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Summary

Several pre-clinical and clinical studies have demonstrated
zoledronic acid (Zol), which regulates the mevalonate pathway,
has efficient anti-cancer effects. Zol can also induce autophagy.
The aim of this study is to add new understanding to the
mechanism of autophagy induction by Zol. LC3B-1I, the marker
for autophagy was increased by Zol treatment in breast cancer
cells. Autophagosomes induced by Zol were visualized and
quantified in both transient (pDendra2-hLC3) and stable MCF-7-
GFP-LC3 cell lines. Acidic vesicular organelles were quantified
using acridine orange. Zol induced a dose and time dependent
autophagy. Treatment of Zol increased oxidative stress in MCF-7
cells, which was reversed by GGOH or anti-oxidants. On the other
hand, treatment with GGOH or anti-oxidants resulted in
decreased levels of LC3B-II. Further, the induced autophagy was
irreversible, as the washout of Zol after 2 h or 24 h resulted in
similar levels of autophagy, as induced by continuous treatment
after 72 h. Thus, it can be summarized that Zol can induce a
dose dependent but irreversible autophagy, by its effect on the
mevalonate pathway and oxidative stress. This study adds to the
understanding of the mechanism of action of Zol, and that it can
induce autophagy at clinically relevant shorter exposure times in
cancer cells.
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Introduction

Zol, the third generation nitrogen containing
bisphosphonate (N-BP), is the first bisphosphonate to be
approved in many countries for the treatment of cancer-
induced bone disease from a variety of solid tumors and
multiple myeloma (Ottewell et al. 2009, Green 2003). Zol
consists of a heterocyclic imidazole moiety connected by
a two-carbon side chain to the bisphosphonate P-C-P.
Compared to other bisphosphonates, the prevailing
structural feature provides more potent inhibitory activity
on osteoclasts, without adversely affecting bone
mineralization (Green et al. 1994, Dunford et al. 2001).
Several pre-clinical and clinical studies have
demonstrated that Zol has efficient anti-cancer effects
(Green 2003, Thompson and Rogers 2007, Clézardin
2011). The importance of Zol is increasing as new
properties are being reported, including its potential use
to target bone metastasis (Chaudhari et al. 2012a, b). Zol
(and other N-BPs) regulates the mevalonate pathway. It
interferes primarily with farnesyl pyrophosphate synthase
synthase

(FPPS) and geranylgeranyl pyrophosphate
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(GGPPS) (Clézardin 2011, Guo et al. 2007, Goffinet et
al. 2006, Coxon et al. 2000, Rogers et al. 2011,
Monkkonen et al. 2008). These enzymes are required for
the formation of farnesyl pyrophosphate (FPP) and
geranylgeranyl pyrophosphate (GGPP), respectively. FPP
and GGPP are responsible for the prenylation of essential
small signaling proteins (Rac, Ras, Rho, CDC42) (Guo et
al. 2007, Thompson and Rogers 2007). In addition, we
have previously shown that, as a consequence of
inhibition of mevalonate pathway, Zol leads to the
accumulation of isopentenyl pyrophosphate (IPP), which
is converted to a cytotoxic ATP analogue (1-adenosin-5'-
yl ester 3-(3-methylbut-3-enyl) ester triphosphoric acid;
Apppl), resulting in apoptosis (Monkkonen et al. 2006,
2007, 2008, Raikkonen et al. 2009).

Recently, it was discovered that Zol can induce
autophagy (Wasko et al. 2011, Lin et al. 2011). However,
Zol-induced
autophagy has not been explored. Therefore, we aim to

the mechanism of action behind the

investigate the mechanism involved in Zol-induced
autophagy.

Autophagy, (derived from Greek meaning ‘self-
eating’) characterized as a type of programmed cell death,
in both
physiological and pathological conditions (Eskelinen
2005, Zhuang et al. 2009). Autophagy is a complex
collection of dynamic processes by which long-lived

is a highly regulated process, important

proteins, intracellular pathogens and cytoplasmic
organelles, are sequestered in double-membrane-bound
organelles. The sequestered material is then degraded and
possibly recycled to generate macromolecules and ATP,
to maintain cellular homeostasis (Shvets et al. 2008).
Hence, autophagy is considered as both survival
mechanism and a way of cell death, depending on the
severity and stimuli inducing the autophagy (Levine and
Klionsky 2004, Zhuang et al. 2009, Eskelinen 2005). In
addition to the well known mechanisms involved in
autophagy (phosphatidylinositol 3-kinase (PI3K)/Akt/
mammalian target of rapamycin), oxidative stress,
hypoxia and ER stress are well known modulators
(Scherz-Shouval et al. 2007, Pan et al. 2009, Hwang et
al. 2010, Chen et al. 2008, He and Klionsky 2009). In
this study, in addition to the confirmation of the Zol-
induced autophagy, we also provide evidence for i) the
role of oxidative stress in Zol-induced autophagy and
ii) Zol-induced autophagy is irreversible and is effective

at clinically relevant exposure times.

Materials and Methods

Materials

Zol [2-(imidazol-1-yl)-hydroxy-ethylidene-1, 1-
bisphosphonic acid, disodium salt, 4.75 hydrate
(Mw 401.6)] was kindly provided by Novartis Pharma
AG (Basel, Switzerland). A stock solution of Zol
(10 mM) was prepared in phosphate-buffered saline
(PBS; pH 7.4; Invitrogen), filter-sterilized, and single use
aliquots were stored at —20 °C. The chemicals used were
Farnesol (FOH) (Aldrich, F203), geranylgeraniol
(GGOH) (Sigma, G3278), G 418 disulfate (Sigma,
A1720), 2',7'-dichlorodihydrofluorescein diacetate
(DCFDA) (Sigma, D6883), N-acetyl-L-cysteine (NAC)
(Sigma, A9165), Tiron (Fluka, 89460), protease inhibitor
cocktail (PI) (Sigma, P8340), phosphatase inhibitor
cocktail 2 (ph.I) (Sigma, P5726), Bafilomycin (Baf) (LC
Laboratories, B-1080), Hoechst 33342 (Molecular
Probes, H3570) and Acridine orange (AQO) (Molecular
Probes, A1301). Stock solutions of GGOH and FOH
were prepared in pure ethanol, whereas Baf in DMSO
(Sigma). DCFDA was initially made in DMSO at 10 mM
and then sub stocked in PBS at 0.5 uM. Stock solutions
of NAC and Tiron were prepared in PBS at 600 mM.
Aliquots of single use were stored at —20 °C. DCFDA
was stored under argon gas. All compounds were diluted
to the desired concentration immediately before use.

Cell culture

The human breast cancer cell line MCF-7 was
obtained from the European Collection of Cell Cultures
(Salisbury, UK). The stable MCF-7-eGFP-LC3 cells were
kindly provided by M. Jiitteld (Institute of Cancer
Biology, Copenhagen, Denmark). The cell lines were
cultured in RPMI
(BioWhittaker,
supplemented with 10 % fetal bovine serum, 100 Uml ™

1640 media with L-glutamine
Cambrex Bio Science, Belgium),
penicillin and 100 pgml™'  streptomycin  (Invitrogen,
Paisley, UK). G 418 disulfate at 200 pgml™' was used for
maintaining the stable cell lines. The cells were grown in
a 5% CO, humidified incubator (MCO-18AIC (UV),
Sanyo, Japan) at 37 °C. For assays, the cells were seeded
at 2x10° cells per well of 8-well ibiTreat microscopy
chamber (Ibidi, Martisried, Germany), or 1.5x10° cells
per well of 6-well plate, or 7.5x10° cells per 75 cm® flasks
(Nunc, Roskilde Denmark). After sufficient time for cell
attachment (24 h), the media was replaced with fresh
media containing respective treatment and incubated for
48 or 72 h.
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Western blotting

Cells from 75 cm” flasks (including the floating
cells) were harvested and lysed using mammalian lysis
buffer (Mammalian Cell Lysis kit, Sigma), containing
10 plml™" of PI and ph.I each, and protein was isolated
according to the manufacturer’s instructions. The protein
content was quantified using Bio-Rad Dc protein
detection kit and equalized. The samples were diluted in
2X Laemmli buffer (125 mM Tris-HCI, pH 6.8, 4 % SDS
(w/v), 10 % 2-mercaptoethanol, 20 % glycerol (v/v),
0.004 % bromphenol blue w/v) and heated for 5 min at
95 °C. Proteins were separated in 12.5 % or 10 % SDS-
PAGE mini-gel or
electrotransferred onto polyvinylidene fluoride (PVDF)

long gel, respectively, and
membranes (Amersham Biosciences Hybond-P PVDF
membrane). A molecular weight marker (Full range
rainbow, Amersham) was used as molecular weight
control.

Unspecific binding sites on the PVDF membrane
were blocked with 2 % Amersham advanced blocking
agent in Tris-buffered saline (TBS; 0.1 % Tween 20,
Sigma) for 1h at room temperature. The following
antibodies were used: mouse anti-B-actin (1:5000; Santa
Cruz), rabbit anti-LC3B, Atg5, Atg7, raptor, rictor
(1:2000), mTOR (1:6000), and anti-rabbit
peroxidase (1: 10,000; HRP) conjugated secondary
antibody (Cell Signaling Technology, Danvers, MA). The
(1:10.000) HRP
antibody and immunodetection reagents were from
Amersham Biosciences™ ECL™ Western blotting
detection reagents (GE Healthcare). The blots were

horse

anti-mouse conjugated secondary

developed on X-ray films, or scanned with ImageQuant-
RT ECL (Version 1.0.1, GE Healthcare) running under 1
Quant Capture-RT ECL software for Windows (Version
1.0.4.1, 1993-20006). Digitized pictures were adjusted and
densitometric analysis was done using Quantity one
software (version 4.6.9; basic; Biorad).

Construction of pDendra2-hLC3 fusion plasmid

Human microtubule-associated protein 1 light
chain 3 (LC3-IA/B, GenBank no. AF303888) was
amplified from DNase-treated (DNase I, Roche, Basel,
Switzerland) total RNA extracted (Eurozol reagent,
Euroclone, Wetherby, UK) from human ARPE-19 cells.
Initially, mRNA was reverse-transcribed (MultiScribe
reverse transcriptase, Applied Biosystems, Foster City,
CA, USA), and LC3 open re-adding frame (ORF) was
amplified with a high-fidelity DNA polymerase (Phusion
Hot start DNA polymerase, Finnzymes, Espoo, Finland).

The following primers were used: sense 5'-ATA
CTCGAG at ATG CCG TCG GAG AAG A and reverse
5-TGT AAG CTT TTA CAC TGA CAA TTT CAT
CCC. The restriction sites for Xhol and HindIII are in
italics, respectively. The translation initiation and
termination sites are in bold fonts. The additional bases
enabling in-frame cloning are in minuscule.

The sticky ends for the amplified LC3 ORFs as
well as for the multiple cloning site of the vector
pDendra2-C (Evrogen, Moscow, Russia) (Gurskaya et al.
2006) were produced with above mentioned restriction
endonucleases (MBI Fermentas, Vilnius, Lithuania).
Ligated (T4 DNA Ligase, Roche, Basel, Switzerland)
DNA forming a fusion gene of Dendra2 and human LC3
was transfected into competent DH5a E. coli cells, which
were prepared using the protocol of Inoue et al. (1990),
cultured and purified (Sambrook et al. 1989). The
integrity of the construct, denominated hereafter as
pDendra2-hLC3, was determined initially by restriction
endonuclease digestion analysis and finally sequencing
the junction sites and the entire inserted LC3 ORF.

Transient transfection

MCEF-7 cells were treated with Zol for 3 h, and
the transfection mixture was added to the media. 500 ng
of DNA per well of a 8-well ibiTreat microscopy
chamber (final volume 200 pl) or 2.5 pg DNA per well of
a 6-well plate (final volume 1 ml), was transfected with
Exgen500 in vitro transfection reagent (Fermentas), as
per the manufacturer’s instructions. After 24 h, the used
media is replaced with equilibrated complete media
(250 pl or 2.5 ml) with respective treatments. At the end
of 72 h of Zol exposure, the 8-well slides were used for
confocal imaging.

Confocal imaging

The fluorescent images were obtained with a
Zeiss Axio Observer inverted microscope (20 X, or 63 x
NA 1.4 oil — objectives) equipped with Zeiss LSM 700
confocal module (Carl Zeiss Microimaging GmbH, Jena,
Germany). For living cell imaging, Zeiss XL-LSM S1
incubator with temperature and CO, control was used.
ZEN 2009 software (Carl Zeiss) was used for image
processing.

Autophagy was quantified by counting the
average number of eGFP-LC3 or Dendra2-LC3 green
puncta per cell in control and Zol100 cells; n=3
experiments, 40-50 cells per condition per experiment.
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Flow cytometry analysis
For flow cytometry analysis, MCF-7 cells were
seeded in 6-well plates. After treatment, both floating and
attached cells were harvested, 2x washed with PBS, and
pellets were collected in 12 x 75-mm polystyrene 5 ml
test tubes (BD Falcon™ tubes). The cells were re-
suspended in 250 pl PBS, stained and analyzed with
FACSCanto Flow Cytometer (FACS; BD, San Jose, CA,
USA) running under BD FACSDiva™ software. At least
10,000 events were recorded per sample. The samples
were kept on ice starting from harvesting until analyzed,
unless specified.
increased
(AVOs)
(autophagolysosomes, lysosomes and late endosomes)
(Chen et al. 2008, Klionsky et al. 2008, Paglin et al. 2001).
AVOs were quantified by flow cytometry after staining the

Autophagy is characterized by

formation of acidic vesicular organelles

cells with AO. AO is a weak base that accumulates in
acidic spaces and fluoresces bright red. The AVOs can be
quantified based on the fact that the increase in intensity of
the red fluorescence is proportional to the degree of
acidity. After Zol treatment, the cells were re-suspended in
250 pl PBS, stained with AO (1 pgml™) for 15 min at

A

LGB Pp—
LC3B-I - p——
B-Actin  we s—

C Z25 Z50 Z100
48h

C Z25 250 Z100
72h

e

LC3B-l levels
(normalized to [3-actin)

LC3B-I
LC3B-I
B-ACtin  — —

Z100 + +
Baf - +

37 °C and analyzed on the FACS.

Cellular oxidative stress was monitored using
DCFDA, a sensitive cell-permeable probe. DCFDA,
when internalized, is hydrolyzed by cellular esterases to
2',7'-dichlorodihydrofluorescein. It is then oxidized to the
fluorescent 2',7'-dichlorofluorescein (DCF) by a broad
range of oxidizing reactions during intracellular oxidant
stress, primarily by hydrogen peroxide or low molecular
weight peroxides. DCF remains in the cell, and the green
fluorescence intensity is proportional to the amount of
oxidative stress produced in the cells, which was
quantified using FACS (Brubacher and Bols 2001,
2009). For ROS
measurement, cells were harvested and incubated with
5 uM of DCFDA in the dark, at 37 °C for 20 min. The
cells were analyzed by flow cytometry.

Cossarizza et al. intracellular

Statistics

Data were expressed as the mean value + S.E.
and analyzed by one-way analysis of variance or t-test,
with the Bonferroni post-test using GraphPad Prism (San
Diego, CA) version 5.0 for Windows; p<0.05 was
considered significant.

B Fig. 1. Zol treatment increases the
formation of LC3B-II. [A] Western
blots showing LC3B-II levels from
MCF-7 cells treated with different
concentrations of Zol (Z25, Z50 and
Z100 represents 25 uM, 50 uM and
100 pPM respectively) for 48 h and
72 h. [B] Baf (500 nM) was added to
the media 4 h before the end of the
72 h of Z100 exposure. [C]
Densitometric quantification of protein
levels of LC3B-II at 72 h treatment,

72h

. normalized to B-actin, and relative to

- C, which was set to 1. Z25, 750 and

Z100 at 72 h were compared with C,
while Z100+Baf, Z100+GGOH and
Z100+FOH were compared with Z100
at 72 h. ***p<0.001 vs. C;
#3p<0.001 vs. Z100; n=5-8

o
Z25
Z50

Z100

Results

Zoledronic acid induces dose dependent autophagy in
breast cancer cells

Autophagy is a complex multistep dynamic
process and needs to be characterized at various stages

Z100+Baf

and different methods. (i) During the formation of double
membraned autophagosomes, LC3-II (the specific marker
identified to be associated with autophagic vesicles) is
localized after phosphatidylethanolamine-modification of
LC3-1. Here we studied this conversion using western
blotting and (ii) the formed autophagosomes were
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visualized in both transient (pDendra2-hLC3) and stable
MCF-7-GFP-LC3 cells and (iii) quantified using confocal
microscopy. At a later stage the autophagosomes fuse
with lysosomes to form autophagolysosomes, (iv) hence

Dendra2

Hoechst

C Z100

the increased formation of acidic vesicles was monitored
using AO staining. (v) Increased turnover of autophagy
vesicles (flux) was studied using the end-stage autophagy
inhibitor Baf.

Merge

ek

O

60

Average number of
8
L

eGFP puncta per cell

8
L

Fig. 2. Zol increases the formation of autophagosomes. [A] Confocal images of transiently transfected MCF-7 cells (with pDendra2-
hLC3) treated with 2100 for 72 h. A single cell at higher resolution clearly displays the LC3 punctas as an indicator of the autophagic
vesicles. [B] Confocal images depicting the increase in number of eGFP puncta on treatment with Z100 in stable MCF-7-eGFP-LC3 cells,
compared to C. [C] Quantification of average number of eGFP-LC3 puncta per cell in control and Z100 treated stable MCF-7-eGFP-LC3
cells. n=3 experiments, 40-50 cells per condition per experiment. *** p<0.001 vs. C

The conversion of LC3B-I to LC3B-II was
evident at 48 h and was significant (p<0.01) at 72 h of
100 uM Zol treatment, analyzed by western blotting
(Fig. 1A,C). Further, LC3B-II was significantly increased
when Baf was added 4 h before the end of 72 h of Zol
treatment, confirming the Zol induced higher levels of
LC3B-II is due to induction of autophagy (Fig. 1B,C). On
treatment with Zol, both the transient (pDendra2-hL.C3)
and stable (MCF-7-GFP-LC3) cells displayed autophagy
vesicles identified as green puncta in the cytoplasm
(Fig. 2A,B). Interestingly, there was a significant increase
in number of eGFP puncta (p<0.001; Fig.2C) and
Dendra2 puncta (p<0.01; supplementary Fig. S1) per cell

with Z100 treatment. Dendra2 is a monomeric green

fluorescent protein, which displays enhanced brightness
and an accelerated maturation rate at 37 °C. The
supplementary Figure S2 demonstrates how cells shift
due to change in acidic vesicles. When treated with Z100,
the cells had increased number and/or acidity of the

acidic vesicles (which results in higher red fluorescence),
and shift into the gate (AVO). In presence of Baf
(500 nM), which increases the pH of the acidic vesicles
(decrease in red fluorescence), the cells shift back. X-axis
represents the red channel (PerCP-Cy5.5), while the Y-
axis represents the green channel (FITC). The percentage
of cells with increased acidic vesicles was concentration
and time-dependently increased in Zol-treated cells

(Fig. 3).
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Fig. 3. Zol induces acidic vesicular organelles. MCF-7 cells
treated with different concentrations of Zol for 48 h (n=2-4) and
72 h (n=4-7) were stained with AO and the percentage of cells
with relative increase in acidic vesicles were measured.
** p<0.01; *** p<0.01 vs. C of respective time points
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Fig. 4. [A] Western blots showing LC3B-II levels from MCF-7
cells treated with 2100 with or without FOH (25 pM), or GGOH
(25 uM) for 72 h. [B] Densitometric quantification of protein
levels of LC3B-II at 72 h treatment, normalized to [B-actin.
*** p<0.001 vs. Z100; n=5-8

Effect of Zol on autophagy was dependent on its effect
on mevalonate pathway

Zol exerts its effect by interfering with FPPS and
GGPPS (Clézardin 2011, Guo et al. 2007, Goffinet et al.

2006, Rogers et al. 2011). The effect of GGOH and FOH
on Zol-induced autophagy was tested. GGOH and FOH
are cell permeable isoprenoid lipid substrates that are
converted to intermediates (GGPP and FPP) of the
mevalonate pathway (Mitrofan et al. 2009, Moriceau et
al. 2010). On exposure of Zol (100 uM for 72 h), MCF-7
cells showed a strong autophagy induction, which was
rescued by GGOH (p<0.001; Fig. 4A,B). FOH showed a
partial reduction of LC3B-II levels.

2500+

aa aaa

20004 i i —

-
(51
=]
=]
L
*
*

1000+ ——

(ROS generation)

5004

fluoresence intensity

B Lca

B-Actin

Z100 - + +
NAC - - +
Tiron - - -
GGOH

Fig. 5. Role of oxidative stress in Zol-induced autophagy.
[A] Flow cytometry measurement of ROS, in MCF-7 cells treated
with 2100, Z100+GGOH (25 uM), Z100+NAC (2 mM),
Z100+Tiron (2mM) for 72 h, or H,O, (0.5 mM) for 6 h, using the
stain DCFDA (n=4). At least 10,000 events were recorded per
sample. * p<0.05, ** p<0.01 vs. Z100; ** p<0.01; ***p<0.001 vs.
C. [B] Western blots showing LC3B-II protein levels from MCF-7
cells. NAC (2 mM), or Tiron (2 mM), or GGOH (25 uM) was
treated with or without Z100 for 72 h.

Zol-induced autophagy was mediated by oxidative stress
Oxidative stress due to higher levels of ROS has
been shown to be one of the important autophagy
inducers (Scherz-Shouval et al. 2007, Chen et al. 2008,
Hwang et al. 2010). Recently, both experimental and
clinical studies have shown Zol treatment resulted in
increased oxidative stress (Bagan et al. 2014, Koger et al.
2013). Thus, we examined whether ROS was increased in
MCEF-7 cells by Zol, using DCFDA as a probe in FACS.
Though there was some evidence of ROS generation at
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48h of Z100 treatment, oxidative stress reached Discussion
significant (p<0.01) levels at 72h of treatment

(supplementary Fig. S3). To confirm if the mechanism of

action of Zol involves ROS production, further studies
were carried out in MCF-7 cells. It was interesting to note
that, Zol when treated along with GGOH or antioxidants
NAC or Tiron (2 mM), the ROS levels were significantly
decreased (Fig. 5A). Zol and H,0, treatment resulted in
significant rise in ROS levels, compared to C.

When Z100 was treated with or without NAC
and Tiron, surprisingly both the antioxidants were able to
reduce the Zol-induced LC3B-II protein levels, which is
evident from Figure 5B. This elucidates the involvement
of oxidative stress in Zol-induced autophagy. On the
other hand, H,O, treatment for 6 h induced autophagy in
MCEF-7 cells. Further, the LC3-II levels were unaffected
by the vehicles used (supplementary Fig. S4).

LC3-II -

B-Actin — —
C 2100 C Zz100C 2Z100

2h 24h 72h

Fig. 6. Zol induces irreversible autophagy. Western blot showing
LC3B-II protein levels from MCF-7 cells treated with Z100. In
case of 2 h or 24 h, the culture medium was replaced with fresh
medium without Zol, and evaluated for LC3-II levels at the end of
72 h. The 72 h sample was after continuous treatment of Z100
for 72 h; C represents the respective controls.

Zol-induced autophagy is irreversible

In accordance with the previous reports, we
confirm that Zol-induced autophagy occurs at 72 h of
exposure. But, clinically the plasma half-life of Zol is less
than 4 h (Green 2003), hence it would be difficult to
exploit this interesting activity of Zol for the betterment of
the patients. To combat this, we tested other alternatives of
short duration of exposure. Zol was treated for 2 h or 24 h
and the culture medium was replaced with fresh medium
without Zol, and evaluated for LC3-II levels at the end of
72 h. Again, it was remarkable to observe that at both the
lower exposure times 2 h and 24 h, Zol was able to induce
similar levels of LC3-II, as compared to 72 h of continuous
treatment (Fig. 6). Hence, Zol-induced autophagy is
irreversible and clinically relevant.

Autophagy is a complicated, dynamic, multistage

catabolic process, where long-lived proteins and

cytoplasmic organelles are sequestered by double-
membrane vesicles (autophagosomes), which fuse with
lysosomes to  form  degradative  compartments
(autophagolysosome). When the degradation is complete,
it becomes a residual body (telolysosome), which might be
subsequently recycled by the cell (Shvets et al. 2008,
Klionsky et al. 2008). Autophagy has to be evaluated at
various stages to prove it is being modulated. An extensive
review on guidelines for the use and interpretation of
assays for monitoring autophagy is available (Klionsky et
al. 2008). LC3 (mammalian homologue of Atgg) is a
crucial marker protein for autophagy vacuoles (Klionsky et
al. 2008, Mizushima and Yoshimori 2007). During the
cytosolic LC3B-I is
their

C-terminus to form LC3B-II. This lipidated form remains

formation of autophagosomes,
conjugated with phosphatidylethanolamine at

associated with the autophagosome membranes (Shvets et
al. 2008). Hence, an increase in LC3B-II denotes the
presence of autophagy, which was observed when MCF-7
cells were treated with Zol for up to 72 h. A point of
caution is that, the LC3B-II is found both inside and
outside the walls of the autophagosomes. The inner LC3B-
IT is degraded in the autophagolysosome stage. The
degradation of LC3B-II can be prevented by drugs which
alter lysosomal pH, like Baf (a vacuolar-type H'-ATPase
inhibitor), which is also known to inhibit autophagosome-
lysosome fusion (Mizushima and Yoshimori 2007,
Yamamoto et al. 1998, Klionsky et al. 2008). Hence, both
autophagy inducers and inhibitors (end stage) can increase
total LC3B-II. To distinguish between an inducer and an
inhibitor, autophagic flux was tested, taking the benefit of
the fact that LC3B-II is increased in the presence of end
stage autophagy inhibitors (Baf) (Mizushima and
Yoshimori 2007). Towards the end of the Zol treatment,
addition of Baf (for 4 h), resulted in a further increase of
LC3B-II levels, evident from Figure 1B,C. This suggests
that Zol has an autophagy inducing effect. On the other
hand, if Zol was an autophagy inhibitor, the end stage
blocking would have not resulted in a further increase in
LC3B-II levels. Autophagy is also characterized by an
increase in the number of AVOs, and was observed in
MCF-7 cells treated with Zol, the outcome was is in line
with previous studies using similar strategy (Yamamoto et
al. 1998, Takeuchi et al. 2005, Chen et al. 2008, Paglin et
al. 2001).
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Since the autophagy was maximally induced at
Z100 when treated for 72 h, some of the observations
were conducted only at this time point and concentration.
The action of Zol on autophagy was related to its
inhibitory effect on protein prenylation, especially

geranylgeranylation and to some extends on
farnesylation. This is in accordance with many other
studies which explain that the biological activities of Zol
by the
geranylgeranylation, though its primary effect is to inhibit
FPPS (Rogers et al. 2011). The effect of Zol and N-BPs

on apoptosis, proliferation, etc., has been shown to be

are mediated mainly inhibition  of

rescued by GGOH, in different cell types (Sonnemann et
al. 2007, Mitrofan et al. 2009, 2010, Jagdev et al. 2001,
Coxon et al. 2000, Goffinet et al. 2006). Previously, we
showed that the protective effect of GGOH against Zol
could at least in part be explained by its capacity to
inhibit IPP/Apppl formation (Mitrofan et al. 2009, 2010).
This mechanism acts in concert with the inhibition of
accumulation of unprenylated proteins (Rogers et al.
2011).

In accordance with other observations (Bagan et
al. 2014, Koger et al. 2013), we also observed Zol-
induced oxidative stress. Treatment of Zol (100 uM for
72 h) resulted in increased oxidative stress in MCF-7
cells, which was reversed by GGOH or antioxidants.
Further, the co-treatment of Zol and antioxidants resulted
in reduced levels of LC3-II. In addition, treatment of
MCF-7 cells with H,O, resulted in increased oxidative
stress and LC3-II levels. Hence it can be confirmed that
oxidative stress played an important role in Zol-induced
autophagy. Oxidative stress has been associated with the
induction of autophagy in various studies (Scherz-
Shouval et al. 2007, Chen et al. 2008, Hwang et al.
2010). Hence, this might be one of the possible
mechanisms underlying induction of autophagy by Zol. It
can be postulated that the inhibition of protein
prenylation or accumulation of IPP/Apppl in the cells
could induce oxidative stress, which could mediate some
effects of Zol. It was reported that Zol can induce both
autophagic and apoptotic cell death in prostate cancer
cells (Lin et al. 2011). Hence, we cannot exclude the
potential role of ROS in Zol-induced apoptosis. Here we
elucidate the role of Zol-induced ROS on autophagy.
Furthermore, it was found that Zol does not alter other
protein levels known to modulate autophagy, Atg5, Atg7,
mTOR, rictor and raptor (supplementary Fig. S5).

It is now clear that Zol can persistently induce
autophagy in many cancer cell lines including MCF-7,

MDA-MB-231, PC3, DU145, CWR22Rv1 and LNCaP
cells, as revealed in this and other studies (Wasko et al.
2011, Lin et al. 2011). The effect of Zol differs among
cell lines, for different reasons, including the levels of
IPP/Apppl which vary between cell lines (Mitrofan et al.
2009). Hence, further studies might be of interest to
check if IPP/Apppl levels can affect autophagy. The dose
and exposure time of Zol (Z100 for 72 h) needed to
induce autophagy is comparatively higher than plasma
concentration that can be achieved clinically for treatment
of breast cancer. Though at initial hours of clinical
treatment the concentration could be theoretically
reached, Zol is vigorously up taken by bone and the
plasma concentration drops within few hours of
(Green 2003).

concentration and duration may be achieved at the bone,

administration Hence, the higher
and Zol can affect and induce autophagy in cancer cells
which have metastasized to bone. Furthermore, for the
first time, we have also demonstrated that the Zol-
induced autophagy could be relevant at clinical exposure
times. Previously, it has been shown, after a short pulse
of Zol, Zol and its
accumulated in the cells and were detected upto several
hours (Riikkonen et al. 2009). This makes the short pulse
treatment equivalent to long-term continuous treatment.
The reported study utilized 25 pM Zol treated for 1 h and
observed up to 48 h. However, in our study we utilized

treatment metabolites were

7100 pulse treated for 2 or 24 h, hence it can be expected
that the accumulation of Zol and/or its metabolites would
remain in the cells for more than 72 h. The higher
concentration (Z100) remains a concern, but if carefully
observed Z25 and Z50 were able to induce some level of
(though not
significant) at 72 h. Since, the effect of Zol was

both autophagy and oxidative stress
irreversible, it could be extrapolated, that at lower
concentration, with longer duration, Zol might induce
autophagy in cancer cells, which could be achieved in
clinical practice.

Conclusion

Several pre-clinical and clinical studies have
demonstrated that Zol, which regulates the mevalonate
pathway, has efficient anti-cancer effects. Many drugs
inhibiting post-translational prenylation by interfering
with one or more enzymes of the mevalonate pathway,
are known to regulate autophagy. Effect of Zol on
autophagy was studied in detail at various stages of
autophagy. Zol was able to increase the LC3B-II levels,
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LC3B flux, acidic vesicles, and autophagosomes (puncta
of eGFP and pDendra2-hLC3), indicating the induction
of autophagy. Oxidative stress was observed to be
increased. GGOH or antioxidants decreased Zol-induced
LC3B-II protein levels and oxidative stress. Hence, Zol
can induce autophagy by its effect on the mevalonate
pathway and oxidative stress in MCF-7 cells (Fig. 7).
This study adds to the understanding of mechanism of

action of Zol, which is being studied to treat diseases
where autophagy is also involved, such as Paget’s
disease, cancer, parasitic infections, etc. (Ju and Weihl
2010, Sonnemann et al. 2007, Vesa et al. 2009).
However, more studies are needed to further elaborate the
role of inhibition of prenylation in oxidative stress and
Zol-induced autophagy in vivo.
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Fig. 7. Schematic representation of the possible mechanism of action of Zol-induced autophagy. Zol induces the formation IPP and
Apppl, by inhibiting the mevalonate pathway. Zol in addition to IPP and ApppI accumulates in the cells and increases oxidative stress,

resulting in autophagy.
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