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Abstract

High percentage of human cancers involves alteration or mutation in Ras proteins, including
the most aggressive malignancies, such as lung, colon and pancreatic cancers. FTS (Salira-
sib) is a farnesylcysteine mimetic, which acts as a functional Ras inhibitor, and was shown
to exert anti-tumorigenic effects in vitro and in vivo. Previously, we have demonstrated that
short-term treatment with FTS also induces protective autophagy in several cancer cell
lines. Drug resistance is frequently observed in cancer cells exposed to prolonged treat-
ment, and is considered a major cause for therapy inefficiency. Therefore, in the present
study, we examined the effect of a prolonged treatment with FTS on drug resistance of
HCT-116 human colon cancer cells, and the involvement of autophagy in this process. We
found that cells grown in the presence of FTS for 6 months have become resistant to FTS-
induced cell growth inhibition and cell death. Furthermore, we discovered that the resistant
cells exhibit altered autophagy, reduced apoptosis and changes in Ras-related signaling
pathways following treatment with FTS. Moreover we found that while FTS induces an apo-
ptosis-related cleavage of p62, the FTS-resistant cells were more resistant to apoptosis and
p62 cleavage.

Introduction

The Ras family of small GTPases consists of 4 highly related members: K-Ras (4A and 4B),
H-Ras and N-Ras [1]. Ras proteins are typically found in the inner leaflet of the plasma mem-
brane, where their activation leads to signal transduction through interaction with multiple
effector proteins. Activation of Ras guanine nucleotide exchange factors (RasGEFs) results in
the exchange of the Ras bound GDP into GTP. Following activation, Ras stimulates diverse
downstream effectors, which lead to the activation of an array of cellular signaling pathways.
Activating mutations in Ras are found in 33% of human cancers, with mutations in K-Ras
being the most prevalent (21.6% of human cancers) [2]. K-Ras mutations are associated mainly
with the most lethal malignancies, such as lung, colon and pancreatic cancers [3]. While the
wild-type (wt) Ras cycles between its active and inactive states, and is regulated by RasGEFs
and RasGAP (GTPase), the oncogenic mutant Ras, which bears a single mutation at residues
12, 13 or 61, binds to GTP constitutively [1].
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Activation of Ras requires its association with the cell membrane. This characteristic of Ras
is used to design anti-Ras drugs that inhibit its association with the plasma membrane [4]. Sev-
eral such agents, which have the potential of inhibiting Ras by mimicking its farnesyl group,
were developed. One of these agents, FTS (farnesylthiosalicylic acid, also known as Salirasib),
acts as a functional Ras antagonist, and was shown to exert anti-tumorigenic effects in vitro
and in vivo [5-8]. FTS affects Ras-membrane interactions by dislodging Ras from the mem-
brane anchoring domains, thus facilitating its degradation [9]. FTS treatment was shown to
induce autophagy in naive mouse embryonic fibroblasts (MEF) and in human cancer cell
lines, which harbor a K-Ras mutation (HCT-116, DLD-1 and Panc-1) [10,11]. Autophagy is a
regulated process, by which proteins and organelles are recognized and delivered to the lyso-
some for degradation [12]. FTS-induced autophagy acts as a defense mechanism against FTS-
induced cell death [10,11]. In addition, FTS enhances the synthesis of p62, which is essential
for cargo selection during autophagy [11].

In the present study, we examined the effect of prolonged FTS treatment on cancer cells
resistance to FTS-induced growth inhibition, cell death and autophagy. We found that HCT-
116 human colon cancer cells treated with FTS for 6 months have become resistant to FTS
treatment. Further characterization of these cells revealed changes in autophagy, p62 levels
and cleavage, response to other anti-cancer treatments and activation of signaling pathways.

Materials and Methods
Antibodies and reagents

Antibodies are as follows: monoclonal mouse anti-actin (MP Biomedicals; Santa Ana, CA;
691001), polyclonal rabbit anti-caspase 3 (Santa Cruz Biotechnology; Dallas, TX; sc-7148 and
Cell Signaling Technology; 9662), polyclonal rabbit anti-AKT (Santa Cruz Biotechnology; sc-
8312), polyclonal rabbit anti-p21 (Santa Cruz Biotechnology; sc-756), polyclonal rabbit anti-
p62 (MBL International; Woburn, MA; PM045), monoclonal rabbit anti-aurora kinase A
(AURKA; Cell Signaling Technology; Denver, MA; 4718), polyclonal rabbit anti-ERK1/2 (Cell
Signaling Technology; 4695), polyclonal rabbit anti-phospho-Ser473 AKT (Cell Signaling
Technology; 4058), polyclonal rabbit anti-phospho-Thr389-S6 kinase (p-S6K; Sigma-Aldrich;
St. Louis, MO; S6311), polyclonal rabbit anti-S6 kinase (S6K; Sigma-Aldrich; S4047), monoclo-
nal mouse anti-phospho-Thr183 and Tyr185 ERK1/2 (Sigma-Aldrich; M8159) polyclonal rab-
bit anti-LC3B (Immunoblots; Sigma-Aldrich; L7543) and monoclonal rabbit anti-LC3A/B
(Immunostaining; Cell Signaling Technology; 12741). FTS (SaliRasib, S-trans, trans-farne-
sylthiosalicylic acid) was provided by Concordia Pharmaceuticals (Fort Lauderdale, FL); chlo-
roquine (CQ; C6628) and 5-fluorouracil (5-FU; F6627) were from Sigma-Aldrich; QVD-OPH
was from R&D systems (Minneapolis, MN; OPH-001); calpeptin was from EMD Millipore
(Darmstadt, Germany; 03-34-0051); and rapamycin was from Cayman Chemical (Ann Arbor,
MI; 13346).

Cell culture and generation of FTS-resistant sublines

To generate FTS-resistant HCT-116 sublines, naive human colon cancer HCT-116 cells were
grown in RPMI-1640 medium (Sigma-Aldrich) supplemented with 5% heat-inactivated fetal
bovine serum (FBS; Hyclone, Thermo Scientific, Waltham, MA), containing FTS at a sub-
IC50 concentration of 40 uM (prepared from a 75 mM in DMSO stock). FTS concentration
was gradually increased during a period of 6 months up to a final concentration of 60 pM, and
the cells were routinely passaged when confluence was achieved. Two sublines were simulta-
neously generated and designated FR1 (FTS-resistantl) and FR2 HCT-116. These sublines
were continuously cultured in RPMI-1640 medium supplemented with 5% FBS, containing
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60 uM FTS. Three days before each experiment, FTS was removed from the culture medium.
The concentrations and the duration of FTS treatments (and the corresponding 0.1% DMSO
control) are indicated for each experiment. An additional subline was generated from FR2
cells, which were further grown at increasing FT'S concentrations. This subline was termed
FR3, and was cultured at a final concentration of 72.5 uM FTS. A control HCT-116 subline
was also generated by culturing naive HCT-116 cells in RPMI-1640 medium supplemented
with 5% FBS, containing 0.1% DMSO.

The human pancreatic cancer cell line, Panc-1, was grown in DMEM (Gibco, Carlsbad,
CA), supplemented with 10% heat-inactivated fetal bovine serum (or 5% for FTS treatments).

Assessment of cell viability and cell death

Cells were plated in medium supplemented with 5% FBS, and treated as indicated. Cell viabil-
ity was determined by the methylene blue assay. The cells were fixed with 4% formaldehyde
for 2 hours, then washed once with 0.1 M boric acid (pH 8.5) and incubated with the DNA-
binding dye methylene blue (1% in boric acid) for 20 minutes at room temperature. The cells
were then washed three times with distilled water and lysed with 0.1 M HCI. Absorbance was
measured with a Tecan Spectrafluor Plus spectrophotometer (Mannedorf, Switzerland) at 595
nm. Cell viability is presented relative to untreated cultures. IC50 values were calculated using
a non-linear regression model (logarithmic inhibitor vs. normalized response-variable slope)
with the GraphPad Prism 6 software.

To estimate the number of dead cells, live cultures were incubated for 10 minutes with 1 ug/ml
of the fluorescent, membrane impermeable, DNA dye bisbenzimide (Hoechst 33258; Sigma).
After staining, the cells were photographed with an Olympus motorized inverted microscope
Model IX81 (x20 magnification). The percentage of dead cells was estimated by calculating the
number of Hoechst-stained nuclei relative to the total cell number in each field.

Lysate preparation and immunoblot analysis

Cells were exposed to the indicated stimuli. After treatment, cells were lysed in solubilization
buffer (50 mM HEPES pH 7.5, 150 mM NacCl, 10% glycerol, 1% Triton X-100, 1 mM EDTA
pH 8,1 mM EGTA pH 8, 1.5 mM MgCl,, 200 pM Na3;VOy,, 150 nM aprotinin, 1 pM leupeptin
and 500 uM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride). Lysates were cleared by
centrifugation, a sample buffer was added and the lysates were boiled. Lysates were resolved by
SDS-polyacrylamide gel electrophoresis (PAGE) through 10%-12.5% polyacrylamide gels, and
were electrophoretically transferred to nitrocellulose membranes. Membranes were blocked for
1 hour in TBST buffer (0.05 M Tris-HCI pH 7.5, 0.15 M NaCl, and 0.1% Tween 20) containing
6% milk, and then blotted with primary antibodies for 2 hours. Secondary antibody, linked to
horseradish peroxidase, was then added for 1 hour. Immunoreactive bands were detected with
the enhanced chemiluminescence reagent. Densitometric analysis of the results was performed
using the ImageJ program.

Immunostaining

For immunostaining of endogenous LC3, cells were plated on sterile coverslip (18 mm diame-
ter) coated with poly-1 lysine. After treatment, cells were fixed with cold methanol for 15 min
and permeabilized/blocked with 2% normal goat serum in 0.3% Triton X-100 for 60 min. Cells
were incubated with primary antibodies overnight at 4°C followed by staining with secondary
antibodies and 2 pg/ml Hoecsht 33258 for 1 h at RT. Cells were analyzed by Leica TCS SP8
confocal microscope (x63 magnification). For the quantification of LC3 puncta, we used the
Image] software to measure the total area of LC3 dots per cell.
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RNA extraction and qRT-PCR analysis

Total RNA was extracted from the cells using TRIzol reagent (Ambion Life Technologies, Grand
Island, NY, USA) and the RNA concentration in each sample was determined by a spectrophotom-
eter. Purified RNA was reverse-transcribed using the High Capacity cDNA Revese Transcription
kit (Applied Biosystemns, Foster City, CA, USA) according to the manufacturer’s instructions.
cDNA samples (50 ng) were used for quantitative RT-PCR using the FastStart Universal SYBR
Green Master kit (Roche, Basel, Switzerland). Fluorescence was measured and the data were ana-
lyzed using the 7300 Real Time PCR system (Applied Biosystems). The primers used were human
Aurora kinase A (AURKA) forward, TTCAGGACCTGTTAAGGCTACA and reverse, ATTTGAAGGA
CACAAGACCCG; human p62 forward, CAGAGAAGCCCATGGACAG and reverse, AGCTGCCTTGT
ACCCACATC; human GUSB forward, CTCATTTGGAATTTTGCCGATT and reverse, CCGAGTG
AAGATCCCCTTTTTA. GUSB was used as a reference gene for normalization of relative mRNA
expression.

Transient transfections

Cells were transfected with 3 ug of either GFP-expressing or GFP-DN-Ras (17N) expressing
vectors using the jetPEI reagent (Polyplus transfection, 101-10), according to the manufac-
turer’s instructions.

Statistical analysis

All experiments were performed at least three times. Results are presented as means + SE. Dif-
ferences between means were assessed by the 1-tailed Student’s t-test. Significance was assigned
at p < 0.05.

Results
Generation of FTS-resistant HCT-116 sublines

To determine whether continuous treatment with FTS induces drug resistance in human
HCT-116 colon cancer cells (expressing endogenous mutant K-Ras), the cells were grown in
the presence of increasing FTS concentrations for 6 months, up to a final concentration of
60 uM. Two sublines were generated and designated FR1 (FTS-resistantl) and FR2 HCT-116.
As shown in Fig 1A, FR1 and FR2 HCT-116 cells have gained partial resistance to FTS treat-
ment compared to control HCT-116 cells. Accordingly, the IC50 of FR1 and FR2 HCT-116
cells were similar (57 + 0.5) and significantly higher than the IC50 of the control HCT-116
cells (48 £ 0.55; Fig 1B). Moreover, FR1 and FR2 HCT-116 cells were more resistant to FTS-
induced cell death, as demonstrated in Fig 1C and 1D.

An additional FTS-resistant subline was generated by culturing FR2 HCT-116 cells at further
increasing concentrations of FTS for another 6 months (up to a concentration of 72.5 uM). This
subline, termed FR3, exhibited an even greater IC50 (64 + 0.71; S1 Fig).

FTS-induced autophagy is altered in FTS-resistant cells

Previously, we have shown that FTS induces autophagy in several cancer cell lines, including
HCT-116 [10,11]. FTS-induced autophagy serves as a resistance mechanism, promoting cell sur-
vival after FTS treatment [10,11]. Therefore, we next examined autophagy in the FT'S resistant
sublines, using LC3 protein as a marker. During autophagy, LC3-1 is lipidated to form LC3-II,
which binds to the autophagsomal membrane and promotes autophagy [13]. Previously, we
have used the concentration range of 60-75 pM FTS in HCT-116 cells, in order to examine the
effect of the treatment on cell growth, cell death and autophagy. Since the concentration of
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Fig 1. Continuous treatment with FTS induces resistance. CTRL, FR1 and FR2 HCT-116 cells were treated with increasing concentrations of FTS for 5
days. (A) cell viability was assessed using the methylene blue staining assay and (B) IC50 values were calculated as described in Materials and methods
(mean £ SE; **, p<0.01, CTRL compared to FR1 and FR2 HCT-116 cells). (C-D) CTRL, FR1 and FR2 HCT-116 cells treated with FTS at concentrations of
60 and 70 pM for 5 days were stained with the fluorescent DNA dye bisbenzimide (Hoechst 33258, 1 ug/ml) to assess the number of dying cells. Following
staining, the cells were photographed (%20 magnification; scale bars, 20 micrometer). The percentage of dying cells was estimated by counting the number of
Hoechst-positive cells compared to the number of total cells in each field (7—10 fields for each treatment, 100-200 cells per field). Results are the mean + S.E
(*, p<0.05; **, p<0.01, CTRL compared to FR1 and FR2 HCT-116 cells; ™, p<0.01, FTS treated compared to untreated cells).

doi:10.1371/journal.pone.0171351.9001

75 uM has proven to be the most efficient in terms of autophagy induction, we decided to use it
as a standard working dose in this study for the majority of the experiments. As shown in Fig
2A, FTS induced an increase in the levels of LC3-II in the control, as well as in the FR HCT-116
sublines, indicating that the treatment activates autophagy. However, in the resistant sublines,
FTS also induced a reduction in LC3-I levels. These results may indicate that FTS induces a
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Fig 2. FTS resistant cells exhibit altered LC3-1I/LC3-I ratio and LC3-1l consumption after FTS treatment. (A) CTRL, FR1 and FR2 HCT-116 cells were
treated with 75 yM FTS, with or without 6 pM chloroquine (CQ) for 48 h. The cells were then subjected to immunoblot analysis using anti-LC3 antibodies. (B)
Densitometric analysis of LC3-1I/LC3-I ratio is presented as fold induction over the untreated cells (left graph) and as the difference between measured values
of LC3II/actin levels with or without chloroquine (right graph, A+CQ) (mean + SE; *, p<0.05; **, p<0.01, CTRL compared to FR1 and FR2 HCT-116 cells; 2,
p<0.05;™, p<0.01, FTS treated compared to untreated cells).

doi:10.1371/journal.pone.0171351.9g002

more efficient LC3-I lipidation in the FR HCT-116 cells compared to the control cells. In fact, in
the presence of FTS, the LC3-II/LC3-I ratio was significantly greater in the resistant cells com-
pared to the control cells (Fig 2B).

It should be noted that autophagy is a dynamic process, in which LC3-II formation is fol-
lowed by its degradation in the lysosome. For this reason, we measured the autophagic flux
using an autophagosome-lysosome fusion inhibitor, chloroquine [13]. Hence, we examined
the effect of FTS and chloroquine co-treatment on LC3 levels. As shown in Fig 2A, following
the combined treatment, there was no difference in the levels of LC3-II in the FR HCT-116 cells
compared to the control cells; however, LC3-I levels were still lower in the FR HCT-116 cells
compared to the control cells. Likewise, LC3-II/LC3-I ratio was significantly higher in the FR
HCT-116 cells (Fig 2B), indicating that the lipidation step remained more efficient also in the
presence of chloroquine. Next, the differences between LC3-I1 levels following FTS treatment
alone and those following combined treatment with chloroquine were measured (A+CQ). Since
chloroquine blocks lysosomal degradation, these differences reflect the amount of LC3-II con-
sumed during autophagy. As demonstrated in Fig 2A and 2B, the differences were significantly
greater in the FR HCT-116 cells compared to the control cells, suggesting that the process of
cargo degradation had become more effective.

To confirm the results obtained by immunoblotting, we have also used immunostaining
with anti-LC3 antibodies to examine the autophagosomes content, following treatment with
FTS, chloroquine or both. As shown in Fig 3A, FTS induced an increase in the total area of
autophagosomes (LC3 puncta) per cell after 48 h treatment; however, this increase was greater
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Fig 3. FTS resistant cells exhibit altered autophagosome consumption and increased viability following FTS and chloroquine co-treatment. (A)
CTRL and FR1 HCT-116 cells were treated with 75 uM FTS, with or without 6 uM chloroquine (CQ) for 48 h. The cells were then fixed and stained with anti-LC3
antibodies and Hoechst 33258. Cells were microscopically analyzed. Upper panels, representative results are shown (x63 magnification; scale bars, 10
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doi:10.1371/journal.pone.0171351.g003
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in the control compared to the FR HCT-116 cells. The addition of chloroquine led to a further
increase in the autophagosomes area, probably as a result of late-stage autophagy blockage.
Under these conditions, however, the total area of autophagosomes per cell in the control
HCT-116 cells was slightly lower compared to that of the FR HCT-16 cells. Accordingly, the
difference between autophagosome area after FTS treatment alone and that following com-
bined treatment with chloroquine (A+CQ), was significantly higher in the FR HCT-116 cell
compared to the control cells (Fig 3A). Since these differences reflect autophagosome con-
sumption following FTS treatment, the results obtained using immunostaining are in accor-
dance with the immunoblot profile.

Chloroquine was shown to enhance the effect of FTS on cancer cell growth inhibition,
death and tumorigenicity [11]. This combined effect of FTS and chloroquine on cell viability
was also evident in the FR HCT-116 sublines (Fig 3B); however, the FR HCT-116 cells exhib-
ited a partial resistance to the co-treatment compared to the control HCT-116 cells. Surpris-
ingly, the FR HCT-116 sublines were also resistant to chloroquine treatment alone. These
findings could be explained by the increased LC3-II/LC3-I ratio in the FR compared to control
HCT-116 cells, observed following chloroquine, FTS or both treatments (Fig 2A and 2B).
Taken together, the results imply that FTS-induced autophagy has become more efficient in
the FR HCT-116 sublines, which may affect their resistance to FTS treatment.

FTS-induced cleavage of p62 is reduced in FTS-resistant cells

The ubiquitin-binding protein, p62 (also known as SQSTM1), mediates the degradation of
ubiquitinated proteins and mitochondria through autophagy [14,15], by binding LC3, and
recruiting the cargo to the autophagosome. This process is followed by p62 degradation in the
lysosome, leading to decreased p62 levels following autophagy induction. On the other hand,
persistent pro-autophagic stimuli can induce transcription-dependent synthesis of p62, result-
ing in elevated levels of the protein [16]. Previously, we have found that 48-72 h FTS treatment
triggers de novo synthesis of p62 [11]. Accordingly, here we found that FTS increased the levels
of p62 mRNA, and that this increase was significantly higher in the control HCT-116 cells
compared to the FR cells (Fig 4A). At the protein level, FTS also induced synthesis of p62; how-
ever, there was no significant difference between the FR and the control HCT-116 cells (Fig
4B). These differences between the mRNA and the protein level can be explained by a possible
cleavage of p62, which is greater in the control HCT-116 cells. Indeed, cells treated with FTS
expressed a 46 kDa band, which might represent a cleavage product of p62 (Fig 4B). The
alleged cleavage product appeared after a 24 h treatment with FTS, and became more promi-
nent as the treatment continued. In addition, the levels of this 46 kDa product were signifi-
cantly higher in the control HCT-116 cells compared to the FR cells, which led us to suspect
that it is related to cell death. In accordance with this possibility, it was reported that p62 is
cleaved by the pro-apoptotic proteins caspase 6, caspase 8 and calpain, to yield a 46 kDa prod-
uct [17]. Furthermore, another apoptosis-related p62 cleavage product of 30 kDa was reported.
This smaller product was detected only following co-treatment with FTS and chloroquine, but
not after treatment with FTS alone (Fig 4C, long exposure), which might indicate an enhance-
ment of apoptosis under these conditions. Consistent with that assumption, we have previ-
ously demonstrated that chloroquine enhances FTS-induced apoptosis [11]. Accordingly, the
levels of the 30 kDa cleavage product were significantly higher in the control HCT-116 cells
compared to those in the FR cells. Further experiments should be performed in order to verify
the involvement of caspase 6 and caspase 8.

To confirm that FTS-induced cleavage of p62 results from enhanced apoptosis, control
HCT-116 cells were treated with FTS in the presence of either QVD-OPH (pan-caspase
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Fig 4. FTS-induced p62 cleavage is reduced in FTS-resistant cells. (A) CTRL, FR1 and FR2 HCT-116 sublines were treated with
75 pM FTS for 48 h and then subjected to gRT-PCR analysis of p62 transcript expression. Results are presented as fold induction over the
untreated cells (mean + SE; *, p < 0.05; CTRL compared to FR1 and FR2 HCT-116 cells; A, p < 0.05, FTS treated compared to untreated
cells). (B) CTRL, FR1 and FR2 HCT-116 sublines were treated with 75 uM FTS for the indicated time, or (C) 75 uM FTS combined with

6 uM chloroquine (CQ) for 48 h. Cell lysates were then subjected to immunoblot analysis using anti-p62 antibodies. Upper panels,
representative results, short and long exposures are shown for FTS and CQ co-treatment blots. Lower panels, densitometric analysis of
the results is presented as fold induction over the untreated cells (mean * SE; *, p < 0.05; **, p<0.01, CTRL compared to FR1 and FR2
HCT-116 cells; A, p< 0.05; M, p<0.01, FTS treated compared to untreated cells).

doi:10.1371/journal.pone.0171351.9004

inhibitor) or calpeptin (calpain inhibitor) (Fig 5A). The results obtained show that QVD-OPH
completely abolished the cleavage of p62, while calpeptin had a partial inhibitory effect on p62
cleavage. Thus, it appears that FTS induces apoptosis-dependent cleavage of p62, which is sig-
nificantly greater in the control HCT-116 cells than in the FTS-resistant cells.

To further strengthen the notion that FTS-induced cleavage of p62 is related to the induc-
tion of apoptosis, we tested the effect of rapamycin on p62 cleavage. Rapamycin, an inhibitor
of mTOR, is a known inducer of autophagy. As judged by the levels of full-length p62 and
LC3-II/LC3-I ratio, rapamycin enhanced the pro-autophagic effect of FTS in the control HCT-
116 cells (Fig 5C and 5D). In addition, rapamycin had partially reversed the inhibitory effect of
FTS on cell viability (Fig 5B), probably as a result of autophagy enhancement. As expected,
rapamycin also abolished the cleavage of p62 (Fig 5C and 5D), which might indicate that the
protective effect of rapamycin originates from attenuation of FTS-induced apoptosis.

FTS was also shown to induce protective autophagy in the human pancreatic cancer cell
line, Panc-1 [11]. In addition, chloroquine enhanced FTS-induced apoptosis in these cells.
Therefore, we tested whether FTS will have a similar effect on p62 cleavage in Panc-1 cells (52
Fig). We found that FTS induced cleavage of p62 to yield a 46 kDa product. In the presence of
chloroquine a 30 kDa fragment was observed. Thus, FTS-induced cleavage of p62 also occurs
in cancer cell lines other than HCT-116.

FTS-resistant cells exhibit reduced apoptotic features

Having demonstrated that the FR HCT-116 sublines are less prone to FTS-induced p62 cleav-
age, and that this cleavage may be related to apoptosis, we next examined other apoptotic char-
acteristics in these cells. Fig 6A shows that FTS induced a decrease in full-length caspase 3
expression, and, concomitantly, an increase in cleaved caspase 3, which was enhanced by chlo-
roquine, and is indicative of apoptosis. Nevertheless, the cleavage of caspase 3 following FTS
treatment, with or without chloroquine, is greater in the control cells compared to the FR
HCT-116 cells.

Next, we examined the levels of the tumor promoter aurora kinase A (AURKA). This pro-
tein serves as a target for several anti-cancer agents, and its downregulation leads to apoptosis
in various cancer cell lines [18-21]. It was previously shown that in A549 human lung cancer
cells, FTS treatment decreases AURKA mRNA levels, and inhibits its assembly at the spindle
poles [22]. We found that FTS induced a dramatic decrease of AURKA mRNA and protein
levels in the control HCT-116 subline (Fig 6B and 6C). Although this decrease was also evident
in the FR1 and FR2 HCT-116 cells, these sublines still expressed significantly higher levels of
AURKA mRNA and protein compared to the control cells; moreover, in the FR3 HCT-116
subline, FTS had no significant effect on AURKA mRNA levels and a less pronounced effect
on its protein levels, compared to the other sublines (Fig 6B and 6C). Collectively, the results
indicate that the FR HCT-116 sublines have developed resistance to FTS-induced apoptosis.

Next, we examined the possibility that the FR cells have developed a general resistance
mechanism that allows them to tolerate other pro-apoptotic, anti-cancer, treatments.

PLOS ONE | DOI:10.1371/journal.pone.0171351 February 2, 2017 10/19
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Fig 5. QVD, Calpeptin and rapamycin treatments inhibit the FTS-induced p62 cleavage. (A) CTRL HCT-116 cells were treated with 75 uM FTS for 48 h,
in the presence or in the absence of 25 yM QVD-OPH or 10 uM calpeptin (Calp) and then subjected to immunoblot analysis using anti-p62 antibodies. Left
panel, representative blot is shown. Right panel, densitometric analysis of the results is presented as fold induction over the untreated cells (mean + SE; *,
p<0.05; **, p<0.01). (B) CTRL HCT-116 cells were treated with FTS at the indicated concentrations for 3 days, with or without 100 nM rapamycin (rapa).
Cell viability was then assessed using the methylene blue staining assay (mean + SE; **, p<0.01, FTS and rapamycin co-treatment compared to FTS
treatment alone; M, p < 0.01, treated compared to untreated cells). (C) CTRL HCT-116 cells were treated with 60 uM FTS, with or without rapamycin at the
indicated concentrations for 48 h. The cells were then subjected to immunoblot analysis using anti-LC3, anti-p62, anti-phospho S6K (p-S6K) and S6K
antibodies. (D) Densitometric analysis of LC3-1I/LC3-I ratio, full length p62 and cleaved p62 is presented as fold induction over the untreated cells (mean + SE;

* p<0.05; **, p<0.01).
doi:10.1371/journal.pone.0171351.g005

Therefore, we employed 5-fluorouracil (5-FU), a conventional treatment for colon cancer,
which is known to induce apoptosis [23]. As shown in Fig 6B, the FR HCT-116 sublines have
indeed gained partial resistance to 5-FU treatment, and the subline which exhibited the highest
IC50 toward FTS (FR3) also showed the highest resistance to 5-FU treatment.

FTS-resistant cells exhibit changes in proliferation/survival signaling
pathways following FTS treatment

The findings, which suggest resistance to apoptosis in the FR HCT-116 sublines, have led us to
examine the effect of FTS on major signaling pathways known to be affected by Ras activation.
We analyzed pathways that regulate cell cycle progression/cell proliferation (ERK), cell growth
(S6K) and cell survival (AKT) 24 h following FT'S treatment [1] (Fig 7). In the control HCT-
116 cells, 63 and 75 uM FTS treatments induced a decrease in the levels of phosphorylated
ERK and AKT (p-ERK and p-AKT, respectively). In contrast, at the same concentrations, FTS
induced an increase in the levels of p-AKT and p-ERK in the FR HCT-116 cells. Similarly, FTS
reduced the levels of p-S6K in the control HCT-116 cells; however, in the FR HCT-116 cells,
63 uM FTS had led to an increase in p-S6K levels while only at 75 uM FTS, p-S6K levels
decreased. Nevertheless, under these conditions, p-S6K levels remained significantly higher in
the FR HCT-116 cells compared to the control cells. Similar results were obtained following
transfection with a dominant negative (DN) H-Ras 17N mutant (S3 Fig.), which was previ-
ously found to inhibit the downstream signaling activity of all Ras isoforms [24]. Taken
together, the results suggest that in the control HCT-116 cells, cell proliferation, growth and
survival are suppressed by FTS, possibly through its effect on Ras signaling. On the contrary,
in the FR HCT-116 cells, these processes are activated following FTS treatment, perhaps as a
compensation mechanism. Next, we examined the levels of p21 protein, which negatively reg-
ulates cell cycle progression, and whose expression was shown to increase following FTS treat-
ment [25]. While FTS enhanced the expression of p21 in the control HCT-116 cells, it had no
effect on p21 levels in the FR cells, indicating that the treatment did not affect cell cycle pro-
gression in the FR HCT-116 sublines (Fig 7). Here again, a similar effect was visible following
transfection with DN-Ras (S3 Fig).

FTS-resistant HCT-116 cells preserve their resistance characteristics
after prolonged FTS withdrawal

To examine whether FTS-resistance is transient or stable, we withdrew the FR HCT-116 cells
from FTS treatment for one month, and tested cell viability following 5 days treatment with
FTS at a range of concentrations (Fig 8A). Compared to the control-HCT-116 cells, the FR
HCT-116 cells preserved their resistance toward FTS. Moreover, the FR HCT-116 cells have
also retained the low levels of cleaved p62 compared to the control cells, following treatment
with FTS (Fig 8B). These findings suggest that the mechanisms involved in FTS-resistance are
relatively stable.

PLOS ONE | DOI:10.1371/journal.pone.0171351 February 2, 2017 12/19
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Fig 6. FTS-resistant cells exhibit reduced apoptosis. (A) CTRL, FR1 and FR2 HCT-116 sublines were treated with 75 uM FTS, with or without 6 uM
chloroquine (CQ) for 48 h and then subjected to immunoblot analysis using anti-caspase 3 (Casp3) antibodies. Upper panel, representative results are shown.
Lower panel, Densitometric analysis of the results is presented as fold induction over the untreated cells (mean + SE; **, p<0.01, CTRL compared to FR1
and FR2 HCT-116 cells; M, p< 0.01, FTS treated compared to untreated cells; ##, FTS and CQ co-treatment compared to each treatment alone). (B) CTRL,
FR1, FR2 and FR3 HCT-116 sublines were treated with FTS at the indicated concentrations for 48 h and then subjected to qRT-PCR analysis of AURKA
transcript expression or (C) immunoblot analysis using anti-AURKA antibodies. Results are presented as fold induction over the untreated cells (mean + SE;
* p<0.05; ** p<0.01, CTRL compared to HCT FR1, FR2 and FR3 HCT-116 cells; », p< 0.05; ™, p< 0.01, FTS treated compared to untreated cells). (D)
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the methylene blue staining assay (mean + SE; **, p<0.01).
doi:10.1371/journal.pone.0171351.g006

Discussion

Drug resistance in cancer cells poses a major barrier for tumor eradication, and for further

designing of novel anti-cancer drugs. Numerous anti-cancer agents were shown to induce
resistance in tumor cells following continuous treatment, in vitro and in vivo, as well as in
human subjects [26]. In this study, we examined the possibility that long exposure to the Ras
inhibitor, FTS, would lead to treatment resistance. Resistance to FTS following 6 months
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13/19



@' PLOS | ONE

FTS resistance

Ind
o

HCT CTRL
FTS (uM): 0 63 75

PRk M -

P-S6K W ~-—-- ——/
s CHD QD QD W W e -

p—AKT.-“ L s . p—
AT - — —— — — --‘

P21 . —-‘--- ---

HCT FR1 HCT FR2
63 75 0 63 75

—— —— —¢’

0

)

W untreated " L
.
01163 uM FTS A e
5. 175 uMFTS

o

p-ERK/ERK (fold of untreated)

HCT CTRL HCT FR1

=) <) .
% 2,04 % 35 Iy 8o
0 Wuntreated [ Wuntreated * § m Wuntreated
€151 |[J63 M FTS 5 [Je3 um FTS £ 28 A [Je3 umFTs
25 520
%5 [ 75 umFTS 5,0 [ 175 umMFTS| .0 wr 2 [ 75 umFTS
T 10 o~ .g 15 - *k
£ A 15 ° o ** *k
é 0.5 g 0 e AN g 05
5 0.
E |: 0.5 ’_T_"_T_‘ (\U
8o § 0 bl
HCTFR2 & HCTCTRL HCTFR1 HCTFR2 & HCTCTRL HCTFR1 HCTFR2 2  HCTCTRL HCTFR1 HCTFR2

Fig 7. FTS-resistant cells exhibit changes in proliferation/survival signaling pathways following FTS-treatments. CTRL, FR1 and FR2 HCT-116
sublines were treated with FTS at the indicated concentrations for 24 h and then subjected to immunoblot analysis using anti-phospho-ERK, anti-phospho-
S6K, anti-phospho-AKT and anti-p21 antibodies. Results are presented as fold induction over the untreated cells (mean + SE; *, p< 0.05; **, p<0.01, CTRL
compared to FR1 and FR2 HCT-116 cells; A, p< 0.05; ™, p<0.01, FTS treated compared to untreated cells).

doi:10.1371/journal.pone.0171351.g007

treatment was tested in the human colon cancer cell line HCT-116. We found that, indeed, the
cells have developed resistance to FTS-induced growth inhibition and cell death.

Further characterization of the FTS-resistant cells revealed that their autophagy has become
more efficient, as judged by the levels of LC3-I conversion into LC3-II and LC3 puncta. Another
feature of the, presumably, more efficient autophagy in the FTS-resistant cells is reflected by the
increased rates of cargo degradation following treatment (enhanced autophagic flux), compared
to non-resistant cells, as reflected by both immunoblotting and immunostaining of endogenous
LC3. This change might result from an enhanced autophagosome-lysosome fusion, an increased
lysosomal activity or an increase in lysosomal content in the FTS-resistant cells. Previously, we
have demonstrated that autophagy has a protective role in cancer cells treated with FT'S [10,11].
Thus, the enhanced autophagy observed in the FTS-resistant cells might represent an adaptation
mechanism to FTS. The results also suggest that in the non-resistant cells, autophagy does not
function at its full capacity following the treatment, compared to the resistant cells. Indeed, acti-
vation of autophagy with rapamycin seems to enhance the conversion of LC3-I into LC3-II, to
augment cargo degradation, and to reverse the inhibitory effect of FTS on cell viability.

The p62 protein is involved in cargo selection during autophagy. In addition, other func-
tions were attributed to p62, some of which are related to apoptosis [27]. In the present study,
we found that FTS induced cleavage of p62 in HCT-116 cells, as well as in Panc-1 cells, to yield

PLOS ONE | DOI:10.1371/journal.pone.0171351
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doi:10.1371/journal.pone.0171351.g008

a 46 kDa product, and that at the addition of chloroquine, a 30 kDa product was also gener-
ated. This cleavage was inhibited by QVD-OPH and calpeptin, as well as by rapamycin.
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Cleavage of p62 into a 46 kDa fragment was previously reported to be caspase 6- and 8-depen-
dent, while the 30 kDa fragment depends on caspase 6 activity. Calpain was also reported to
contribute to p62 cleavage, generating multiple cleavage products [17]. Thus, FTS-induced
cleavage of p62 appears to be related to apoptosis induction. We have previously shown that
chloroquine enhances FTS-induced apoptosis in Panc-1 and HCT-116 cells [11]. Given the
fact that the 30 kDa cleavage product was detected only following combined FTS and chloro-
quine treatment, but not after FTS treatment alone, it may be related to the occurrence of
enhanced apoptosis under these conditions. The cleavage of p62 was more prominent in non-
resistant HCT-116 cells compared with FTS-resistant cells, indicating that the resistant cells
exhibit reduced apoptosis following treatment. This assumption is further supported by the
fact that FTS, alone and with chloroquine, had less effect on caspase 3 cleavage in the FTS-
resistant HCT-116 cells, compared with the non-resistant cells. The low levels of cleaved p62
generated in the FTS-resistant cells might be linked to their resistance mechanism, since
cleaved p62 was shown to inhibit autophagy, and it may possess cytotoxic activity [28,29].
Therefore, it is plausible that the reduced cleavage of p62 in the FTS-resistant cells allows them
to exhibit a more effective autophagy, resulting in a higher resistance to the treatment.

In the FTS-resistant HCT-116 cells, other proteins were affected. One such protein is
AURKA, which is involved in spindle assembly and cell division [18]. FTS treatment reduced
the levels of AURKA mRNA and protein; however, this effect was more profound in the non-
resistant HCT-116 cells compared to the resistant cells. This result pinpoints AURKA as part
of an additional mechanism responsible for FTS resistance. In fact, AURKA expression was
shown to potentiate Ras-induced transformation, and it correlates with colon cancer progres-
sion [18]. Moreover, AURKA inhibitors were found to be highly effective against the growth
of HCT-116 cells and xenograft tumors. In accordance with these results we have found
changes in signaling pathways related to cell growth (S6K, a substrate of mTOR), survival
(AKT) and proliferation (Erk). FTS inhibits these pathways in the non-resistant HCT-116
cells; however, in the FTS-resistant cells, an opposite effect occurs, which may indicate that the
alterations in these signaling pathways allow the cells to better cope with the treatment. More-
over, while FTS induced an increase in p21 in the non-resistant HCT-116 cells, which is indic-
ative of cell cycle arrest, it did not affect p21 levels in the FTS-resistant cells, further showing
an altered response to the treatment. It was shown that HCT-116 cells harbor a heterozygous
activation mutation in PI3K [30]. Yet, intriguingly, it appears that inhibition of Ras, which
occurs upstream of PI3K, by both FTS and the DN-Ras, suppressed PI3K/Akt/mTOR signaling
in the non-resistant HCT-116. As for the Erk pathway, it was shown that it can activate autop-
hagy in several cancer cell lines, including colon cancer cells [31]; therefore, the activation of
this pathway by FTS in the resistant cells might explain their enhanced autophagy compared
with the non-resistant cells following FTS treatment.

To summarize, we found that HCT-116 human colon cancer cells can develop resistance to
the Ras inhibitor FTS, following prolonged treatment. Some of the FTS-resistance characteris-
tics were more prominent in HCT-116 cells that were exposed to higher concentrations of FTS
during the continuous treatment period (FR3 HCT-116 cells). Hence, the degree of resistance
seems to depend upon FTS concentration. It also appears that the acquired resistance to FTS is
quite stable, since it was still evident one month after FTS withdrawal. Several features appear
to be altered in the FTS-resistant HCT-116 cells, some of which might account for FTS-resis-
tance. In addition, the mechanisms involved in FTS-resistance might represent a more general
phenomenon, since the FTS-resistant HCT-116 cells were also less affected by treatment with
5-FU. The suggested resistance mechanisms described here might assist in understanding
acquired resistance mechanisms for anticancer therapy consisting of anti-Ras agents in combi-
nations with other inhibitors.
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Supporting Information

S1 Fig. Effect of FTS on cell viability in CTRL and FTS-resistant HCT-116 (FR3) sublines.
CTRL and FR3 HCT-116 sublines, were treated with increasing concentrations of FTS for 5
days. Cell viability was then assessed using the methylene blue staining assay (A) and IC50 val-
ues were calculated (B) as described in materials and methods (**, p < 0.01, CTRL compared
to FR3 HCT-116 cells).

(TIF)

S2 Fig. Effect of FTS and chloroquine on p62 cleavage in Panc-1 cells. Panc-1 cells were
treated with FTS for the indicated concentrations and times (A) or for 96 h in combination
with 15 pM chloroquine (CQ) (B). The cells were then subjected to immunoblot analysis using
anti-p62 antibodies.

(TIF)

S3 Fig. FTS-resistant cells exhibit changes in proliferation/survival signaling pathways fol-
lowing transfection with a dominant negative (DN) Ras variant. CTRL, FR1 and FR2 HCT-
116 sublines were transfected with either GFP or GFP-DN-Ras for 48 h and subjected to
immunoblot analysis using anti-phospho-S6K, anti-phospho-AKT and anti-p21 antibodies.
Numbers below bands indicate fold induction of total protein /actin levels. The results shown
are of a representative experiment.

(TIF)

Acknowledgments

This work was supported by the Israel Science Foundation (grant No. 848/12), the Israel Can-
cer Association and by the Kauffman Prostate Cancer Research Fund.

Author Contributions
Conceptualization: ES EW ZE YK RPK.
Data curation: ES EW ZE RPK.

Formal analysis: ES EW RPK.

Funding acquisition: ES EW ZE YK RPK.
Investigation: ES EW RPK.
Methodology: ES RPK.

Project administration: ES RPK.
Resources: ES RPK.

Supervision: ES ZE RPK.

Validation: ES ZE RPK.

Visualization: ES RPK.

Writing - original draft: ES RPK.
Writing - review & editing: ES EW RPK.

PLOS ONE | DOI:10.1371/journal.pone.0171351 February 2, 2017 17/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171351.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171351.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171351.s003

@° PLOS | ONE

FTS resistance

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Downward J (2003) Targeting RAS signalling pathways in cancer therapy. Nat Rev Cancer 3: 11-22.
doi: 10.1038/nrc969 PMID: 12509763

Karnoub AE, Weinberg RA (2008) Ras oncogenes: split personalities. Nat Rev Mol Cell Biol 9: 517—
531. doi: 10.1038/nrm2438 PMID: 18568040

Jemal A, Siegel R, Xu J, Ward E (2010) Cancer statistics, 2010. CA Cancer J Clin 60: 277-300. doi: 10.
3322/caac.20073 PMID: 20610543

Baines AT, Xu D, Der CJ (2011) Inhibition of Ras for cancer treatment: the search continues. Future
Med Chem 3: 1787-1808. doi: 10.4155/fmc.11.121 PMID: 22004085

Haklai R, Elad-Sfadia G, Egozi Y, Kloog Y (2008) Orally administered FTS (salirasib) inhibits human
pancreatic tumor growth in nude mice. Cancer Chemother Pharmacol 61: 89-96. doi: 10.1007/s00280-
007-0451-6 PMID: 17909812

Wolfson E, Schmukler E, Schokoroy ST, Kloog Y, Pinkas-Kramarski R (2015) Enhancing FTS (Salira-
sib) efficiency via combinatorial treatment. Biol Cell 107: 130-143. doi: 10.1111/boc.201400087 PMID:
25735913

Rotblat B, Ehrlich M, Haklai R, Kloog Y (2008) The Ras inhibitor farnesylthiosalicylic acid (Salirasib) dis-
rupts the spatiotemporal localization of active Ras: a potential treatment for cancer. Methods Enzymol
439: 467-489. doi: 10.1016/S0076-6879(07)00432-6 PMID: 18374183

Erlich S, Tal-Or P, Liebling R, Blum R, Karunagaran D, et al. (2006) Ras inhibition results in growth
arrest and death of androgen-dependent and androgen-independent prostate cancer cells. Biochem
Pharmacol 72: 427-436. doi: 10.1016/j.bcp.2006.05.007 PMID: 16780807

Haklai R, Weisz MG, Elad G, Paz A, Marciano D, et al. (1998) Dislodgment and accelerated degrada-
tion of Ras. Biochemistry 37: 1306—1314. doi: 10.1021/bi972032d PMID: 9477957

Schmukler E, Grinboim E, Schokoroy S, Amir A, Wolfson E, et al. (2013) Ras inhibition enhances autop-
hagy, which partially protects cells from death. Oncotarget 4: 142—-152.

Schmukler E, Wolfson E, Haklai R, Elad-Sfadia G, Kloog Y, et al. (2014) Chloroquine synergizes with
FTS to enhance cell growth inhibition and cell death. Oncotarget 5: 173—184. doi: 10.18632/oncotarget.
1500 PMID: 24368422

Codogno P, Meijer AJ (2005) Autophagy and signaling: their role in cell survival and cell death. Cell
Death Differ 12 Suppl 2: 1509-1518.

Jea Klionsky D (2012) Guidelines for the use and interpretation of assays for monitoring autophagy.
Autophagy 8: 445-544. doi: 10.4161/auto.19496 PMID: 22966490

Bjorkoy G, Lamark T, Pankiv S, Overvatn A, Brech A, et al. (2009) Monitoring autophagic degradation
of p62/SQSTM1. Methods Enzymol 452: 181-197. doi: 10.1016/S0076-6879(08)03612-4 PMID:
19200883

Ding WX, Yin XM (2012) Mitophagy: mechanisms, pathophysiological roles, and analysis. Biol Chem
393: 547-564. doi: 10.1515/hsz-2012-0119 PMID: 22944659

Sahani MH, Itakura E, Mizushima N (2014) Expression of the autophagy substrate SQSTM1/p62 is
restored during prolonged starvation depending on transcriptional upregulation and autophagy-derived
amino acids. Autophagy 10: 431—441. doi: 10.4161/auto.27344 PMID: 24394643

Norman JM, Cohen GM, Bampton ET (2010) The in vitro cleavage of the hAtg proteins by cell death
proteases. Autophagy 6: 1042—-1056. PMID: 21121091

Kollareddy M, Zheleva D, Dzubak P, Brahmkshatriya PS, Lepsik M, et al. (2012) Aurora kinase inhibi-
tors: progress towards the clinic. Invest New Drugs 30: 2411-2432. doi: 10.1007/s10637-012-9798-6
PMID: 22350019

Jiang Z, Jiang J, Yang H, Ge Z, Wang Q, et al. (2014) Silencing of Aurora kinase A by RNA interference
inhibits tumor growth in human osteosarcoma cells by inducing apoptosis and G2/M cell cycle arrest.
Oncol Rep 31: 1249—-1254. doi: 10.3892/0r.2014.2986 PMID: 24452445

He W, Zhang MG, Wang XJ, Zhong S, Shao Y, et al. (2013) AURKA suppression induces DU145 apo-
ptosis and sensitizes DU145 to docetaxel treatment. Am J Transl Res 5: 359-367. PMID: 23634246

Yuan CX, Zhou ZW, Yang YX, He ZX, Zhang X, et al. (2015) Inhibition of mitotic Aurora kinase A by ali-
sertib induces apoptosis and autophagy of human gastric cancer AGS and NCI-N78 cells. Drug Des
Devel Ther 9: 487-508. doi: 10.2147/DDDT.S74127 PMID: 25609923

Biran A, Brownstein M, Haklai R, Kloog Y (2011) Downregulation of survivin and aurora A by histone
deacetylase and RAS inhibitors: a new drug combination for cancer therapy. Int J Cancer 128: 691—
701. doi: 10.1002/ijc.25367 PMID: 20473860

Longley DB, Harkin DP, Johnston PG (2003) 5-fluorouracil: mechanisms of action and clinical strate-
gies. Nat Rev Cancer 3: 330—338. doi: 10.1038/nrc1074 PMID: 12724731

PLOS ONE | DOI:10.1371/journal.pone.0171351

February 2, 2017 18/19


http://dx.doi.org/10.1038/nrc969
http://www.ncbi.nlm.nih.gov/pubmed/12509763
http://dx.doi.org/10.1038/nrm2438
http://www.ncbi.nlm.nih.gov/pubmed/18568040
http://dx.doi.org/10.3322/caac.20073
http://dx.doi.org/10.3322/caac.20073
http://www.ncbi.nlm.nih.gov/pubmed/20610543
http://dx.doi.org/10.4155/fmc.11.121
http://www.ncbi.nlm.nih.gov/pubmed/22004085
http://dx.doi.org/10.1007/s00280-007-0451-6
http://dx.doi.org/10.1007/s00280-007-0451-6
http://www.ncbi.nlm.nih.gov/pubmed/17909812
http://dx.doi.org/10.1111/boc.201400087
http://www.ncbi.nlm.nih.gov/pubmed/25735913
http://dx.doi.org/10.1016/S0076-6879(07)00432-6
http://www.ncbi.nlm.nih.gov/pubmed/18374183
http://dx.doi.org/10.1016/j.bcp.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16780807
http://dx.doi.org/10.1021/bi972032d
http://www.ncbi.nlm.nih.gov/pubmed/9477957
http://dx.doi.org/10.18632/oncotarget.1500
http://dx.doi.org/10.18632/oncotarget.1500
http://www.ncbi.nlm.nih.gov/pubmed/24368422
http://dx.doi.org/10.4161/auto.19496
http://www.ncbi.nlm.nih.gov/pubmed/22966490
http://dx.doi.org/10.1016/S0076-6879(08)03612-4
http://www.ncbi.nlm.nih.gov/pubmed/19200883
http://dx.doi.org/10.1515/hsz-2012-0119
http://www.ncbi.nlm.nih.gov/pubmed/22944659
http://dx.doi.org/10.4161/auto.27344
http://www.ncbi.nlm.nih.gov/pubmed/24394643
http://www.ncbi.nlm.nih.gov/pubmed/21121091
http://dx.doi.org/10.1007/s10637-012-9798-6
http://www.ncbi.nlm.nih.gov/pubmed/22350019
http://dx.doi.org/10.3892/or.2014.2986
http://www.ncbi.nlm.nih.gov/pubmed/24452445
http://www.ncbi.nlm.nih.gov/pubmed/23634246
http://dx.doi.org/10.2147/DDDT.S74127
http://www.ncbi.nlm.nih.gov/pubmed/25609923
http://dx.doi.org/10.1002/ijc.25367
http://www.ncbi.nlm.nih.gov/pubmed/20473860
http://dx.doi.org/10.1038/nrc1074
http://www.ncbi.nlm.nih.gov/pubmed/12724731

@° PLOS | ONE

FTS resistance

24,

25.

26.

27.

28.

29.

30.

31.

Matallanas D, Arozarena |, Berciano MT, Aaronson DS, Pellicer A, et al. (2003) Differences on the inhib-
itory specificities of H-Ras, K-Ras, and N-Ras (N17) dominant negative mutants are related to their
membrane microlocalization. J Biol Chem 278: 4572—4581. doi: 10.1074/jbc.M209807200 PMID:
12458225

Halaschek-Wiener J, Wacheck V, Schlagbauer-Wadl H, Wolff K, Kloog Y, et al. (2000) A novel Ras
antagonist regulates both oncogenic Ras and the tumor suppressor p53 in colon cancer cells. Mol Med
6: 693-704. PMID: 11055588

Garraway LA, Janne PA (2012) Circumventing cancer drug resistance in the era of personalized medi-
cine. Cancer Discov 2: 214-226. doi: 10.1158/2159-8290.CD-12-0012 PMID: 22585993

Moscat J, Diaz-Meco MT (2009) To aggregate or not to aggregate? A new role for p62. EMBO Rep 10:
804. doi: 10.1038/embor.2009.172 PMID: 19648954

Zeng RX, Zhang YB, Fan Y, Wu GL (2014) p62/SQSTM1 is involved in caspase-8 associated cell death
induced by proteasome inhibitor MG 132 in U87MG cells. Cell Biol Int 38: 1221-1226. doi: 10.1002/
cbin.10311 PMID: 24805111

ShiJ, Fung G, Piesik P, Zhang J, Luo H (2014) Dominant-negative function of the C-terminal fragments
of NBR1 and SQSTM1 generated during enteroviral infection. Cell Death Differ 21: 1432—-1441. doi: 10.
1038/cdd.2014.58 PMID: 24769734

Ahmed D, Eide PW, Eilertsen IA, Danielsen SA, Eknaes M, et al. (2013) Epigenetic and genetic features
of 24 colon cancer cell lines. Oncogenesis 2: €71. doi: 10.1038/oncsis.2013.35 PMID: 24042735

Sridharan S, Jain K, Basu A (2011) Regulation of autophagy by kinases. Cancers (Basel) 3: 2630—
2654.

PLOS ONE | DOI:10.1371/journal.pone.0171351

February 2, 2017 19/19


http://dx.doi.org/10.1074/jbc.M209807200
http://www.ncbi.nlm.nih.gov/pubmed/12458225
http://www.ncbi.nlm.nih.gov/pubmed/11055588
http://dx.doi.org/10.1158/2159-8290.CD-12-0012
http://www.ncbi.nlm.nih.gov/pubmed/22585993
http://dx.doi.org/10.1038/embor.2009.172
http://www.ncbi.nlm.nih.gov/pubmed/19648954
http://dx.doi.org/10.1002/cbin.10311
http://dx.doi.org/10.1002/cbin.10311
http://www.ncbi.nlm.nih.gov/pubmed/24805111
http://dx.doi.org/10.1038/cdd.2014.58
http://dx.doi.org/10.1038/cdd.2014.58
http://www.ncbi.nlm.nih.gov/pubmed/24769734
http://dx.doi.org/10.1038/oncsis.2013.35
http://www.ncbi.nlm.nih.gov/pubmed/24042735

