
Contents lists available at ScienceDirect

European Journal of Pharmacology

journal homepage: www.elsevier.com/locate/ejphar

Full length article

Vorinostat and Simvastatin have synergistic effects on triple-negative breast
cancer cells via abrogating Rab7 prenylation

Xinhui Koua, Yonghua Yanga,⁎, Xiaoxiao Jianga, Huijuan Liua, Fanghui Suna, Xuan Wanga,
Longkai Liua, Hongrui Liua, Zhaohu Linb, Lan Jiangc

a Department of Pharmacology and Biochemistry, School of Pharmacy, Fudan University, 826 Zhangheng Road, Shanghai 201203, China
b Chemical Biology, Roche Pharmaceutical Research and Early Development, Roche Innovation Center Shanghai, 720 Cailun Road, Shanghai 201203, China
c Department of Biological Sciences, Oakland University, 2200 N. Squirrel Road, Rochester, MI 48309, USA

A R T I C L E I N F O

Keywords:
Autophagosome-lysosome fusion
Rab7
Simvastatin
Synergism
Triple-negative breast cancer
Vorinostat

A B S T R A C T

Since the lack of targeted treatment, triple-negative breast cancer (TNBC) has poor outcomes. Histone deace-
tylase inhibitors (HDACi) blocking the activity of specific HDACs have emerged as cancer therapeutic agents.
However, the therapeutic efficiency is still not satisfactory for patients with solid tumor. We thus performed
screening for the synergistic agents of Vorinostat (SAHA). The resulting candidate Simvastatin was obtained. The
efficacy and mechanism of combination have been studied in TNBC cells. The synergism of SAHA and
Simvastatin was evaluated by IC50 of proliferation and combination index (CI). The antitumor activities of
combination were further evaluated in TNBC cells. The pro-apoptotic effects were determined by flow cytometry
and Western blot. Autophagosome-lysosome fusion was monitored using confocal microscope. The underlying
mechanism was further studied by over-expressing of wild-type or inactive (C205S/C207S) Rab7 in compounds
treated cells. The in vivo efficacy was also evaluated in mice. The combination of SAHA and Simvastatin had
potent synergism in apoptosis of TNBC cells. It exerted pro-apoptosis effect by compromising the fusion between
autophagosome and lysosome. Over-expressing of wild-type, but not inactive Rab7 rescued cells from apoptosis
induced by the combinatory treatments. Mevalonate supplementation also decreased the combinatory treat-
ment-induced apoptosis. These results indicate that the combinatory treatment enhances the apoptosis of TNBC
cells by interrupting Rab7 prenylation and obstructing autophagosome-lysosome fusion. Combination between
SAHA and Simvastatin could also significantly decrease the tumor growth in xenografted mice by inducing
apoptosis and inhibiting Rab7 prenylation. Rab7 is a potential target for the combined effects of Simvastatin and
SAHA.

1. Introduction

Breast cancer with high mortality is considered as the second
leading cause of cancer-related deaths among women in the United
States, and 255,180 new diagnoses are expected in 2017 (Giuliano
et al., 2017). Several targeted therapies are available for breast cancers
over-expressing either hormone receptors or growth-promoting protein
HER2 (Giuliano et al., 2017). However, there is about ~ 20% of breast
cancers are triple negative (TNBC) (Bianchini et al., 2016; Lehmann
et al., 2011). TNBC lacking targeted therapies, have the poorest overall
prognosis compared with other breast cancer types (Blows et al., 2010).
Thus new approaches are remained to be developed for TNBC treat-
ment. Histone deacetylase inhibitors (HDACi) have attracted more and
more attentions in the recent clinical trials for therapy of TNBC (Chiu
et al., 2016; Schech et al., 2015; Tate et al., 2012).

Suberoylanilide hydroxamic acid (Vorinostat, SAHA) depresses the
de-acetylating activity of all 11 known human class I and class II HDACs
(Grant et al., 2007), and shows moderate inhibition on TNBC cells
(Palmieri et al., 2009). It not only induces apoptosis of TNBC cells via
caspase activation and poly ADP-ribose polymerase (PARP) cleavage,
but also exhibits potent cell growth inhibition and cell-cycle arrest in
cancer cells (Deming et al., 2014; Schelman el al, 2013; Zibelman et al.,
2015).

Autophagy allows the degradation and recycling of cellular mate-
rials. Cancer cells up-regulate autophagy under cellular stress to facil-
itate chemotherapeutic resistance (Mowers et al., 2016; Wei et al.,
2014; Dupere-Richer et al., 2013). Autophagosome-lysosome fusion is a
critical stage of autophagy mediated by the late endosome-/lysosome-
associated small GTPase Rab7 (Wang et al., 2011; Wen et al., 2017).
Failure of autophagosome-lysosome fusion causes the accumulation of
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malfunctioning proteins in cells, impairs the recycling of materials and
energy, and thus exerts cytotoxic effects (Gandesiri et al., 2012). Au-
tophagy is becoming an attractive target to enhance the proficiency of
existing cancer treating strategy (Dupere-Richer et al., 2013). Un-
fortunately, SAHA is an inducer of autophagy. It may weaken its anti-
tumor activity (Dupere-Richer et al., 2013), and agents blocking au-
tophagic flux may have synergism with SAHA in cancer treatment
(Patel et al., 2016; Torgersen et al., 2013).

The present study identified that Simvastatin, a well-known 3-hy-
droxy-3-methylglutaryl-coenzyme A reductase (HMGCR) inhibitor of
mevalonate pathway (Åberg et al., 2008; Gopalan et al., 2013), could
enhance the pro-apoptotic effect of SAHA on TNBC via interrupting
Rab7 prenylation and autophagosome-lysosome fusion.

2. Material and methods

2.1. Cells and culture conditions

TNBC cell lines MDA-MB-231, MDA-MB-468, and MDA-MB-453
were cultured in RPMI-1640 medium (Wisent, Canada) containing 10%
fetal bovine serum (FBS, Gibco, Australia). TNBC cell line Hs578T and
non-malignant fibrocystic disease cell line MCF-10A were maintained
in DMEM (Wisent, Canada) supplemented with 10% FBS. All cell lines
were obtained from the American Type Culture Collection (ATCC). Cells
were grown at 37 °C in a humidified incubator with 95% air and 5%
CO2.

2.2. Chemicals and reagents

Dimethyl sulfoxide (DMSO), SAHA, Simvastatin, Mevastatin, and
Pravastatin were purchased from Selleck Chem (Houston, USA).
LOPAC1280 library (#LO3300, 1280 compounds, with each 10 μmol/l
in stock) was purchased from Sigma-Aldrich (St. Louis, USA). Cell
Counting Kit-8 (CCK8) was obtained from Dojindo Molecular Tech
(Kumamoto, Japan). Annexin V-FITC and propidium iodide (PI) was
obtained from BD Biosciences (San Jose, USA). RNeasy Mini Kit was
purchased from QIAGEN (San Jose, USA). Lipofectamine 2000 trans-
fection reagent and LysoTracker Blue was purchased from Life tech-
nologies (Paisley, UK). RevertAid First Strand cDNA Synthesis Kit and
Maxima SYBR Green/Fluorescein qPCR Master Mix Kit were purchased
from Thermo Fisher (Waltham, USA). The cDNA encoding mRFP-GFP-
LC3 (tfLC3) and mRFP-LC3 were derived from ptfLC3 (Addgene) and
sub-cloned into the lentiviral vector, pCDH-MCS-EF-puro (System
Bioscience). The cDNA encoding Rab7 was produced from total
HEK293 RNA by using RevertAid First Strand cDNA Synthesis Kit and
sub-cloned into the lentiviral vector, pCDH1-MCS1-EF1-puro.

2.3. Determination of proliferative IC50

Cells were seeded in 96-well plates at 1 × 104 cells/well and in-
cubated with increasing concentrations of compounds for 72 h. Empty
wells and wells treated with DMSO were used as blank and control,
respectively. Cells were then allowed to incubate with CCK8 reagent for
another 2 h, and the absorbance at 450 nm was quantified using a
Tecan M200Pro microplate reader (Tecan, Austria). For calculating
proliferative IC50, the proliferative inhibition rate (IR) of each com-
pound was calculated by using the formula: IR1 (%) = (ODcontrol –
ODcompound)/(ODcontrol – ODblank) × 100%; and the IR of each com-
pound in combination with 0.5 μmol/l SAHA was calculated by IR2 (%)
= (ODSAHA – ODcompound)/(ODSAHA – ODblank) × 100%. Prism 5.0
software (California, USA) was employed for IC50 calculation by non-
linear regression method.

2.4. Determination of combination index (CI)

Cells were seeded in 96-well plates at 1 × 104 cells/well, and were

treated with Simvastatin and/or SAHA (both from 32 to 0.03 μmol/l,
serial 2-fold dilutions) for 72 h. Empty wells and wells treated with
DMSO were used as blank and control, respectively. Cells were then
allowed to incubate with CCK8 reagent for another 2 h, and the ab-
sorbance at 450 nm was quantified using a Tecan M200Pro microplate
reader (Tecan, Austria). For calculating CI, the IR of each compound
either alone or with SAHA was calculated by using the formula: IR1 (%)
= (ODcontrol – ODcompound)/(ODcontrol – ODblank) × 100%. Calcusyn 2.0
software (Cambridge, UK) was employed for CI calculation, The sy-
nergism was evaluated by CI in ED25, ED50, ED75, and ED90. A CI value
of< 1, = 1, or> 1 indicates synergistic, additive, or antagonistic ef-
fects, respectively.

2.5. Screening of candidates in combination with SAHA

MDA-MB-231 cells were seeded in 96-well plates at 1 × 104 cells/
well, and were incubated with compounds (LOPAC1280 library) alone
or in combination with SAHA (0.5 μmol/l) for 72 h. Proliferative IC50 of
each compound either alone or with SAHA were calculated as described
above. Hits were identified as to significantly increase the anti-pro-
liferative activity of compounds alone in MDA-MB-231 cells.

2.6. Apoptosis analysis

MDA-MB-231 and MDA-MB-468 cells were seeded in 6-well plates
at 5 × 105 cells/well, and treated with SAHA, Simvastatin, or SAHA
plus Simvastatin for 24 h. Cells were collected and treated with PI
(50 μg/ml final concentration) and 100:1 annexin V avoiding light for
10 min at room temperature. Stained cells were subjected to FACS
procedure, and data were processed with CellQuest software.

2.7. Western blot

MDA-MB-231 and MDA-MB-468 cells were seeded in 60-mm dish,
and treated with SAHA, Simvastatin, or SAHA plus Simvastatin for 24 h.
Cells were collected and lysed by NP-40 lysis buffer (25 mmol/l Tris-
HCl, pH 7.6, 150 mmol/l NaCl, 1 mmol/l EDTA, 1% NP-40) supple-
mented with protease inhibitor cocktail (#78430) from Pierce. Protein
concentrations were quantified by using Bradford reagent. 20–30 μg
proteins per sample was subjected to SDS-PAGE separation, and
transferred onto nitrocellulose membranes followed by blotting with
antibodies. Blots were recorded onto films by employing enhanced
chemiluminescence from Millipore.

Primary antibodies against Caspase8 (#9746), Caspase3 (#9662),
Caspase9 (#9502), PARP1 (#9542), Bid (#2002), Bcl-2 (#2870), Bcl-
xL (#2762), Bax (#5023), Rab7 (#9367), LC3A/B (#4108), SQSTM1
(#5114), NBR1 (#9891), NDP52 (#9036), and β-actin (#4967) were
purchased from Cell Signaling Technology. Secondary antibodies anti-
Rabbit-HRP and anti-Mouse-HRP were from Jackson ImmunoResearch.

Table 1
Compounds to have synergism with SAHA on MDA-MB-231.

Cell lines Screening hits IC50 IC50, with 0.5 μmol/l SAHA
μmol/l

MDA-MB-231 Ellipticine 8.65± 0.42 1.53± 0.07a

Mevastatin 9.28± 0.82 1.61± 0.08a

Tyrphostin A9 >60 9.86± 0.31a

DEDA >60 6.78± 0.28a

MDA-MB-231 cells were treated with compounds (LOPAC1280 library) alone or in
combination with SAHA (0.5 μmol/l) for 72 h. Proliferative IC50 of each compound either
alone or in the presence of SAHA were calculated. Screening hits were identified as to
significantly increase the anti-proliferative activity of compounds alone. Experiments
were performed in triplicate, and data were presented as the mean±S.E.M.. Statistical
analysis was performed by using student's t-test.

a P<0.01 as compared with cells in the presence of each compound alone.
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2.8. Quantitative-PCR

Cells or tissues were lysed, and total RNA were extracted with
RNeasy Mini Kit, followed by reverse transcription with RevertAid First
Strand cDNA Synthesis Kit. Real-Time PCR was performed using
Maxima SYBR Green qPCR Master Mix in PIKOREAL 96 Real-Time PCR
System. The profile of thermal cycling consisted of initial denaturation
at 95 °C for 10 min, and 40 cycles at 95 °C for 10 s and 60 °C for 30 s,

and 55 °C rise to 95 °C for melt curves. All primers used for qPCR
analysis were synthesized by Invitrogen. The specificity of each primer
pair was confirmed by melting curve analysis and agarose-gel electro-
phoresis. GAPDH was used as an internal control. Sequences of primers
for SQSTM1, forward: 5′-GCACCCCAATGTGATCTGC-3′, reverse: 5′-
CGCTACACAAGTCGTAGTCTGG-3′; GAPDH, forward: 5′-GGAGCGAG
ATCCCTCCAAAAT-3′, reverse: 5′- GGCTGTTGTCATACTTCTCATGG-3′.

Fig. 1. The effects of SAHA and Statins on the proliferation of TNBC cells. TNBC or MCF-10A cells were treated with (A) SAHA, (B) Simvastatin, (C) Simvastatin plus 0.5 μmol/l SAHA, (D)
Mevastatin, (E) Mevastatin + 0.5 μmol/l SAHA, (F) Pravastatin, and (G) Pravastatin plus 0.5 μmol/l SAHA. Except for that a final concentration of 0.5 μmol/l SAHA was used in
combination groups, serial 2-fold dilutions of each compound in a final concentration range of 32–0.03 μmol/l were used in experiments. Cell counting was assessed by using CCK8
reagent at 72 h after treatments. Dose-response curves were plotted as concentration (logarithmic scale) versus normalized response – variable slope using non-linear regression by
software Prism 5.0 (Graphpad). Experiments were performed in triplicate, and data were presented as the mean±S.E.M.
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2.9. Transfection and lentivirus package

To produce the lentivirus, three plasmid DNAs (pCDH: psPAX2:
pMD2G = 4:3:1) were transfected into HEK293T cells using lipo-
fectamine 2000 reagent according to the manufacturer's instructions.
After 6 h, the original medium was replaced with fresh medium, and
the lentiviral supernatant was collected 48 and 72 h later.

2.10. MDA-MB-231 stable cell line and confocal microscopy

Recombinant lentivirus encoding either tfLC3 or mRFP-LC3 were
produced by HEK293T cells to infected MDA-MB-231 cells, and 1 µg/ml
of puromycin (Invitrogen) was used to select for stable cells that express
tfLC3 or mRFP-LC3. Images were acquired with an LSM710 confocal
microscope with a 63 × oil objective (Carl Zeiss).

2.11. Animal xenograft evaluation

MDA-MB-231 cells were in situ injected into fat pad of im-
munocompromised BALB/c nu/nu mice (5- to 6-week old females,
Fudan University, China). All animal procedures and maintenance were
conducted in accordance with the protocols approved by the
Institutional Animal Care and Use Committee at Fudan University.
Tumors were measured, and volume was calculated by equation: V =
0.5 × width2 × length. When tumor volume reached nearly 100 mm3,
mice were assigned into four groups randomly, and each group con-
tained at least 5 mice. Groups were named as control (vehicle treat-
ment), SAHA (20 mg/kg/day, orally), Simvastatin (10 mg/kg/day, or-
ally), and combination (SAHA + Simvastatin) groups. After the
initiating of treatment, measurements of tumor volume were performed
by digital valipers every 5 days. Body weights were also monitored
every 5 days. Group mean body weights loss of less than 20% and not
more than one treatment-related death among treating groups during
compound administration were defined as acceptable toxicity.

2.12. TUNEL assay

TUNEL assay was performed by employing In situ cell death detec-
tion kit and following the manufacturer's protocol from Roche. Briefly,
slides were washed twice with PBS. After drying areas around the
sample, 50 μl TUNEL reagents were added. After incubation, samples
were further washed with PBS for three times. Nuclei were stained by
DAPI reagent before confocal microscopy detection.

2.13. Statistical analysis

Data were obtained from 3 independent experiments, if not explicitly
described in the figure legend, and presented as mean±S.E.M. Statistical
analysis was performed by using Prism 5.0 (student's t-test, one-way ANOVA,

or two-way ANOVA). P<0.05 was considered as statistically significant.

3. Results

3.1. The inhibition of TNBC cells by SAHA and Simvastatin

SAHA had moderate inhibitory effect on several TNBC cells. To find out
whether other agents could enhance its efficacy, we employed chemicals
from LOPAC library as combination partners to study the anti-proliferation
activity. Four active compounds were identified to have synergistic effects
with SAHA on MDA-MB-231 (Table 1). Among them, it is interesting that
Mevastatin is synergistic with SAHA in antitumor effect. Thus we also
tested the IC50 values of other two statins, Simvastatin and Pravastatin
besides Mevastatin. Either used alone or in combination with SAHA. TNBC
cell lines used in the study showed similar IC50 to SAHA treatment (MDA-
MB-231: 0.99 μmol/l, Hs578T: 1.32 μmol/l, MDA-MB-468: 1.61 μmol/l,
and MDA-MB-453: 1.40 μmol/l) (Fig. 1A). Compared with other statins,
Simvastatin had most potent anti-proliferative effects on those TNBC cells.
The IC50 values for single use were 2.19, 3.16, 23.61, and 31.79 μmol/l in
MDA-MB-231, Hs578T, MDA-MB-468, and MDA-MB-453 cells, respec-
tively (Fig. 1B). When combined with SAHA, IC50 values were 0.42, 0.54,
4.94, and 7.99 μmol/l in MDA-MB-231, Hs578T, MDA-MB-468, and MDA-
MB-453 cells, respectively (Fig. 1C), significantly lower than values of
Simvastatin used alone (Fig. 1B). Mevastatin had relatively weaker anti-
proliferative activity than Simvastatin, either for single use or combination
(Fig. 1D and E). The IC50 values were listed in Table 2. Pravastatin had
little antitumor effect (Fig. 1F and G). MCF-10A, non-malignant cells, was
not affected much by Simvastatin or Mevastatin, indicating that those
statins show high selectivity toward tumor cells (Fig. 1B-E).

3.2. SAHA and Simvastatin have synergistic effects on TNBC cells

Combination index (CI) was introduced as the standard measure-
ment of efficacy in combination that indicates a greater (CI< 1), lesser
(CI> 1) or similar (CI = 1) effect than the expected additive effect. We
performed CI determination in four TNBC cells, and revealed significant
synergism of SAHA and Simvastatin in these cells. The Dose-Effect and
Effect-CI curves were shown in Fig. 2A–D, and the CI values for com-
bination between SAHA and Simvastatin were less than 1 in all of the
tested cancer cells, indicating that SAHA and Simvastatin had sy-
nergistic effect in TNBC cells (Table 3).

3.3. SAHA and Simvastatin induce apoptosis

Since SAHA in combination with Simvastatin dramatically inhibited
the growth of TNBC cells. It is necessary to explore the way of cell
death. We performed FACS analysis, and revealed that, Annexin-V po-
sitive apoptotic MDA-MB-231 and MDA-MB-468 cells were slightly in-
creased after either SAHA or Simvastatin treatment, but significantly

Table 2
IC50 of compounds on the proliferation of TNBC cells with or without SAHA.

Breast cancer
cell lines

SAHA Simvastatin Simvastatin +
0.5 μmol/l SAHA

Mevastatin Mevastatin +
0.5 μmol/l SAHA

μmol/l

MDA-MB-231 0.99± 0.07 2.19± 0.31 0.42± 0.03a 9.28±0.82 1.61± 0.08b

Hs578T 1.32± 0.10 3.16± 0.20 0.54± 0.02a 20.03± 0.78 2.84± 0.09b

MDA-MB-468 1.61± 0.18 23.61±0.99 4.94± 0.39a > 60 10.67±0.36b

MDA-MB-453 1.40± 0.11 31.79±2.47 7.99± 0.35a > 60 26.97±1.53b

TNBC cells were treated with distinct compounds. Except for that a final concentration of 0.5 μmol/l SAHA was used in combination groups, serial 2-fold dilutions of each compound in a
final concentration range of 32–0.03 μmol/l were used in experiments. Cell counting was assessed by using CCK8 reagent at 72 h after treatments. Proliferative IC50 were calculated by
software Prism 5.0 (Graphpad) using non-linear regression, concentration (logarithmic scale) versus normalized response – variable slope. Experiments were performed in triplicate, and
data were presented as the mean±S.E.M. Statistical analysis was performed by using student's t-test.

a P<0.01 as compared with cells in the presence of Simvastatin alone.
b P<0.01 as compared with cells in the presence of Mevastatin alone.
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and tremendously increased by SAHA plus Simvastatin treatments
(Fig. 3A and B).

When apoptosis starts, Caspase 8, 3, and 9 are cleaved and acti-
vated, resulting in the cleavage of PARP and Bid proteins. Consistent

with the result of FACS, the levels of cleaved proteins were significantly
increased in combination group than that with either SAHA or
Simvastatin alone. However, Bcl-2, Bcl-xL, and Bax were not influenced
by treatments (Fig. 3C and D).

Fig. 2. SAHA and Simvastatin had synergism in inhibiting the proliferation of TNBC cells. (A) MDA-MB-231, (B) Hs578T, (C) MDA-MB-468, and (D) MDA-MB-453 cells were treated with
SAHA and/or Simvastatin. Serial 2-fold dilutions of each compound in a final concentration range of 32–0.03 μmol/l were used in experiments. Cell counting was assessed by using CCK8
reagent 72 h after treatments. Dose-Effect curves and Effect-CI (combination index) curves were plotted by using software Calcusyn 2.0 (Biosoft). Experiments were performed in
triplicate.
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3.4. Simvastatin obstructs autophagy initiated by SAHA

To test whether Simvastatin promotes the antitumor potential of
SAHA via preventing autophagy induced by SAHA, MDA-MB-231 cells
stably expressing tfLC3 were employed for the following research. tfLC3
is a pH-sensitive tandem fluorescent fusion protein consisting of

monomeric red fluorescent protein (mRFP), monomeric green fluor-
escent protein (mGFP) and microtubule-associated protein 1 (LC3).
Degradative autophagic vacuoles emit only red fluorescence, since red
signal releasing mRFP resistant to the lysosomal environment; while
green signal derived from eGFP is quenched in acidic and degradative
amphisomes and autolysosomes environments after autophagosome-
lysosome fusion; nevertheless, in initial autophagic vacuoles, tfLC3
presents both green and red, with yellow color after merge (Fujiwara
et al., 2013). Our results elicited that SAHA increased autophagic flux,
as shown by decrease in GFP puncta and increase in RFP puncta.
Strikingly, when combined with Simvastatin, yellow puncta, increased,
indicating that the co-administration could block the autophagosome-
lysosome fusion to inhibit autophagic flux (Fig. 4A).

Co-localization of autophagosome and lysosome were also tested
under distinct treatments. Autophagosome was tracked by mRFP-LC3,
and lysosome was tagged by LysoTracker Blue. After SAHA treatment,
more autophagosomes (red puncta) and lysosomes (blue) were co-lo-
calized. Simvastatin either alone or with SAHA effectively blocked the
fusion of autophagosome and lysosome (Fig. 4B). By determining au-
tophagy-related proteins, we found that SAHA induced autophagy, as
evidenced by induced LC3-II and lessened SQSTM1/p62, NBR1, and
NDP52 (Fig. 4C). Simvastatin obstructed autophagic flux either in basal
or SAHA induced autophagy, since LC3-II, NBR1, and NDP52 were
accumulated. However, Simvastatin also reduced the level of SQSTM1.
To solve this discrepancy, we performed qPCR analysis of the

Table 3
Combination index (CI) of SAHA and Simvastatin for inhibiting the proliferation of TNBC
cells.

　 MDA-MB-231 Hs578T MDA-MB-468 MDA-MB-453

ED25 0.37± 0.02 0.39±0.02 0.56± 0.03a,c 0.49± 0.03a,c

ED50 0.38± 0.03 0.44±0.03 0.63± 0.03b,c 0.62± 0.04b,c

ED75 0.40± 0.03 0.50±0.03 0.71± 0.04b,c 0.78± 0.04b,d

ED90 0.42± 0.03 0.58±0.04 0.80± 0.03b,c 0.88± 0.04b,d

MDA-MB-231, Hs578T, MDA-MB-468, and MDA-MB-453 cells were treated with SAHA
and/or Simvastatin. Serial 2-fold dilutions of each compound in a final concentration
range of 32–0.03 μmol/l were used in experiments. Cell counting was assessed by using
CCK8 reagent 72 h after treatments. Combination index (CI) was calculated by software
Calcusyn 2.0 (Biosoft). Experiments were performed in triplicate, and data were pre-
sented as the mean± S.E.M. Statistical analysis was performed by using one-way
ANOVA.

a P<0.05.
b P<0.01 as compared with MDA-MB-231 cells.
c P<0.05.
d P<0.01 as compared with Hs578T cells.

Fig. 3. SAHA and Simvastatin had synergism in inducing apoptosis against MDA-MB-231 and MDA-MB-468 cells. The apoptosis rates were determined in (A) MDA-MB-231 and (B) MDA-
MB-468 cells by flow cytometry. The apoptosis-related proteins were also analyzed in (C) MDA-MB-231 and (D) MDA-MB-468 cells by Western blotting. All compounds used in MDA-MB-
231 were 1 μmol/l, and in MDA-MB-468 were 2 μmol/l. Cells were treated by compounds for 24 h, and subjected to subsequent analysis.
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transcription of SQSTM1 and found that Simvastatin could significantly
reduce the mRNA level of SQSTM1 (Fig. 4D).

3.5. Simvastatin has synergism with SAHA by targeting Rab7 to interrupt
autophagic flux

To determine whether the inhibition of autophagosome-lysosome
fusion promoted apoptosis in MDA-MB-231 cells, Bafilomycin A (BAF-
A), an inhibitor of autophagosome-lysosome fusion (Moon et al., 2015),
was supplemented with distinct agents. BAF-A showed synergistic effect
with SAHA on apoptosis in MDA-MB-231, but its effect was not pro-
moted when combined with Simvastatin. Chloroquine (CQ), another
inhibitor of autophagic flux by impairing acidification in lysosome
lumen (Moon et al., 2015), could also boost the apoptotic effect induced
by SAHA; however, had little synergism with Simvastatin or SAHA plus
Simvastatin (Fig. 5A). BAF-A or CQ had no influence on Rab7 pre-
nylation in MDA-MB-231 (Fig. 5B), implying the function of these
compounds was via inhibiting Rab7 prenylation. Interestingly, BAF-A
or CQ could substantially obstruct the autophagic flux initiated by
SAHA, but only slightly enhanced the obstruction on autophagic flux
induced by Simvastatin in MDA-MB-231 cells (Fig. 5B).

To further address the relationship between obstructed autophagic

flux and enhanced apoptosis in cells, we employed bioinformatics to
search targets that might affect autophagosome-lysosome fusion. Rab7,
a member of small GTPases, is reported to be responsible for autophagy
maturation (Zhou et al., 2016), governing microtubule minus-end as
well as plus-end directed transport and facilitating the fusion of au-
tophagososme with lysosome (Wang et al., 2011; Wen et al., 2017).
Importantly, Rab7 could be prenylated at 205 and 207 cysteine residues
(Wu et al., 2009). As shown in Fig. 4C and Fig. 5B, D, and F, treatments
with Simvastatin, an inhibitor of mevalonate pathway resulted in a
significantly reduced prenylation on Rab7 in cells, proving that the
autophagy maturation was blocked as observed in Fig. 4A and B.

Cells over-expressing wild type or inactive Rab7 were also tested for
cell death after treatments. Cells over-expressing wild type, but not
inactive Rab7 were resistant to Simvastatin treatment indicating that
Rab7 was involved in the autophagosome-lysosome fusion inhibited by
Simvastatin (Fig. 5C). Moreover, wild type, but not inactive Rab7 could
restore the compromised autophagic flux inhibited by Simvastatin-
containing treatments in MDA-MB-231 (Fig. 5D).

At last, cells were pretreated with mevalonate before incubating
with testing compounds to rescue the apoptosis of cells. Mevalonate
(250 μmol/l) could lessen the apoptosis ratio to nearly half of that in
combination treatment (Fig. 5E). The prenylation of Rab7 and

Fig. 4. Simvastatin obstructed autophagic flux induced by SAHA in MDA-MB-231. MDA-MB-231 cells that stable expressing (A) tfLC3 or (B) mRFP-LC3 were analyzed by confocal
microscopy. MDA-MB-231 cells were treated with SAHA (1 μmol/l) and/or Simvastatin (1 μmol/l) for 16 h. Representative fluorescence images are shown. (C) Immunoblotting analysis
of autophagy-related proteins. (D) Relative SQSTM1/GAPDH mRNA ratio was analyzed in MDA-MB-231 cells by qPCR. Experiments were performed in triplicate, and data were presented
as mean± S.E.M. Statistical analysis was performed by using one-way ANOVA. **P<0.01, ***P<0.001 as compared with vehicle treatment.
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Fig. 5. SAHA and Simvastatin have synergism in inducing apoptosis against cancer cells by targeting Rab7 to inhibit autophagosome-lysosome fusion. (A) Autophagosome-lysosome
fusion inhibitor Bafilomycin A (BAF-A) or Chloroquine (CQ) have synergism with SAHA, but not with Simvastatin-containing treatments in inducing apoptosis in MDA-MB-231. (B) The
influence of BAF-A or CQ on the Rab7 prenylation and autophagy after SAHA and/or Simvastatin treatments in MDA-MB-231 cells. BAF-A or CQ had no influence on Rab7 prenylation in
MDA-MB-231. BAF-A or CQ could substantially obstruct the autophagic flux initiated by SAHA, but only slightly enhanced the obstruction on autophagic flux induced by Simvastatin in
MDA-MB-231. MDA-MB-231 cells were pretreated with 10 μmol/l BAF-A or 50 μmol/l CQ 4 h before testing compounds. (C) MDA-MB-231 cells over-expressing wild type, but not
inactive (C205S/C207S double mutation) Rab7 were resistant to Simvastatin with or without SAHA treatment. (D) Wild type, but not inactive Rab7 could restore the compromised
autophagic flux induced by Simvastatin in MDA-MB-231. (E) Mevalonate could lessen the apoptosis induced by Simvastatin with or without SAHA treatment in MDA-MB-231 cells. (F)
Mevalonate could restore the obstructed Rab7 prenylation and autophagy induced by Simvastatin in MDA-MB-231 cells. MDA-MB-231 cells were pretreated with 250 μmol/l mevalonate
4 h before testing compounds. Apoptosis detections were performed by flow cytometry. The final concentrations of SAHA and Simvastatin used in MDA-MB-231 were 1 μmol/l. Cells were
treated by testing compounds for 24 h, and subjected to subsequent analysis. Experiments were performed in triplicate, and data were presented as mean± S.E.M. Statistical analysis was
performed in experiments A and E by using one-way ANOVA, and in experiment C by using two-way ANOVA. *P<0.05, **P<0.01 as compared with vehicle treatment.
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Fig. 6. SAHA and Simvastatin have synergism in inhibiting tumor growth in MDA-MB-231 cells xenografted mice. (A) Photographs of subcutaneous tumors resulting from indicated
treatments in xenografted mice. (B) Tumor growth curves and (C) body weight curves during treatments with compounds in xenografted mice. (D) Detection of apoptosis by TUNEL assay
in five different views of each tumor slice by confocal microscopy. Green fluorescence indicates apoptotic (TUNEL positive) cells, and nuclei of tumor cells were stained with DAPI (blue
fluorescence). (E) Quantitative evaluation of apoptotic cells. The apoptotic ratio was calculated by counts of green fluorescence versus that of blue fluorescence. (F) Immunoblotting
analysis of xenograft tumor tissues. (G) Relative SQSTM1/GAPDH mRNA ratio was analyzed in tumor tissue by qPCR. Tumor-bearing mice were treated with vehicle, Simvastatin (10 mg/
kg/day, orally), SAHA (20 mg/kg/day, orally), or their combination. Data were presented as mean±S.E.M. (five samples in each group). Statistical analysis was performed by using one-
way ANOVA. **P<0.01, ***P<0.001 as compared with vehicle treatment. ††P<0.01 as compared with either SAHA or Simvastatin treatment alone.
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compromised autophagy were also restored by mevalonate supple-
mentation (Fig. 5F).

3.6. SAHA and Simvastatin inhibit tumor growth in MDA-MB-231
xenografted mice

Tumor-bearing mice were treated with vehicle, Simvastatin (10 mg/
kg/day), SAHA (10 mg/kg/day), or there combination. SAHA plus
Simvastatin was more potent in inhibiting tumor growth compared
with either alone (Fig. 6A). The final average tumor volume in SAHA
plus Simvastatin group were 728 mm3, in comparison with control
(3492 mm3), SAHA alone (2161 mm3), and Simvastatin alone
(1986 mm3) (Fig. 6B). The dosage of compounds used in this study did
not lead to obvious toxicity (Fig. 6C). TUNEL staining showed
2.12±0.21% apoptosis in tumor from control group, 13.24±0.98%
in tumor from Simvastatin group, 20.52± 1.14% in tumor from SAHA
group, and 53.90±2.78% in tumors from combination group (Fig. 6D
and E). Finally, we detected prenylated and unprenylated Rab7, Cas-
pase 8, Caspase 3, Caspase 9, PARP1, and Bid in tumor samples. Con-
sistent with results obtained from cultured cells, SAHA plus Simvastatin
treatment obstructed Rab7 prenylation and autophagy (Fig. 6F), and
thus enhanced cleavage of Caspase 8, 3, and 9, and further the cleavage
of PARP1 and Bid, indicating the activated apoptosis cascade (Fig. 6F).
Similar with cell-based results, Simvastatin could induce accumulations
on LC3-II, NBR1, and NDP52, but lead to attenuation on the tran-
scription of SQSTM1 (Fig. 6G).

4. Discussion

TNBC is a subset of breast cancer defined by the absence of ER, PR,
and HER2, and represents a panel of heterogeneous tumors based on
gene-expressing profiling (Lehmann et al., 2011). Despite great efforts
were made in adjuvant chemotherapy regimens, the overall survival
and prognosis for patients with TNBC is significantly lower than those
who with either ER+ or HER2+ breast cancers (Bianchini et al., 2016).
New treatment strategies are needed for patients with TNBC emer-
gently. SAHA inhibits Class I and II HDACs, and thus increased the
expression of some tumor-repressing genes to exert antitumor effi-
ciency. However, SAHA administration alone is not potent enough to
overcome TNBC. Supplementation with other agents may be better
choices. By screening LOPAC library, we found that SAHA and Me-
vastatin have synergistic effect on TNBC cells. Because of severe ad-
verse effect, Mevastatin did not enter into clinic, but its analogue
Simvastatin and Pravastatin have been using for more than decades.
Simvastatin, but not Pravastatin promotes the antitumor potency of
SAHA.

SAHA increases the expression of some tumor-repressing genes by
epigenetic dependent and/or independent pathways and induces tumor
apoptosis (Grant et al., 2007; Haas et al., 2014; Schelman et al., 2013;
West and Johnstone, 2014). It also induces autophagy that can neu-
tralize its antitumor potential. Compounds inhibiting autophagy may
have synergism with SAHA. Simvastatin is a potent inhibitor to HMGCR
that catalyzes the rate-limiting step in cholesterol biosynthesis through
the endogenous mevalonate cascade. Not only the synthesis of choles-
terol, but also that of other by-products can be inhibited by Simvastatin,
including the mevalonate and downstream isoprenoids, such as farnesyl
and geranylgeranyl groups (Woschek et al., 2016). These isoprenoids
can be attached to some special proteins anchoring to membrane inside
cells and exert their biological functions (Wu et al., 2009). Among
them, Rab7 is involved in autophagosome-lysosome fusion. By in-
hibiting HMGCR, Simvastatin deprives the source of isoprenoids, pre-
vents the prenylation of Rab7, and reduces its roles in autophagosome-
lysosome fusion. The involvement of Rab7 inhibition in promoted
apoptosis by compounds is further evidenced by a series of experiments.

Firstly, autophagic flux inhibitor BAF-A and CQ enhanced the pro-
apoptotic effect of SAHA, but could not further increase that induced by

Simvastatin. To better reveal the target of Simvastatin, we focused on
Rab7, a critical player mediating the fusion between autophagosome
and lysosome. Over-expression of wild-type, but not inactive Rab7
could compromise the synergism of SAHA and Simvastatin. We deduced
that over-expressed Rab7 competed for the prenylation with other
proteins to accumulate enough functional Rab7 and restore the inter-
rupted autophagic flux. At last, exogenously supplied mevalonate could
decrease the apoptosis induced by Simvastatin, but not that by SAHA
treatment alone. Meanwhile, the rescue effect could be observed along
with the restoration of Rab7 prenylation.

To further confirm that the combination of SAHA and Simvastatin
could have potential clinical significance, we evaluated their antitumor
activity in MDA-MB-231 xenografted mice. As expected, combination
could significantly and dramatically attenuate the tumor growth in
mice. The antitumor potency by combination was much stronger than
that by either alone. The apoptosis in tumor and Rab7 prenylation were
enhanced by Simvastatin.

The relative safety of Simvastatin has led to the conversation from
prescription to over-the-counter medicine in the UK (Forde et al.,
2011). The relatively low of charge in Simvastatin administration
makes it a good candidate for cancer treatment. In this study we de-
scribed for the first time that SAHA and Simvastatin could have sy-
nergism in inhibiting TNBC cells. We also revealed the mechanisms
underlying this combination. As a preliminary of series, subsequent
researches focusing on strategies to further enhance the efficacy are
carrying out.
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