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with the PI3K inhibitor BKM120 to exhibit
antitumor efficacy independent of autophagy
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Abstract

Background: The critical role of phosphoinositide 3-kinase (PI3K) activation in tumor cell biology has prompted
massive efforts to develop PI3K inhibitors (PI3Kis) for cancer therapy. However, recent results from clinical trials have
shown only a modest therapeutic efficacy of single-agent PI3Kis in solid tumors. Targeting autophagy has controver-
sial context-dependent effects in cancer treatment. As a FDA-approved lysosomotropic agent, hydroxychloroquine
(HCQ) has been well tested as an autophagy inhibitor in preclinical models. Here, we elucidated the novel mechanism
of HCQ alone or in combination with PI3Ki BKM120 in the treatment of cancer.

Methods: The antitumor effects of HCQ and BKM120 on three different types of tumor cells were assessed by in vitro
PrestoBlue assay, colony formation assay and in vivo zebrafish and nude mouse xenograft models. The involved
molecular mechanisms were investigated by MDC staining, LC3 puncta formation assay, immunofluorescent assay,
flow cytometric analysis of apoptosis and ROS, gRT-PCR, Western blot, comet assay, homologous recombination (HR)
assay and immunohistochemical staining.

Results: HCQ significantly sensitized cancer cells to BKM120 in vitro and in vivo. Interestingly, the sensitization
mediated by HCQ could not be phenocopied by treatment with other autophagy inhibitors (Spautin-1, 3-MA and
bafilomycin A1) or knockdown of the essential autophagy genes Atg5/Atg7, suggesting that the sensitizing effect
might be mediated independent of autophagy status. Mechanistically, HCQ induced ROS production and activated
the transcription factor NRF2. In contrast, BKM120 prevented the elimination of ROS by inactivation of NRF2, leading
to accumulation of DNA damage. In addition, HCQ activated ATM to enhance HR repair, a high-fidelity repair for DNA
double-strand breaks (DSBs) in cells, while BKM120 inhibited HR repair by blocking the phosphorylation of ATM and
the expression of BRCA1/2 and Rad51.

Conclusions: Our study revealed that HCQ and BKM120 synergistically increased DSBs in tumor cells and therefore
augmented apoptosis, resulting in enhanced antitumor efficacy. Our findings provide a new insight into how HCQ
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exhibits antitumor efficacy and synergizes with PI3Ki BKM120, and warn that one should consider the “off target”
effects of HCQ when used as autophagy inhibitor in the clinical treatment of cancer.
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Background
PI3K is known to play vital roles in the regulation of
biological functions of tumor cells, such as cell survival,
cell growth, and migration [1, 2]. Since the discovery of
the first PI3K inhibitor idelalisib (PI3Kp1108-specific
inhibitor) in 2014 [3], there have been 4 PI3K inhibitors
approved by the FDA for tumor therapy, including copan-
lisib (PI3Kp110a and §-specific inhibitor) [4, 5], duvelisib
(PI3Kp110y and &-specific inhibitor) [6], and alpelisib
(PI3Kp110a-specific inhibitor) [7], and other inhibitors
are in clinical trials [8, 9]. New functions of PI3Ks have
been discovered in recent years, including their roles in
inducing homologous recombination deficiency (HRD)
[10] and affecting the tumor microenvironment [11].
However, the antitumor efficacy of PI3Kis alone has been
proven limited, and therapeutic resistance continues to
be a major impediment to the success of cancer therapy
[12, 13]. To circumvent this problem, various combina-
tive therapy strategies of PI3Kis with drugs such as PARP
inhibitors, MEK inhibitors and immune checkpoint
inhibitors are being tested [14—16]. On the other hand,
targeting sole isoforms of PI3K usually causes negative
feedback, which may cause therapy resistance [17, 18],
providing the rationale for developing pan-PI3K inhibi-
tors such as BKM120 and ZSTK474 [13]. In particular,
four phase III clinical trials of BKM120 are ongoing for
the treatment of breast and head and neck cancers [19].
Chloroquine (CQ) and its derivative hydroxychloro-
quine (HCQ), as well-established 4-aminoquinolineanti-
malaria drugs [20, 21], have been increasingly used in
clinical trials for the treatment of various diseases, such
as rheumatoid arthritis, systemic lupus erythemato-
sus [22], and viral infections [23] including COVID-19
[24, 25], due to their extensive pharmacological activi-
ties including anti-inflammatory, immunosuppressive
and antiviral effects. In addition, they are well-known
autophagy inhibitors as lysosomotropic agents [26, 27]
and have been tested for enhanced antitumor efficacy in
combination with chemotherapeutic drugs. We hypoth-
esized that the combination with autophagy inhibitors
might enhance antitumor activity and investigated the
antitumor efficacy of BKM120 alone or in combina-
tion with the autophagy inhibitor HCQ. As a result, we
found that HCQ truly increased the antitumor effect of
BKM120 in vitro and in vivo. However, other autophagy
inhibitors could not mimic this effect, nor could silence
ofAtg5 or Atg7. Moreover, HCQ increased sensitivity to

BKM120 even in autophagy-deficient tumor cells, sug-
gesting that such a synergistic effect was independent of
autophagy. In this paper, we investigated the mechanism
by which HCQ augments the antitumor effect of the
PI3Ki BKM120.

Methods

Reagents and antibodies

BKM120, HCQ, Spautin-1, 3-MA, bafilomycin Al (Baf-
Al), BAY80-6946, GDC-0941, N-acetylcysteine (NAC)
and Z-VAD-FMK (z-VAD) were purchased from Sell-
eck Chemicals (Houston, TX). Tiron (ab146234) was
obtained from Abcam. Monodansylcadaverine (MDC)
and dichlorodihydrofluorescein diacetate (DCFH-DA)
were purchased from Sigma-Aldrich (St. Louis, MO).
The antibodies used were as follows: Caspase-3 (Cell
Signaling Technology, 9662), Cleaved Caspase-3 (Cell
Signaling Technology, 9664), PARP (Cell Signaling Tech-
nology, 9532), LC3B (Cell Signaling Technology, 3868),
Atg5 (Cell Signaling Technology, 9980), Atg7 (Cell Sign-
aling Technology, 8558), p62 (Cell Signaling Technology,
8025), phospho-Akt (Thr308, Cell Signaling Technology,
13038), phospho-Akt (Ser473, Cell Signaling Technol-
ogy, 4060), Akt (Cell Signaling Technology, 4685), phos-
pho-PDK1 (Ser241, Cell Signaling Technology, 3438),
phospho-mTOR (Ser2448, Cell Signaling Technology,
5536), NRF2 (Cell Signaling Technology, 12712), yH2AX
(Abcam, ab81299), BRCA1 (Cell Signaling Technol-
ogy, 14823, for Western blot), BRCA1 (Abcam, ab16780,
for IHC), BRCA2 (Abcam, ab216972), Rad51 (Abcam,
133534), phospho-ATM (S1981, Abcam, ab81292), Ki-67
(Cell Signaling Technology, 9027), B-actin (Cell Signaling
Technology, 4970), anti-rabbit IgG, HRP-linked antibody
(Cell Signaling Technology, 7074), and Anti-rabbit IgG
(H+L), F(ab’)2 Fragment (Alexa Fluor® 488 Conjugate,
Cell Signaling Technology, 4412).

Cell culture

SKOV-3 (ovarian cancer) and DU145 (prostate cancer)
cells were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China), and MKN-1
(gastric cancer) and HBC-5 (breast cancer) cells were gra-
ciously provided by the Japanese Foundation for Cancer
Research. The cells were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS, Gibco),
penicillin (100 U/ml), and streptomycin (100 pg/ml) in a
humidified incubator with an atmosphere containing 5%
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CO, at 37°C. Cells were passaged routinely once every
2-3days and were maintained for up to a maximum of 20
passages of subculture.

Cell viability assay

Cells were seeded in 96-well plates at a density of 2 x 10*
cells per well in 200l of medium. After 24 h, the cells
in each well were treated with HCQ or other autophagy
inhibitors (Spautin-1, 3-MA, Baf-Al) and were then
exposed to BKM120. At each time point, 10l of Presto-
Blue Cell Viability Reagent (Invitrogen) was added and
incubated for the optimized incubation time (1h) at
37°C. A Tecan plate reader was used to determine the
fluorescence intensity. Cell viability was calculated fol-
lowing normalization to the DMSO vehicle control. Data
represent an average of three independent experiments.

Colony formation assay

Colony formation assay was carried out as described by
us previously [28]. Cells were seeded in 24-well plates at a
density of 5 x 107 cells per well in 1 ml of medium. After
24h, cells were treated with the indicated concentrations
of HCQ or other autophagy inhibitors (Spautin-1, 3-MA,
Baf-Al) in combination with BKM120, BAY80-6946 or
GDC-0941 for 72h and were further incubated in drug-
free medium for 7-10days to form colonies. The colonies
were stained with 0.25% crystal violet and 25% metha-
nol in PBS solution for visualization. Colonies with 50 or
more cells were counted using Image] software with cus-
tomized parameters that were optimized on the basis of
three preliminary manual counts.

Apoptosis analysis

Apoptosis analysis was carried out as described by us
previously [29]. Briefly, cells were treated with HCQ,
Spautin-1 or the caspase inhibitor z-VAD and were then
exposed to BKM120 for 48h. After harvesting, the cells
were resuspended in 100ul of binding buffer and incu-
bated with an Annexin V-FITC/PI Apoptosis Detection
Kit (BD Biosciences) in the dark for 15min. Finally, sam-
ples were analyzed by flow cytometry in a FACS Verse
(BD Biosciences). Data were quantified using Flow]Jo
Software (Tristar).

Western blot analysis

Western blot analysis was performed as we previously
reported [30]. Cells were seeded in 6-well plates. After
24h, the cells in each well were treated with HCQ or
Spautin-1 for 1h and then BKM120 for 48 h. Total pro-
teins were separated and blotted. The signal was detected
by a ChemiDocXRS+ System (BIO-RAD) after expo-
sure to chemiluminescence reagents (BIO-RAD). -actin
served as the loading control.
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Monodansylcadaverine (MDC) staining

MDC staining was used to confirm the existence of
autophagic vacuoles as reported previously [31]. Cells
were grown on coverslips in 6-well plates. After 24 h, cells
were treated with HCQ or Spautin-1 for 1h and then
BKM120 for 48 h. Cells were washed with PBS and incu-
bated with 50pM MDC at 37°C for 20min. The stained
cells were washed, fixed with 4% paraformaldehyde for
15min, and analyzed by fluorescence microscopy (Olym-
pus, BX51) with MetaMorph software. The puncta was
quantified using Image].

Detection of LC3 puncta

LC3 puncta analysis was performed as we previously
reported [32]. The GFP-LC3 plasmid or GFP-RFP-LC3
plasmid was transiently transfected into the cells using
Lipofectamine 3000 according to the manufacturer’s
instructions with slight modification. After incubation
overnight, the medium was replaced with fresh growth
medium. The cells were incubated with HCQ and then
exposed to BKM120 for 48h. Cells were collected,
washed with PBS, and fixed in 4% paraformaldehyde for
30min at room temperature. Then, the slides were pro-
cessed and kept in the dark until analysis. Cells were then
visualized with Zeiss Confocal microscope LSM880 using
488nm and 643nm channels for the presence of GFP-
LC3 puncta and RFP-LC3 puncta.

RNA interference

siRNA knockdown of autophagy-related genes was car-
ried out as reported previously [33]. siRNAs for Atg5,
Atg7 and PIK3CA (Atg5: 5-GGAACAUCACAGUAC
AUUUTT-3; Atg7: 5-GAGACAUGGUCUGAAGAA
ATT-3; PIK3CA:5'-CUGAGAAAAUGAAAGCUCACU
CUTT-3’) were purchased from Sigma-Aldrich. Cells
were transfected with siRNA targeting Atg5, Atg7 or
PIK3CA using Lipofectamine 3000 transfection reagent
(Invitrogen) according to the manufacturer’s protocol.
Non-targeting siRNA (siNT) was used as a negative con-
trol. Cells were incubated for an additional 48 h and were
then collected for subsequent experiments.

Immunofluorescence assay

LC3 puncta analysis was performed as we previously
reported [34]. The Cells were seeded on coverslips in
24-well plates at a density of 5 x 10% cells per well in 1ml
of medium. After 24h, cells were cotreated with HCQ
and BKM120. After 48h, cells were fixed with 4% para-
formaldehyde and permeabilized with 0.2% Triton X-100
in PBS. Samples were then blocked in 5% donkey serum
in the presence of 0.1% Triton X-100 and stained with the
primary antibody YH2AX (Abcam, ab81299). After the
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cells were washed three times with PBS, the secondary
antibody coupled to Alexa Fluor 488 was added and incu-
bated for 1h at room temperature. After being rinsed and
washed three times with PBS, slides were mounted using
VECTASHIELD mounting medium (Vector Laborato-
ries) containing DAPI. Cells were then visualized with
Zeiss Confocal microscope LSM880 for the presence of
YH2AX puncta. The puncta was quantified using Image].

Quantitative RT-PCR

qRT-PCR analysis was performed as we previously
reported [35]. Total RNA was extracted with TRIzol (Inv-
itrogen) and synthesized from 1ug of total RNA using a
c¢DNA Synthesis Kit (BIO-RAD), and RT-PCR was per-
formed with aliquots of cDNA samples mixed with SYBR
Green Master Mix (Applied Biosystems). Reactions were
carried out in triplicate. The fold difference in transcripts
was quantified using the AAC, method. The sequences of
the PCR primers were as follows: Nqol forward, 5- CAA
ATCCTGGAAGGATGGAA-3; Nqol reverse, 5-GGT
TGTCAGTTGGGATGGAC-3'; HMOX1  forward,
5-CTTCTTCACCTTCCCCAACA-3’; HMOX1 reverse,
5-GCTCTGGTCCTTGGTGTCAT-3’; 18S rRNA for-
ward, 5'- CAGCCACCCGAGATTGAGCA-3’; 18S rRNA
reverse, and 5-TAGTAGCGACGGGCGGTGTG-3';
18S rRNA was used as a control to normalize RNA
expression.

Detection of reactive oxygen species (ROS)

The detection of intracellular ROS was carried out as
reported by us previously [32]. Briefly, cells were cultured
in 6-well plates at a density of 2 x 10° cells per well. After
24h, HCQ and BKM120 were added. The cells were har-
vested at the respective time points and incubated with
0.5uM DCFH-DA in the dark for 30min. After being
washed with PBS, the cell pellets were resuspended in
200 pl of ice-cold PBS for analysis. The fluorescent signal
produced was analyzed by a FACS Verse flow cytometer
(BD Biosciences). Data were quantified by using FlowJo
Software (Tristar).

Comet assay

The comet assay was carried out as we reported previ-
ously [36]. Briefly, Cells were treated with HCQ and
BKM120 for 48h. Cell suspensions were embedded in
LM (low melting) Agarose and then solidified at 4°C.
Slides were immersed in lysis solution overnight at 4°C.
Subsequently, the slides were transferred to an elec-
trophoretic box containing 300mM NaOH and 1mM
Na,EDTA (pH>13) for 30 min at 4°C before electropho-
resis. Thereafter, the slides were rinsed, dehydrated in
ethanol, and then stained with SYBR Gold (Invitrogen).
Finally, the slides were observed under a laser scanning
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confocal microscope (FV1000, Olympus). Randomly cho-
sen cells were scored visually by the CASP image-analysis
program. % DNA in tails is expressed as the intensity of
DNA damage.

HR repair assay

The HR repair assay was performed as reported previ-
ously [37]. Briefly, cells were plated at 2 x 10° cells per
well in a 6-well plate. After 24 h, the HR repair reporter
substrate direct repeat GFP (DR-GFP) plasmid and the
pCBAScel plasmid were transfected into the cells using
Lipofectamine 3000 transfection reagent. GFP-express-
ing plasmid (pEGFP-C1) was used as a transfection effi-
ciency control. Twenty-four hours later, the cells were
treated with HCQ and/or BKM120. The cells were har-
vested after 48h and resuspended in ice-cold PBS, and
the GFP intensity was analyzed using a FACS Verse flow
cytometer (BD Biosciences).

Zebrafish tumor xenograft model

All experimental procedures (including the following
nude mouse tumor xenograft model experiments) were
approved by the local Laboratory Animal Ethics Com-
mittee of the State Key Laboratory of Toxicology and
Medical Countermeasures of the Beijing Institute of
Pharmacology and Toxicology and performed in accord-
ance with the guidelines for the care and use of labora-
tory animals. Wild-type AB zebrafish (Daniorerio) were
provided by the Academy of Life Sciences of Peking Uni-
versity. Adult zebrafish were maintained under stand-
ard laboratory conditions, and embryos were generated
by natural pairwise mating. The zebrafish tumor model
was established as we reported previously [36]. Two
days postfertilization (dpf), the embryos were anesthe-
tized with tricaine (Sigma-Aldrich) and positioned on
a Petri dish for microinjections. Tumor cells were incu-
bated with CM-Dil Dye (Invitrogen). A concentration of
10® cells/ml fluorescence-labeled cells was injected into
the abdominal perivitelline space of zebrafish embryos.
After injection, the tumor-bearing embryos were trans-
ferred into a 24-well plate, acclimated at 32°C for 24h
and then incubated with HCQ and/or BKM120 for 72 h.
Tumor growth was imaged using a fluorescence inverted
microscope (Olympus). The fluorescence intensity of
xenografts was analyzed using Image] software. The per-
centage of tumor surface area of the total larval yolk sur-
face area was calculated to determine the tumor volume.

Nude mouse tumor xenograft model

The nude mouse tumor xenograft model was established
as we reported previously [38]. Four- to five-week-old
male BALB/C nude mouse (Vital River Laboratory Ani-
mal Technology Company, Beijing) were maintained
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under specific pathogen-free conditions in the animal
facility for 1 week. Suspensions of SKOV-3 and MKN-1
tumor cells (5~10x 10° viable cells/mouse) were sub-
cutaneously injected into the right flanks of mice. When
reaching 800-1000 mm?, the tumor blocks were divided
into 2mm X 2mm x 2 mm masses and implanted into the
right flanks of 30 mice. When the tumors grew to a vol-
ume of approximately 100 mm?, five mice each were ran-
domly allocated to different groups to be treated orally
with vehicle, BKM120, HCQ alone, or the two drugs in
combination daily. To evaluate the antitumor effect of
the 2 drugs alone or in combination (Combi), tumor vol-
umes were measured every 3 days until the endpoint as
(length x width?)/2. The body weights of the mice were
also measured every 3 days to monitor the possible toxic-
ity. Finally, the mice were euthanized, and tumors from
each group were peeled off and weighed for assessment
of tumor growth.

Hematoxylin-eosin (HE), immunohistochemistry

and TUNEL assay

HE, TUNEL and immunohistochemical (IHC) staining
were carried out as reported by us previously [39]. HE
staining was used to detect the pathological changes.
Apoptotic cells in tumor tissues were stained with a
TUNEL Apoptosis Detection Kit (Beyotime) according
to the manufacturer’s protocol. For histological analysis,
tumors were fixed overnight in 10% neutral buffered for-
malin, embedded in paraffin and sectioned at 5-um thick-
ness using a Leica RM2265 microtome. IHC staining was
carried out with an EnVision Detection System HRP. A
rabbit/mouse (DAB+) kit (Agilent) was used following
the manufacturer’s instructions. Endogenous peroxidase
was blocked by incubation with 0.3% hydrogen perox-
ide for 15 min. Antigen retrieval was performed by boil-
ing the slides in citrate buffer (10mM, pH6.0) in a water
bath for 20 min. After being rinsed and blocked with 5%
bovine serum albumin (BSA), the slides were incubated
overnight at 4°C with primary antibodies, followed by 1h
with labeled Polymer-HRP at room temperature. Subse-
quently, the slides were exposed to DAB+ Chromogen.
Counterstaining with hematoxylin was carried out. After
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mounting, the slides were observed under an Olym-
pus CX21 microscope, scanned with a high-resolution
digital slide scanner (Pannoramic 250, 3DHistech), and
quantified by Image] software.

Statistical analysis

Data from three independent experiments are presented
and expressed as the mean=+SD. An unpaired, 2-tailed
Student’s t test was used for 2-group comparisons.
ANOVA with Bonferroni’s correction was used to com-
pare multiple groups. A p value of <0.05 was considered
statistically significant. Drug interactions were assessed
as Cls, which were calculated using the CalcuSyn soft-
ware program (Version 2.1, Biosoft). CI<0.9 represents
synergism, 0.9 <CI<1.1 represents additivity and CI>1.1
represents antagonism. Before statistical analysis, varia-
tions within each group and the assumptions of the tests
were checked.

Results

HCQ enhanced the antitumor effect of the PI3K inhibitor
BKM120

As a pan-PI3K inhibitor, BKM120 exhibited a favorable
antitumor efficacy on various human tumor cells from
our JFCR39 drug discovery system [40, 41] regardless
of the PIK3CA mutation status. Particularly, apopto-
sis was induced significantly in SKOV-3, MKN-1 and
HBC-5 cells with high caspase 3/7 activity (2-fold to
4-fold higher than other cells in JECR39 system) [42].
Here, we demonstrated that BKM120 inhibited the prolif-
eration and induced apoptosis and autophagy in SKOV-3,
MKN-1 and HBC-5 cells in a dose-dependent manner
(Fig. S1A-D), which could be attributed to its inhibitory
activity on PI3K pathway (Fig. S1E) [43]. Then, we sought
to investigate the effect of HCQ on BKM120-induced
autophagy with various assays, including immunofluo-
rescence analysis of GFP-LC3 and GFP-RFP-LC3 puncta,
MDC staining, and Western blot analysis of LC3BII (a
key autophagosomal surface protein) and p62 (SQSTM1I,
a key autophagic substrate). Compared with BKM120
treatment alone, combination with HCQ remarkably
increased the accumulation of autophagosomes, showing

(See figure on next page.)

Fig. 1 HCQ blocked autophagy and increased the sensitivity of the PI3K inhibitor BKM120 in tumor cells. GFP-LC3 puncta (A) and RFP-GFP-LC3
puncta (B) in SKOV-3, MKN-1 and HBC-5 tumor cells treated with 1 uM BKM120 or/and 20 uM HCQ (the same concentrations in subsequent studies
unless indicated) for 24 h. The number of GFP-LC3 puncta per cell was quantified from 50 randomly selected cells (n =3). C Western blot analysis
of LC3B and p62 in SKOV-3, MKN-1 and HBC-5 cells treated with BKM120 and/or HCQ for 48 h. D Cell viability was measured by PrestoBlue after
treatment with BKM120 (0.5 uM, 1 uM and 2 uM) alone or in combination with 20 uM HCQ for 72 h. E Colony-forming abilities of cells treated with
HCQ and/or BKM120 were determined. Colony quantification is graphed in (F). G Cells were treated with BKM120 and/or HCQ for 48 h and then
subjected to flow cytometric analysis of apoptosis with Annexin V-FITC/PI staining. H FACS quantification of the total apoptotic cell population,
including Annexin V+/propidium iodide—early apoptotic cells and Annexin V+/propidium iodide—+late apoptotic cells. | Western blot analysis of
Caspase-3 and PARP in SKOV-3, MKN-1 and HBC-5 cells treated with HCQ and/or BKM120. Scale bars, 10 um. Graphs are normalized to 100% per
treatment and are shown as the mean =+ SD from three independent experiments; *p < 0.05; **p < 0.01; ***p <0.001
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the increased formation of GFP-LC3 puncta (Fig. 1A) and
MDC-positive puncta (Fig. S1IF, G). We next examined
the presence of autophagic flux following BKM120 and
HCQ treatment with GFP-RFP-LC3 expressing MKN-1
cells. Increased red vesicles were observed in the cells
treated with BKM120, indicative of autophagolysosomes
after activation of autophagy. Addition of HCQ increased
yellow vesicles (green and red co-localization), suggest-
ing that the BKM120-induced autophagic flux was effec-
tively blocked by HCQ [44] (Fig. 1B). Consistently, the
increased expression of LC3BII and p62 suggested that
BKM120-induced autophagy was blocked by HCQ at
the final stage (Fig. 1C). Notably, combination with HCQ
enhanced the anti-proliferative, anti-colony-forming
and apoptosis-inducing effects of BKM120 (Fig. 1D-H).
Consistent with the annexin V-FITC/PI staining data,
the expression levels of cleaved forms of Caspase-3 and
PARP detected by Western blot were obviously increased
in the combination group (Fig. 1I).

In addition, we used BAY 80-6946 and GDC-0941, to
determine whether HCQ could also increase the antitu-
mor effects of other PI3Kis. As shown in the Fig. S2A, the
increased expression of LC3BII and p62 suggested that
BKM120-induced autophagy was blocked by HCQ at the
final stage. HCQ significantly enhanced the anti-prolif-
erative and anti-colony-forming effects of BAY 80-6946
and GDC-0941 (Fig. S2B-D). Consistently, genetic inhibi-
tion of PIK3CA with siRNA mimics the effect of BKM120
in MKN-1 cells, with decreased phosphorylation of PI3K
downstream factors, such as Akt and mTOR (Fig. S2E).
As shown in the Fig. S2F, HCQ could induce more obvi-
ous apoptosis in the siPIK3CA group. Overall, HCQ
indeed inhibited the autophagy induced by BKM120
while increasing its antitumor effect in vitro.

Other autophagy inhibitors, such as Spautin-1, could

not mimic the effect of HCQ

After demonstrating that HCQ could inhibit autophagy
and enhance the cytotoxicity of BKM120, we expected
that other autophagy inhibitors could mimic the same
effect. First, we determined the effect of Spautin-1,
which is known as an early-stage autophagy inhibitor,
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by increasing proteasomal degradation of class III PI3
kinase complexes [45]. After treatment with Spautin-1,
the MDC puncta (Fig. S3A, B) and the expression of
LC3BII reduced, and that of p62 increased, suggest-
ing that autophagy was blocked at the early stage [46,
47] (Fig. 2A). Then, we determined the effect of Spau-
tin-1 on the in vitro anticancer activity of BKM120.
Interestingly, compared with BKM120 treatment alone,
the addition of Spautin-1 did not affect cell viability
(Fig. 2B and Fig. S3C), colony-forming ability (Fig. 2C,
D and Fig. S3D, E) and cell apoptosis (Fig. 2E, F). In
addition, neither 3-MA nor Baf-A1l, both of which are
recognized autophagy inhibitors, could increase the
in vitro anticancer effect of BKM120 (Fig. 2G-I). 3-MA
could block autophagy at early stage, while Baf-Al is a
lysosomotropic compound that blocks the autophagic
process at late stage, similar to HCQ [48]. Notably, dif-
ferent from the effect of HCQ, treatment with Spau-
tin-1, 3-MA or Baf-Al alone had no obvious effects on
colony formation. Above all, other autophagy inhibi-
tors did not mimic the effect of HCQ to suppress tumor
cell growth and to increase the antitumor effect of
BKM120, suggesting that HCQ might exhibit the sen-
sitizing effect in a unique way compared with the other
autophagy inhibitors.

Silencing key autophagic genes could not mimic the effect
of HCQ

To determine whether the antitumor sensitizing effect
mediated by HCQ was due to autophagy inhibition, we
examined the effect of knocking down the key autophagic
gene Atg5 (Fig. S4A). Knocking down Atg5 led to an
increase in p62 and decreases in LC3BII in SKOV-3 and
MKN-1 cells (Fig. 3A), with an approximately 20% reduc-
tion in MDC puncta compared with BKM120 treated
groups (Fig. 3B, C), suggesting that autophagy was
blocked [46, 47]. However, silencing Atg5 did not affect
the effect of BKM120 on cell viability (Fig. 3D) or apopto-
sis (Fig. 3E, F). We knocked down another key autophagic
gene, Atg7 (Fig. S4A), and similar results were obtained
(Fig. S4B-D). In addition, silence of the Atg5 or Atg7 also

(See figure on next page.)

Fig. 2 Other autophagy inhibitors did not enhance the anticancer activity of BKM120. A Western blot analysis of LC3B and p62 upon treatment
with BKM120 and/or 10 uM Spautin-1 for 48 h. B Cell viability of SKOV-3 and MKN-1 cells after treatment with various concentrations of BKM120

alone or in combination with 10 uM Spautin-1 for 72 h. C The colony formation assay was used to measure the colony-forming abilities of SKOV-3
and MKN-1 cells treated with 10 uM Spautin-1 and/or BKM120. Colony quantification is graphed in (D). E SKOV-3 and MKN-1 cells were treated with
BKM120 and/or 10 uM Spautin-1 for 48 h and subjected to measurement of total apoptotic cells. F Quantification of the apoptotic cell population. G
SKOV-3 and MKN-1cells were treated with BKM120 alone or combined with 3-MA (0.5 mM) or Baf-A1 (1 nM) for 72 h and subjected to measurement
of the relative cell viability. H Colony-forming abilities of SKOV-3 and MKN-1 cells treated with 3-MA (0.5 mM) or Baf-A1 (1 nM) alone or combined
with BKM120. Colony quantification is graphed in (I). Graphs are normalized to 100% per treatment and are shown as the mean =+ SD from three
independent experiments; ns: p>0.05
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Fig. 3 Silencing Atg5 did not affect the anticancer activity of BKM120. A Western blot analysis of p62, LC3 and Atg5 in SKOV-3 and MKN-1 cells after
transfection with non-targeting siRNA or Atg5 siRNA. SKOV-3 and MKN-1 cells followed by treatment with BKM120 for 48 h. B, C Representative
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treatment and quantification. Scale bar, 20 um. D SKOV-3 and MKN-1 cells were transfected with or without Atg5 siRNA and were then treated with
different concentrations of BKM120 for 72 h to detect cell viability by PrestoBlue assay. E Measurement of total apoptotic SKOV-3 and MKN-1 cells
after transfection with non-targeting siRNA or Atg5 siRNA in combination with BKM120 treatment. F FACS quantification of the total apoptotic
cell population. Graphs are normalized to 100% per treatment and are shown as the mean = SD from three independent experiments; ns: p > 0.05;
*p <001

did not sensitize tumor cells to other PI3Kis (Fig. S4E).  effect of HCQ after knocking down Atg5 in cancer cells.
We conclude that the antitumor effect of BKM120 was  As shown in Fig. 4A, the addition of HCQ significantly
not affected by knocking down key autophagic genes, increased the antiproliferative activity of BKM120, even
demonstrating that the inhibition of autophagy cannot in the absence of Atg5. Similarly, knocking down Atg5

sensitize tumor cells to BKM120. did not affect the effect of BKM120 on colony formation,

but HCQ significantly enhanced the effect even in Atg5-
HCQ increased the in vitro anticancer activity of BKM120 deficient SKOV-3 and MKN-1 cells, with similar potency
in Atg5-deficient cancer cells to that in parental SKOV-3 and MKN-1 cells (Fig. 4B).

To further demonstrate that the sensitizing effect of HCQ  Consistently, Atg5 status did not affect apoptosis caused
was independent of autophagy status, we investigated the by both drugs (Fig. 4C). The cleaved forms of Caspase-3
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and PARP were also significantly increased when
cotreated with HCQ and BKM120 in these Atg5-deficient
cells (Fig. 4D). In addition, we determined the effects
of HCQ and BKM120 on the viability of the prostate
cancer DU145 cell line, which is known to be naturally
Atg5-deficient [49]. As a result, HCQ showed a sensitiz-
ing effect on DU145 cells to BKM120 (Fig. 4E). Overall,
we demonstrated that HCQ potentiated the sensitivity
of cancer cells to BKM120 independent of autophagy
inhibition.

The combination of HCQ with BKM120 synergistically
induced the accumulation of ROS and caspase-dependent
apoptosis

Since the sensitizing effect of HCQ could not be attrib-
uted to autophagy inhibitory activity, we then tried to
delineate the mechanisms behind. The combination of
HCQ with BKM120 led to a strong synergetic antipro-
liferative effect on both SKOV-3 and MKN-1 cells, with
CI values far less than 1 (Fig. S5A,B). HCQ alone induced
apoptosis in a concentration-dependent manner, with
an increase in cleaved PARP (Fig. S4C-E). Furthermore,
treatment with HCQ time-dependently increased the
production of ROS (Fig. S4F, G). Interestingly, it is worth
noting that BKM120 alone did not induce significant
ROS production but led to a high increase in ROS accu-
mulation when combined with HCQ (Fig. 5A). Silencing
Atg5 in combination with BKM120 did not mimic the
effect of HCQ combined with BKM120 on ROS produc-
tion (Fig. S5H, I). Moreover, HCQ alone increased the
expression of NRF2,a transcription factor encoded by
the NFE2L2 gene,which mediates the transcription of
antioxidative genes [50]. In contrast, BKM120 alone or
in combination with HCQ inhibited the expression of
NREF2 (Fig. 5B). We further examined their effect on the
mRNA expression of NRF2-targeted genes such asNgol
and Hmox1. Consistently, HCQ increased the expres-
sion of Ngol and Hmox1, while BKM120 potently inhib-
ited them (Fig. 5C). Previous reports showed that the
excessiveaccumulation of ROS in cells may lead to cas-
pase-dependent cell death [51, 52]. We found that pre-
treatment with the antioxidant NAC or the pancaspase
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inhibitor z-VAD could partly rescued the cytotoxic
effects of HCQ and BKM120, showing reduced effects
on the inhibition of cell viability (Fig. 5D) and cell colony
formation (Fig. 5E, F), as well as the induction of apopto-
sis (Fig. 5G). The cleaved forms of Caspase-3 and PARP
were also reduced in the presence of NAC (Fig. 5H).
However, the rescue effects were limited, indicating other
mechanisms may exist to mediate the tumor cell death.
In addition, in order to further confirm that ROS induc-
tion is involved in the mechanism of HCQ to enhance
the antitumor activity of BKM120, two recognized ROS
inducers, doxorubicin and cisplatin [53, 54], were used
to combine with BKM120. As shown in Fig. S6A and B,
addition of either doxorubicin or cisplatin significantly
enhanced ROS accumulation and cell death in MKN-1
cells, compared with treatment by BKM120 alone. The
above results suggested that the synergistic antitumor
effect of the combination of HCQ and BKM120 was
mediated at least partially through the accumulation of
ROS and the induction of caspase-dependent apoptosis.

HCQ and BKM120 synergistically induced DSBs

with different roles in HR repair

ROS accumulation is a major cause of DNA damage, of
which double-strand breaks (DSBs) are fatal [55, 56]. The
comet assay indicated that the combination of HCQ and
BKM120 led to increased DNA fragmentation, suggest-
ing more severe DNA damage (Fig. 6A). Immunofluo-
rescence staining and Western blot results showed that
the foci formation and abundance of yH2AX increased,
indicating augmented DSBs (Fig. 6B, C). However, pre-
treatment with NAC or Tiron, both of which are ROS
scavengers, led to a reduction of YH2AX in combina-
tion group, suggesting that ROS accumulation at least
partially contributed to the DSB caused by the com-
bined administration of HCQ and BKM120 (Fig. 6D and
Fig. S7A). We also used an HR reporter assay to investi-
gate the effect on HR repair efficiency [37]. As shown in
Fig. 6E and Fig. S7B, HCQ enhanced HR repair efficiency,
while BKM120 dramatically inhibited it in cancer cells.
We next sought to gain insight into how HR repair was
affected by both drugs. Western blot analysis showed that

(See figure on next page.)

Fig. 4 HCQ enhanced the antitumor activity of BKM120 on Atg5-deficient cells. A SKOV-3 and MKN-1 cells were transfected with non-targeting or
Atg5 siRNA, and then treated with HCQ and various concentrations of BKM120 for 72 h. Cell viability was determined by PrestoBlue assay. B SKOV-3
and MKN-1 cells were transfected with or without Atg5 siRNA and were then treated with BKM120 and/or HCQ for 72 h and allowed to recover in
fresh media for 7-10days. The colony-forming ability of the cells was determined. Colony quantification is graphed. C SKOV-3 and MKN-1 cells were
transfected with or without Atg5 siRNA and then treated with HCQ and/or BKM120 for 48 h. The treated cells were subjected to Annexin V-FITC/
PI'staining and flow cytometric analysis of apoptosis. The apoptotic cell population is quantified. D Western blot analysis of Caspase-3 and PARP

in SKOV-3 and MKN-1 cells transfected with Atg5 siRNA and then treated with HCQ and BKM120 for 48 h. E DU145 cells were treated with BKM120
alone or in combination with HCQ for 72 h and subjected to cell viability assays. Graphs are normalized to 100% per treatment and shown as the
mean % SD from three independent experiments; ns: p>0.05; *p < 0.05; **p <0.01; **p <0.001
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HCQ increased the phosphorylation of ATM (Fig. 6F),
an essential regulator in the HR repair process, by trans-
ducing HR repair signals to downstream effectors by
phosphorylating critical protein substrates, including
BRCA1/2 [57]. In contrast, the phosphorylation of ATM
was inhibited by BKM120, as well as the expression of
the key downstream HR molecules BRCA1, BRCA2 and
Rad51 (Fig. 6F). In summary, HCQ and BKM120 syner-
gistically caused DSBs in cancer cells, with different roles
in HR repair.

In vivo synergetic effect of HCQ and BKM120

After demonstrating the in vitro synergetic effect of
HCQ and BKM120, we investigated the in vivo antitu-
mor efficacy of the two drugs using SKOV-3 and MKN-1
zebrafish and nude mouse xenograft models. As shown
in Fig. 7A, the fluorescence intensity, which indicated the
tumor size in zebrafish models, was significantly reduced
in the HCQ, BKM120 and the combination groups after
treatment for 3 days. Furthermore, compared with either
drug alone, the combination treatment resulted in a sig-
nificantly reduction in tumor growth. For antitumor effi-
cacy in nude mouse xenograft models, both HCQ and
BKM120 significantly inhibited SKOV-3 and MKN-1
tumor growth, while the combination further enhanced
the efficacy compared with either drug alone (Fig. 7B-
D). There was no apparent change in body weight indi-
cated between the combination and either the HCQ or
BKM120 groups, suggesting no major toxicity caused
by the combination treatment (Fig. 7E). Next, immu-
nohistochemical and TUNEL staining assays were car-
ried out with the tumor tissues. As indicated in Fig. 7F,
SKOV-3 and MKN-1 cells showed obvious atypia of dif-
ferent sizes, various shapes, and patch or cord arrange-
ments. The combination treatment reduced Ki-67 levels
and increased cleaved Caspase-3 expression in TUNEL-
positive cells, suggesting the enhancement of antiprolif-
erative and apoptosis-inducing effects. The HR-related
proteins including p-ATM, BRCA1l/2, RAD51 and
YH2AX were also showed changes in consistent with the
in vitro results (Fig. 7G). Above all, the combination of
HCQ and BKM120 resulted in significantly enhanced
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in vivo antitumor efficacy, which might be attributed to
their synergetic activity on the accumulation of ROS and
DSBs.

Taken together, our data indicated that HCQ syn-
ergized with BKM120 to exhibit enhanced antitumor
activity independent of autophagy. Mechanistically,
HCQ increased ROS production, and BKM120 blocked
ROS clearance by downregulating NRF2. Increased ROS
accumulation in cancer cells serves as the major source
to induce DSBs. Simultaneously, HCQ activated ATM to
enhance HR repair efficiency, which in turn ameliorated
DSBs. Nevertheless, the HR repair process was signifi-
cantly impaired by BKM120, resulting in the accumula-
tion of unrepaired exogenous and endogenous DSBs and
subsequent cell apoptosis (Fig. 8).

Discussion

CQ and its derivative HCQ were originally developed as
antimalarial drugs [58] and were later repurposed for the
treatment of many diseases due to their broad pharmaco-
logical effects [59—-61]. In cancer clinical trials, HCQ and
CQ have been focused on as autophagy inhibitors to sen-
sitize tumor cells to anticancer agents. Previous reports
have shown that HCQ and CQ can enhance the antican-
cer effects of the Akt inhibitor AZD5368 and the CDK4/6
inhibitor palbociclib through blockade of autophagy
[62, 63]. We confirmed that HCQ blocked BKM120-
induced autophagy and sensitized SKOV-3, MKN-1
and HBC-5 tumor cells to BKM120. Unexpectedly, we
couldn’t recapitulate the sensitizing effect of HCQ with
other autophagy inhibitors, suggesting that HCQ might
have a unique mode of action. Next, we sought to inves-
tigate the effect of genetic inhibition of autophagy with
siRNA on the antitumor activity of BKM120. Interest-
ingly, knockdown of the essential autophagy factors
Atg5 and Atg7 did not affect the antitumor potency of
BKM120. Moreover, HCQ could still enhance the anti-
tumor activity of BKM120 in the absence of Atg5. We
therefore hypothesized that autophagy might play a dis-
pensable role in HCQ’s sensitizing effect. In other words,
in addition to the inhibition of autophagy, HCQ might
exhibit an “off-target” effect on tumor cells. There have

(See figure on next page.)

Fig.5 Concurrent treatment with HCQ and BKM120 induced ROS accumulation and apoptosis. A Determination of ROS production in MKN-1
cells treated with BKM120 and/or HCQ for 48 h. B Western blot analysis of NRF2 in SKOV-3 and MKN-1 cells treated with BKM120 and/or HCQ for

48h.CThe mRNA levels of Ngo! and HmoxT in SKOV-3 cells treated with BKM120 and/or HCQ for 48 h were determined by gRT-PCR. D Cell viability
of SKOV-3 and MKN-1 cells after treatment with BKM120 and HCQ in combination with NAC or z-VAD for 72 h. E Colony-forming ability of SKOV-3
and MKN-1 cells treated with BKM120 and HCQ in the presence or absence of NAC or z-VAD. Colony quantification is graphed in (F). G SKOV-3 and
MKN-1 cells were treated with BKM120 and HCQ in combination with NAC or z-VAD for 48 h and then subjected to Annexin V-FITC/PI staining and
flow cytometric analysis of apoptosis. H Western blot analysis of Caspase-3 and PARP in SKOV-3 and MKN-1 cells treated with BKM120 or/and HCQ
in the presence or absence of NAC for 48 h. Graphs are normalized to 100% per treatment and shown as the mean 4 SD from three independent
experiments; *p <0.05; **p<0.01; **p <0.001
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been fragmentary reports that CQ or HCQ may have
unique anticancer mechanisms in addition to blocking
autophagy. Maycotte et al. [64] found that CQ enhanced
chemotherapeutic efficiency independently of autophagy
in mouse breast cancer cells. Maes et al. [65] proposed
a rationale for restraining cancer metastasis to improve
chemotherapy through autophagy-independent vessel
normalization using CQ. Piao et al. [26] claimed that the
expression of canonical autophagy genes was not associ-
ated with the sensitivity of HCQ. In KRAS-driven can-
cers, Atg7 depletion did not affect the antiproliferative
effect of CQ, suggesting that the antitumor effect of CQ
might be independent of autophagy [66].

Given that our findings showed that HCQ synergized
with BKM120 to exhibit antitumor effects independently
of autophagy, we next sought to gain mechanistic insight
into how the synergistic effect occurred. As a lysosomo-
tropic agent, HCQ accumulates in the lysosome, impair-
ing the elimination of damaged mitochondria, which are
known as the source of ROS [67]. Interestingly, we also
demonstrated that autophagy was not necessarily asso-
ciated with the increase in ROS production by HCQ, as
inhibition of autophagy alone or in combination with
BKM120 did not lead to ROS accumulation. We then
noticed that HCQ alone could induce cancer cell apopto-
sis at a relatively higher concentration (>40pM) than that
used in the combination treatment. HCQ also promoted
ROS production in a time-dependent manner. In parallel,
HCQ increased NRF2 protein abundance, which partially
antagonized the accumulation of ROS. The upregulation
of NRF2 could be explained by the competitive binding
of p62 to NRF2 with KEAP], therefore leading to NRF2
stabilization and promoting the transcription of NRF2
target genes [68], such as Ngol and Hmox1. The KEAP1-
NREF2 pathway is known to play a vital role in the elimina-
tion of ROS [69-71]. Under normal conditions, NRF2 is
degraded in the cytoplasm by interacting with KEAP1 as
a substrate of the ubiquitination system. However, exces-
sive production of ROS directly modifies cysteine residues
in KEAP1, leading to NRF2 stabilization and translocation
into the nucleus [72]. In addition, the PI3K pathway was
reported to increase the stability and the transcriptional
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activity of NRF2 and therefore upregulate the target genes
of NRF2 [73-75]. As a pan-PI3K inhibitor, BKM120 effec-
tively blocked the PI3K pathway and inhibited NRF2
expression. Even when BKM120 was combined with
HCQ, the expressions of NRF2 and its antioxidant target
genes such as Ngol and Hmox1 still decreased to a similar
extent to those after BKM120 treatment alone, indicat-
ing inhibition of PI3K by BKM120 may be sufficient to
reverse the activation of NRF2 caused by HCQ, and thus
aggravating ROS accumulation.

The cytotoxicity of ROS is known to be mainly depend-
ent on damage to DNA, especially DSBs [55, 56]. Consist-
ently, we demonstrated that the combination of HCQ and
BKM120 induced DSBs, which was at least partially due
to the increase in ROS production. Interestingly, the two
drugs not only played different roles in promoting ROS
production and DSB accumulation but also affected DNA
damage repair in different ways. Approximately two dec-
ades ago, CQ was reported to change chromatin structure
by inserting DNA fragments and subsequently activating
the HR repair protein ATM [76, 77]. Subsequently, CQ or
HCQ was often used as an ATM activator [78]. In recent
years, CQ has also been demonstrated to activate ATM to
enhance HR repair efficiency [79]. Two groups reported
that PI3K inhibition can result in the failure of HR repair by
the downregulation of BRCA1/2 [16, 80]. Downstream fac-
tors of PI3K, such as Akt and mTOR, have also been found
to participate in the HR repair process [81, 82]. Based on
these findings, a number of clinical studies are being car-
ried out on PI3Kis in combination with RARP inhibitors in
various types of cancers [83, 84]. In this study, HR reporter
assay results indicated that HCQ alone improved HR repair
efficiency. BKM120 alone or in combination with HCQ
induced HR deficiency (HRD) in SKOV-3, MKN1 and
HBC-5 cancer cells, which are HR-proficient cell lines, as
indicated in our data and previous reports [85, 86]. Further-
more, HCQ enhanced the phosphorylation of ATM, the
active form of ATM, while BKM120 inhibited this process,
consistent with previous reports [87, 88] that suppression
of PI3K could block the phosphorylation of ATM. Moreo-
ver, BKM120 inhibited the expression of BRCA1, BRCA2
and Rad51, the key HR repair molecules downstream of

(See figure on next page.)

Fig. 7 BKM120/HCQ combination treatment inhibited tumor growth in zebrafish and nude mouse xenograft models. A SKOV-3 and MKN-1 cells
were labeled with Dil (red fluorescence) and injected into each embryo. The injected embryos were transferred to a 24-well plate containing

20 uM HCQ and/or 2 uM BKM120 and incubated for 72 h. The embryos were imaged with a fluorescence microscope to detect tumor growth

and the resulting data were quantified, n =8 in each group. Scale bar, 50 um. B Representative images of the tumors from each group of nude
mice upon treatment with vehicle, BKM120 (20 mg/kg/day), HCQ (30 mg/kg/day), or both drugs for the respective time periods. C Relative

tumor volume at various time points of each group of nude mice (normalized to day 0). D Measurement of tumor weight after treatment for the
respective time periods. E Time-course measurements of mouse weights every 3days. F Representative images of H&E and TUNEL staining, and
immunohistochemical staining analyses of Ki-67, p-ATM, BRCA1, BRCA2, Rad51, yH2AX and cleaved Caspase-3 in tumor tissues. Apoptotic cells in
tumor tissues were detected by TUNEL staining. G Statistical quantification of (F). Scale bars, 50 um. Graphs are normalized to the untreated group
and shown as the mean & SD from three independent experiments; **p < 0.01; ***p <0.001
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Fig. 8 Schematic diagram of the rationale of the combination of HCQ with BKM120 for cancer therapy

ATM. Therefore, the dual inhibition of ATM and its key
downstream factors allowed BKM120 to completely reverse
the HCQ-improved HR repair efficiency in the tumor cells.
Unrepaired DSBs eventually led to cell apoptosis [89], as
demonstrated in our results.

Conclusions

In summary, our study demonstrated that HCQ com-
bined with BKM120 could exhibit synergistic effects
on SKOV-3, MKN-1 and HBC-5 tumor cells by

manipulating the ROS clearance and HR repair pro-
cesses independent of autophagy, suggesting a promis-
ing combination strategy of CQ or HCQ together with
PI3Kis for cancer therapy. In addition, we elucidated
the self-contradictory roles of HCQ in ROS produc-
tion and DNA damage accumulation, providing new
insight into the antitumor effect of HCQ. Notably, the
“oft-target” effects of HCQ should be considered when
used as an autophagy inhibitor in the clinical treatment
of cancer.
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Additional file 1: Figure S1. Inhibition of PI3K suppressed cell prolifera-
tion and induced apoptosis in tumor cells. (A) The three tumor cell lines
were treated with different concentrations of BKM120 for 48 h. Cell
viability was determined by PrestoBlue assay. (B) The cells were treated
with indicated concentrations of BKM120 for 48 h and subjected to
Annexin V-FITC/PI staining and flow cytometric analysis of apoptosis. (C)
FACS quantification of total apoptotic cell population including Annexin
V-+/propidium iodide—early apoptotic cells and Annexin V4/propidium
iodide-+late apoptotic cells. (D) Western blot analysis of Caspase-3, PARP,
LC3B and p62 after treated with BKM120 for 48 h. (E) Western blot analysis
of p-Akt, Akt and p-mTOR after treatment with BKM120 for 48 h. (F) Rep-
resentative images of autophagosome puncta in three cell lines treated
with BKM120 or/and HCQ for 24 h. Scale bars, 20 um. (G) Quantification
of autophagosome puncta positive cells (> 10 puncta per cell). All data
are mean = SD from three independent experiments; *p < 0.05; **p <0.01;
#0001,

Additional file 2: Figure S2. HCQ increased the sensitivity of the other
PI3K inhibitors in MKN-1 cells. (A) Western blot analysis of LC3B and p62
in MKN-1 cells treated with BKM120 and/or HCQ for 48 h. (B) Cell viability
was measured by PrestoBlue after treatment with BAY 80-6946/GDC-0941
alone or in combination with 20 uM HCQ for 72 h. (C) Colony-forming
abilities of cells treated with HCQ and/or BAY 80-6946/GDC-0941 were
determined. Colony quantification is graphed in (D). (E) Western blot
analysis of PI3K-p110a, p-Akt, Akt and p-mTOR after siRNA knockdown
of PI3KCA. (F) The cells were treated with HCQ for 48 h in the presence or
absence of PI3KCA siRNA, and cell apoptosis was measured. Graphs are
normalized to 100% per treatment and shown as mean = SD from three
independent experiments; *p < 0.05; **p <0.01.

Additional file 3: Figure S3. The effect of Spautin-1 on the autophagy
and cytotoxity caused by BKM120. Representative images of autophago-
some puncta (A) in SKOV-3 and MKN-1 treated with BKM120 (1 uM),
Spautin-1 (10 uM), alone or in combination for 24 h, and the quantifica-
tion (B). Scale bars, 20 um. (C) Cell viability of HBC-5 cells after treated
with different concentrations of BKM120 alone or in combination with

10 pM Spautin-1 for 72 h. (D) Colony forming ability of HBC-5 cells after
treated with Spautin-1 or/and BKM120. Graph of colony quantification is
shown in (E). Graphs are normalized to 100% per treatment and shown as
mean = SD from three independent experiments; ns: p > 0.05; **p <0.01.

Additional file 4: Figure S4. Silence of Atg5 or Atg7 did not affect the
anticancer activity of BKM120 and other PI3K inhibitors. (A) Western blot
analysis of Atg5 and Atg7 in SKOV-3 and MKN-1 cells after transfection
with non-targeting siRNA (siNT), Atg5 and Atg7 siRNA, respectively. (B)
Cell viability of SKOV-3 and MKN-1 cells after transfected with Atg7 siRNA,
followed by treatment of BKM120 for 72 h. (C) Colony forming ability of
SKOV-3 and MKN-1 cells after transfected with non-target siRNA or Atg7
SiRNA and treated with BKM120 for 72 h and allowed to recover in fresh
media for 7-10days. Graph of colony quantification is shown in (D). (E) Cell
viability of MKN-1 cells after transfected with Atg5 or Atg7 siRNA, followed
by treatment of BAY 80-6946 or GDC-0941 for 72 h. Graphs are normalized
to 100% per treatment and shown as mean = SD from three independent
experiments; ns: p>0.05.

Additional file 5: Figure S5. The effect of HCQ on ROS production and
the synergetic effect with BKM120 on proliferation inhibition in SKOV-3
and MKN-1 cells. (A) Cell viability of SKOV-3 and MKN-1 cells after treat-
ment with BKM120 or HCQ alone or in combination for 72 h. (B) The drug
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combination was analyzed using CalcuSyn software and the resulting
Cl-Fa plots are shown. (C) SKOV-3 and MKN-1 cells were treated with vari-
ous concentrations of HCQ for 48 h and then subjected to apoptosis anal-
ysis. (D) FACS quantification of total apoptotic cell population. (E) Western
blot analysis of PARP in SKOV-3 and MKN-1 cells treated with HCQ for 48 h.
ROS levels (F) in SKOV-3 and MKN-1 cells were determined after treatment
with 40 uM HCQ for 6 and 48 h, respectively, which were quantified as in
(G). ROS level (H) in MKN-1 cells after transfected with Atg5 siRNA alone
or in combination with BKM120 for 48 h was determined, and quantified
as in (I). (J) Quantification of NRF2 expression after correction with the
{-actin control. Graphs are shown as mean = SD from three independent
experiments; ns: p >0.05; *p <0.05; **p <0.01.

Additional file 6: Figure S6. ROS inducers synergized with BKM120 to
exhibit anti-proliferative effect in MKN-1 cells. (A) Determination of ROS
production in MKN-1 cells treated with BKM120 and/or Cisplatin/Doxoru-
bicin for 48 h. (B) Cell viability was measured by PrestoBlue after treatment
with BKM120 alone or in combination with Cisplatin/Doxorubicin for

72h. Graphs are normalized to the untreated group and shown as the
mean = SD from three independent experiments; *p <0.05; **p <0.071;
#4 <0.001.

Additional file 7: Figure S7. The effect of combination of HCQ and
BKM120 on DSBs in tumor cells. (A) Quantification of yH2AX levels after
correction with the 3-actin control. (B) The HR reporter assay was used to
detect the effect of the drugs on HR repair efficiency in HBC-5 cells. (C)
Quantification of p-ATM levels after correction with the 3-actin control;
Graphs are shown as mean = SD from three independent experiments;
*»<0.05; *p<0.01.
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