LBH) on the proliferation
of OCCLs. A dose- and time-dependent effect was observed in the 4 cell
lines analyzed, being OVCAR-8 the most sensitive to the HDAC inhibitor
(Fig. 2A). An analysis of the cell cycle profiles after LBH treatment revealed
that this drug caused an accumulation of cells in G2/M phase in the most
sensitive cell lines (SK-OV-3, OVCAR-8) (Figures S2, P-value<0.05) and
a strong increase in the percentage of death cells, as determined by the
quantification of sub-GO population (Fig. 2B). A dose-dependent induction
of apoptosis after treatment with LBH was demonstrated by Annexin-V
labeling (Fig. 2C).

HDAC inhibitors have been described to induce autophagy by a variety
of mechanisms [31-34]. To investigate whether LBH modulates autophagy
in OC cells the levels of autophagy-related proteins were analyzed by western
blot. A decrease in p62 protein levels (except for the A2780 cell line) together
with an increment of Beclin-1 (in OVCAR-8, IGROV-1 and A2780 cell
lines) and LC3B-I were detected after treatment with the drug (Fig. 2D),
indicating an induction of autophagy. Interestingly, cotreatment with CQ
inhibited LBH-mediated decline in p62 levels (Figure S4), in agreement with

a previous report in breast cancer cells [19].

Combination of Panobinostat and Chloroquine synergistically induces
cell death in OCCLs

Next, we compared the effect of the combination of LBH and CQ with
these agents in monotherapy in the 4 OCCLs. When cells were treated with
a combination of CQ (20 uM) and Panobinostat (20 nM) we observed
that cell viability was much lower than the observed with each drug alone
(Fig. 3). To investigate a putative synergistic effect, we used different doses
and maintained a constant ratio. The combination indices (Cls), calculated
with the Compusyn software, were below 1 in all OCCLs analyzed, revealing
a synergistic interaction between the 2 drugs (Fig. 3). The synergism of the
double combination was stronger in OVCAR-8 and A2780 than in the other
2 cell lines since they exhibited very low Cls.

Reactive oxygen species (ROS) generation plays a critical role in
CQ/LBH-induced lethality

HDAC inhibitors and CQ are known to exert pleiotropic effects in
the cells, which might contribute to their cytotoxicity and to the observed
synergism. One of these effects is ROS generation that has been demonstrated
in some models [18,35-41]. To determine whether CQ and/or LBH increase
ROS generation in OCCLs cells were treated with different concentrations
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Fig. 1. Effect of Chloroquine in proliferation, cell cycle distribution, apoptosis and autophagy-related proteins in OCCLs. (A) Cell viability after treatment
with the indicated doses of CQ for 24, 48 and 72 h. (B) Top panel, cell cycle profile after CQ treatment (50 pM) for 72 h. Middle panel, cell cycle distribution
of OCClLs after CQ treatment (50 pM) for 24, 48 and 72 h compared to untreated cells excluding the sub-GO population. Bottom panel, percentage of death
cells after 24, 48 or 72 h of treatment with 50 pM CQ (C) Effect of 72 h CQ-treatment (10, 25 and 50 pM) on apoptosis in OCCLs. D) Time-response of
autophagy-related proteins (Beclin-1, LC3B, p62) after CQ treatment (25 or 50 pM). B-actin was used as a loading control. Protein levels were quantified
using Image]J and are indicated. Values were normalized with those corresponding to 0 h that were taken as 100. C-: negative control (untreated cells). Data
are the mean of 3 independent experiments. Error bars represent the SD (**P < 0.01, *P < 0.05).
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Fig. 2. Effect of Panobinostat in proliferation, cell cycle distribution, apoptosis and autophagy-related proteins in OCCLs. A) Cell viability after treatment
with the indicated doses of LBH for 24, 48 and 72 h. B) Top panel, cell cycle profile after LBH treatment (50 nM) for 72 h. Middle the panel, cell cycle
distribution of OCCLs after LBH treatment (50 nM) for 24, 48 and 72 h compared with untreated cells excluding the sub-GO population. Bottom panel,
percentage of death cells after 24,48 or 72 h of treatment with 50 nM LBH. C) Effect of 72 h LBH-treatment (10, 25 and 50 nM) on apoptosis in OCClLs.
D) Time-response of autophagy-related proteins (Beclin-1, LC3B, p62) after LBH treatment (25 or 50 nM). S-actin was used as a loading control. Protein
levels were quantified using Image] and are indicated. Values were normalized with those corresponding to 0 h that were taken as 100. C-: negative control
(untreated cells). Data are the mean of 3 independent experiments. Error bars represent the SD (**P < 0.01, *P < 0.05).



520
Sanchez, R. Gonzalez-Sarmiento and A.B. Herrero

Synergistic effect of Chloroquine and Panobinostat in ovarian cancer through induction of DNA damage and inhibition of DNA repairM. Ovejero-

Neoplasia Vol. 23, No. 5,

2021
OVCAR-8
LBH 20nM+
. C- _ cQ20uM LBH 20nM
: 0.1% *{0.1%
o7.3% | “les0% : s
E.ﬂ..:.;.x..S.»..z,v..z.;.s.;.ﬁ.n P P
Annexin V 100 -
3 75
] cQ
2 50
S ——LBH
@ 25 - ——LBH+CQ
0 4
0 D1 D2 D3
Dose
D1[{D2|D3|D1|D2|D3]|D1]|D2]| D3
10115120 | - - - 10 | 15 | 20
- - - 101 15[20] 10| 15| 20
96.1]93.8188.9144.9(38.5|34.1|29.1|5.65| 0.6
0.04/0.06/0.11]0.55]/0.62{0.66]0.71]0.94|0.99
- - - - - - 10.43{0.06]0.01
SK-ON3 LBH 20nM+
. C- CQ20uM . LBH20nM . CQ20uM
*10.4% '15.4%
k 02.8% | . . 51.3%
E-‘J}»‘JJ,IN}J b W2 W
Annexin V
100 -
S 75 -
% ca
E 50 —a—LBH
@ 25 ——LBH+CQ
0 T T T \
0 D1 D2 D3
Dose
D1|D2|D3|D1]|D2]D3]|D1]D2]|D3
10 1 15[ 20| - - - |10 [ 15] 20
- - - 10115120 ] 10| 15| 20
95.2|90.2|92.3185.1/83.4|78.8]78.3|76.9|58.4
0.05|0.10/0.08]0.15]0.17{0.21]0.22]0.23|0.42
- - - - - - 10.60/0.81]0.33

A2780

LBH 20nM
4%

LBH 20nM+
C- CQ 20uM CQ 20puM

0.9% 14%

PP
PR

»

“lo7.9% 10.5%

e e R £

T PR,
100 ~

W2 B A S b a2

Annexin V

~
[$,]
"

cQ
—a—LBH
——LBH+CQ

Survival(%)
3

N
[¢]
M

o
1

B E———— T ]

0 D1 D2 D3
Dose

Dose D1]D2[D3][D1]|D2]D3
cQ (uM) 1015120 - [ - | - [10][15
LBH (nM) - | -1 -110]15]20 101520

90.2(89.9(74.980.3|77.6|72.8/60.7|35.6| 6.8

0.10]0.10]0.25]0.20]0.22]0.27]0.39]0.64]0.93
0.46]0.26]0.08

D1]D2 | D3

20

IGROV-1
. C- CQ20uM . LBH 20nM
K 1%| “12.3% 1T.3% *12.3%
- 1

LBH 20nM+
CQ 20uM

-
S S B a2

21.7% _338.9%

W2

20.9%

170.5% 456.8%
o b i Y Y Y i PR R
Annexin V

cQ
1 —&—LBH

——LBH+CQ

Survival(%)

0 D1 D2 D3
Dose

D1 | D2
10 1 15

D3 [ D1 [ D2 | D3
20| - - - 110 {15
10115120110 ]15]20

88.5(84.9| 75 |88.3|76.4(70.2|66.4(60.2| 43

0.12{0.15]0.25[0.12]0.23[0.30|0.34[0.40|0.57
0.81]0.77]0.91

D1] D2 | D3

20
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of these drugs for different times, stained with DCFH-DA, and analyzed by
flow cytometry. A rapid induction of ROS was observed after treatment with
CQ in all the OCCLs, in agreement with previous reports [35] (Fig. 4A).
This induction was not observed when cells were cotreated with CQ and
the antioxidant NAC. On the other hand, LBH did not increase ROS at
short time; therefore, we analyzed its effect at longer treatment. After 24 h of
treatment, we found that LBH increased ROS production in all the OCCLs

except for A2780. The combination of CQ and LBH also induced ROS and
the effect was stronger than the individual drugs in OVCAR-8 (Fig. 4A).

To analyze the relevance of ROS production in CQ/LBH-induced cell
death we compared the viability of ovarian cells that had been incubated
with these drugs (alone or in combination) in the presence or absence of the
ROS scavenger NAC. Addition of the antioxidant reduced CQ-induced cell
death in the most sensitive cell line A2780 but did not significantly decrease
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LBH-induced cell death in any of the 4 OCCLs analyzed (Fig. 4B). On the
other hand, the presence of NAC clearly reduced the apoptosis induced by
the combination of CQ and LBH in all 4 OCCLs.

Chloroquine induces DNA double-strand breaks (DSBs) in OCCLs that
can be reverted by the addition of N-Acetylcysteine

ROS is a known generator of endogenous DNA damage, including DSBs,
the most lethal of DNA lesions [42,43]. To analyze whether CQ and/or
LBH induced DSBs in ovarian cells we monitored the phosphorylation of
H2AX (yH2AX), a sensitive marker of DSBs, by immunofluorescence. CQ
was found to induce DSBs in the 4 OCCLs analyzed (Fig. 5A). Addition
of NAC decreased the percentage of cells with y H2AX foci, which clearly
indicate that CQ-induced DSBs are caused by ROS (Fig. 5A and 5B). LBH
significantly increased the number of cells with y H2AX foci in SK-OV-3 and

OVCAR-8, but differing from the results obtained with CQ, foci numbers
were not reduced in the presence of NAC. We observed that in the presence
of LBH yH2AX foci were bigger than in untreated cells and also than those
induced by CQ, especially in SKOV-3 and OVCAR-8 (Fig. 6A). These foci
resemble persistent/irreparable DNA damage foci and could represent lesions
especially difficult to repair [44].

Panobinostat inhibits homologous recombination repair (HR) in OCCLs

It has been described that some HDACI affect DNA DSB repair by
inhibiting homologous recombination (HR) [12,13,16]. This data, together
with the LBH-induced yH2AX foci appearance led us to the hypothesis
that this HDAC inhibitor could also affect DSB repair by HR in OCCLs.
Moreover, we also hypothesized that the synergy between CQ and LBH
could be due to the induction of DSBs by CQ and the inhibition of
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their repair by LBH. To test these hypotheses, we measured HR efficiency
in the presence of LBH in a multiple myeloma cell line that carries a
chromosomally integrated GFP HR reporter cassette (JJN3-HR). This cell
line has been proved in previous studies to be an optimal system to measure
HR [12,45]. Cells were pretreated with LBH for 24 h, cotransfected with an
I-Scel endonuclease-expressing plasmid and a pDsRed-N1 plasmid (red), to
normalize for transfection efficiency, and incubated again for an additional 48
h. In this system, correct repair by HR of DSBs induced by the endonuclease
restored a functional GFP detectable by flow cytometry (green cells). Mirin,
an inhibitor of MRN complex (Mrel1-Rad51-Nsbl) required for HR, was
used as a control [45]. Using this system, we found a significant reduction in
the number of HR-proficient cells that had been treated with LBH compared
with untreated cells (Fig. 7A). To corroborate these findings in ovarian
cells, we then generated an ovarian cancer cell line carrying the HR GFP

reporter cassette (SK-OV-3-HR). We also found a significant reduction in
HR efficiency after the treatment with LBH (Fig. 7B).

Panobinostat inhibits the correct recruitment of Rad51 protein to DSBs

We and other researchers have previously shown that some HDAC
inhibitors decrease Rad51 levels or affect the recruitment of Rad51 to DSB
sites [12-14,46,47]. Therefore, we next analyzed the localization of Rad51
in OCCLs treated with LBH, CQ or both. Cells were also stained with
antiy H2AX to mark DSB sites. In the SK-OV-3 cell line CQ-treated cells
showed yH2AX that colocalized with Rad51 foci, as expected; however,
LBH-treated cells exhibited clear y H2AX but no Rad51 foci was observed.
In the case of OVCAR-8, Rad51 staining after treatment with LBH revealed
that the protein was localized in the cytoplasm and in the nucleoli (Fig. 8).
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Combination of Mirin and Chloroquine synergistically induces cell
death in OCCLs

To further support the hypothesis that the synergy between CQ and
LBH could be due to the induction of DSBs by CQ and the inhibition of
their repair by LBH, we studied whether treatment with a well-known HR
inhibitor, Mirin, together with CQ also produced a synergistic effect. We
found that compared to monotherapy treatment, cell viability was lower when
the combination of Mirin and CQ was used in the 4 OCCLs (Figure S5A).
When the Cls was calculated a synergistic effect between these 2 drugs was
found in A2780, SK-OV-3 and IGROV-1 (CI<1).

Combination of bafilomycin Al and Panobinostat synergistically
induces cell death in OCCLs

It had been previously described that the use of autophagy inhibitors, such
as CQ, with drugs that induces autophagy, such as HDACI, enhanced the
cytotoxic response of these drugs [18-23,48]. Therefore, we hypothesized
that the synergistic effect obtained after CQ/LBH cotreatment could also be
due, at least in part, to an inhibition of the prosurvival autophagy pathway.
To test this hypothesis, we next studied whether the use of another autophagy
inhibitor, bafilomycin Al, could also enhance the LBH cytotoxic effect. We
compared the effect of the combination of bafilomycin Al and LBH with
the effect of these agents in monotherapy and found that cell viability was
lower when the combination was used in OVCAR-8, SK-OV-3 and IGROV-
1 cell lines. To determine a potential synergistic effect, combination indices
were calculated. A synergistic effect between these 2 drugs was found in
the OVCAR-8, SK-OV-3, and IGROV-1 cell lines (CI<1). The strongest
synergism was found in SK-OV-3 cell line (CI<0.5) (Figure S5B).

Discussion

The combination of 2 or more therapeutic treatments is a cornerstone
of cancer therapy [49]. The idea is to find drug combinations that work
in an additive, or better, in a synergistic manner, that is, when the effect
of 2 or more agents working in combination is greater than the expected
additive effect [50]. These approaches increase the potential to overcome
drug resistance by targeting nonoverlapping signaling pathways and allow
a lower therapeutic dosage of each individual drug, which reduces toxicity.
The development of combinational therapies is especially important for the
treatment of cancers with high mortality rate, such as ovarian cancer. Here,
we describe for the first time that treatment with an HDACi, LBH, and CQ
exerts a strong synergistic effect in ovarian cancer cells and analyzed the causes
of the observed synergism. We show that CQ induces the production of ROS
causing DNA DSBs, whereas LBH inhibits the repair of these lesions by HR,
providing an explanation for the observed synergism.

A previous study has reported a synergistic effect between LBH and
CQ in breast cancer cell lines [19]. The authors showed that exposure to
LBH increased LC3B-II but reduced the levels of p62, consistent with the
degradation of p62 during LBH-induced autophagic flux [51,52]. This data,
that was also observed in the present work with OCClLs, led the authors
to the hypothesis that LBH-treated cells would be particularly dependent
on autophagy for survival, making them more susceptible to inhibition of
autophagy by CQ, which inhibits autophagy, thereby increasing levels of p62
and LC3B-II [19,53]. These effects of CQ on p62 and LC3B-II levels were
also observed in all the OCCLs analyzed in the present study, as well as a clear
accumulation of autophagosomes. Other reports have also shown that CQ
enhances the in vitro and in vivo efficacy of some HDAC:s; thus, in colon
cancer cells, treatment with CQ or knockdown of the essential autophagy
gene ATG7 sensitized cells to vorinostat-induced apoptosis [18] and in
chronic myeloid leukemia (CML) cells treatment with drugs that disrupt
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the autophagy pathway dramatically increase the antineoplastic effects of
SAHA [20]. However, the fact that HDACi-induced autophagy serves as a
survival mechanism that is avoided by CQ or other autophagy inhibitors
remains controversial, since other reports have shown the opposite effect.
For example, Liu et al described that in hepatocellular carcinoma SAHA-
induced cytotoxicity was inhibited by 3-methyladenine or A7G5 knockout,
which inhibits autophagy, indicating that SAHA-induced autophagy led to
cell death [32]. Similarly, Yamamoto et al. also described that SAHA-induced
cell death could be reverted using 3-methyladenine [54]. It has also been
reported that CQ sensitizes some cancer cells to chemotherapy independently
of autophagy. Thus, Maycotte et al described that CQ, but not autophagy
blockage by knocking out autophagy genes such as A7G12 and BECN1
or treatment with the autophagy inhibitor Bafilomycin Al, increased the
sensitivity of breast cancer cells to chemotherapy [27]. To try to elucidate
if autophagy serves as a survival mechanism in HDACi-treated cells, we
decided to investigate the cytotoxic effect of the combination of LBH and
another inhibitor of autophagy, Bafilomycin Al. We did observe a synergistic
effect in 3 out of 4 OCCLs analyzed, which suggest that the regulation
of autophagy may contribute to the efficacy of the combination. In this
regard, several reports have previously shown the relevance of autophagy
inhibition as a therapeutic option in ovarian carcinoma, since treatment
with chemotherapeutic drugs, such as cisplatin or paclitaxel, upregulates
autophagy which contributes to chemotherapy resistance [55]. However, we
did not find a synergistic effect in A2780 cell line treated with LBH and
Bafilomycin Al. This result, and the discrepancies among different reports
mentioned above, could be due to differences in cancer cell lines or HDAC
inhibitors but reveal that some CQ/HDACi autophagy-independent effects
must contribute to the described synergistic interactions. In the case of
A2780, induction of autophagy by LBH could be lower than in the rest of
the cell lines analyzed, in fact, we did not observe p62 degradation, therefore
CQ/LBH synergy may attempt to another mechanism. In this regard, CQ
and also HDAC:i have been described to induce pleiotropic effects on cells
(6,10,29,56,11-15,25,27,28].

To investigate the underlying causes of synergism between CQ and
LBH we have used 4 different OCCLs representing the most common
histopathological OC subtypes (high-grade serous, endometrioid and clear
cell ovarian carcinomas). A2780 and IGROV-1 cell lines were derived from
ovarian endometrioid adenocarcinomas and represent this subtype of OC; in
fact, IGROV-1 cells present a mixed histology harboring molecular alterations
typical of clear cells and endometrioid subtypes. OVCAR-8 and SK-OV-3
cell lines were obtained from high-grade serous adenocarcinomas and ascites
from a serous cystadenoma, respectively. We first analyzed the individual
effect of the drugs under study. We show that CQ inhibited proliferation,
in agreement with previous reports [40,57]. However, it did not affect cell
cycle profile, as also found Carew et al [20], but in contrast with other
authors reportinga GO/G1 arrest [57]. We also found that CQ increases ROS,
as previously reported in different cancer cell lines [18,20,35-37,40,57,58],
and this effect resulted in the formation of DSBs in ovarian cells, since the
presence of the antioxidant NAC completely restored the number of cells with
endogenous y H2AX foci. Our data show that CQ induces ROS in OCCLs as
soon as 15 min after treatment. These species were reduced at 24 h in OCCLs
with the exception of IGROV-1, in agreement with previous reports [35]. The
mechanisms that promote ROS induction and the impact of DNA lesions to
induce cell death has not been deeply investigated, but it has been described
that autophagy might prevents ROS accumulation through elimination of
damaged mitochondria, which are known to be the major source of ROS
[41]. Therefore, autophagy blockage induced by CQ might be the cause of
increased ROS leading to DNA damage. Alternatively, it has been suggested
that the increased permeability of mitochondrial membrane by cathepsins,
liberated from lysosome after the lysosomal membrane permeabilization
produced by CQ, may be responsible for ROS generation [20,40]. The slight
effect of CQ in the induction of apoptosis in OCCLs probably attempts to

an efficient DSB repair in the OCCLs analyzed. On the other hand, we did
not detect a significant increase in ROS after the treatment with LBH at
short time; however, we detected a significant induction of ROS at longer
time (24 h) in 3 of the 4 cell lines analyzed. After 24 h of cotreatment with
both agents, anincrease in ROS production was detected in the 4 OCCLs
compared to untreated cells, and this increase was higher than those obtained
after LBH treatment alone in OVCAR-8. These results are consistent with
those reported in previous studies in colon cancer cells 18] and hematological
tumor cells, where different HDACi were found to induce ROS [59,60]. ROS
generation could explain the increase in the percentage of cells with y H2AX
foci after treatment with LBH. However, the percentage of cells with y H2AX
foci was not significantly reduced by the addition of ROS scavenger NAC.
These results suggest that LBH could affect some DNA repair pathways, such
as HR, that might avoid a correct repair of DSBs. In fact, we found that LBH
significantly decreased the efficiency of HR, and this must depend, at least
in part, on an improper recruitment of Rad51 recombinase to DSB sites,
as revealed the immunofluorescence assays. These results are consistent with
previous reports using other HDACi [12-14,46,47]. Other researchers have
also described defects in ATM signaling after treatment with HDAC: [15],
if that is also the case in OCCLs requires further investigation. To further
support the hypothesis that CQ induce DSBs and LBH avoids their repair,
we analyzed the effect of the combination of CQ and a well-known HR
inhibitor, Mirin. We found that this combination also exerted a synergistic
effect in 3 out of 4 cell lines analyzed, which again confirms that inhibition
of HR enhances the efficacy of the DSB-inducer CQ. Moreover, we found
that NAC protects against CQ/LBH-induced cell death, revealing that the
cytotoxic effect of the double combination is, at least in part, due to the
generation of DSBs by oxidative stress.

Conclusions

Altogether, our results strongly suggest that induction of DNA damage
and inhibition of DNA repair play an important role in CQ/LBH-induced
cell death and explain, together with the modulation of autophagy, the strong
synergy observed after treatment with these 2 drugs.

Interestingly, the combination of LBH and CQ has been shown to
reduced tumor formation in breast xenografts in vivo with low cytotoxicity
[19]. These results, together with our findings in 4 OCCLs that represent
different types of ovarian carcinomas, indicate that CQ plus LBH must be
considered for the treatment of several cancers and therefore investigated in
clinical trials.
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