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Abstract

To evaluate the growth-inhibitory properties of the potent multi-kinase antagonist Regorafenib
(Fluoro-Sorafenib), which was synthesized as a more potent Sorafenib, a Raf inhibitor and to
determine whether similar mechanisms were involved, human hepatoma cell lines were grown in
the presence or absence of Regorafanib and examined for growth inhibition. Western blots were
performed for Raf targets, for apoptosis and autophagy. Regorafenib inhibited growth of human
Hep3B, PLC/PRF/5 and HepG2 cells in a concentration- and time-dependent manner. Multiple
signaling pathways were altered, including MAP kinases phospho-ERK and phospho-JNK and its
target phospho-c-Jun. There was evidence for apoptosis by FACS, cleavage of caspases and
increased Bax levels; as well as induction of autophagy, as judged by increased Beclin-1 and LC3
(1) levels. Prolonged drug exposure resulted in cell quiescence. Full growth recovery occurred
after drug removal, unlike with doxorubicin chemotherapy. Regorafenib is a potent inhibitor of
cell growth. Cells surviving Regorafenib treatment remain viable, but quiescent and capable of
regrowth following drug removal. The reversibility of tumor cell growth suppression after drug
removal may have clinical implications.
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INTRODUCTION

Sorafenib is a multi-kinase growth inhibitor, which was designed as a Raf antagonist
(Dumas, 2000) and inhibits cell growth of many tumor types (Wilhelm et al., 2004, 2008;
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Adnane et al., 2006; Liu et al., 2006). It is the first FDA-approved oral therapy for hepatoma
or HCC (hepatocellular carcinoma), following a phase Il international, multi-center, 602
patient randomized, placebo-controlled trial (LIovet et al., 2006). The Sorafenib treatment
arm median overall survival in this trial was 10.7 months and showed a 10 weeks advantage
over placebo treated control patients, and the tumor objective partial response rate was 2%.
The results from an Asian trial showed lower median overall survival of 6.5 months (Cheng
et al., 2009). It has now become a standard of care for non-surgically treatable HCC patients.
More effective therapy is still needed to increase responses and enhance survival. There are
many new kinase-inhibitory and cell cycle modulating agents now in clinical trials for HCC
(Huynh et al., 2010; Wérns and Galle, 2010) including Brivanib, Linifanib, Bevacizumab,
Erlotinib, Sirolimus, Bortezomib (www.clinicaltrials.org), as well as a Sorafenib analog,
Fluoro-Sorafenib (Regorafenib) (Wilhelm et al., 2011). We report here that Regorafenib
inhibits hepatoma cell growth and induces cell quiescence. Unlike chemotherapy actions,
these effects are reversible after drug removal from the cell cultures.

MATERIALS and METHODS

Drugs and cells

Cell culture

Regorafenib was a gift of Bayer Corp (West Haven, CT USA), Doxorubicin (Dox) was
purchased from Pfizer (Rome, Italy). Regorafenib was dissolved in dimethylsulfoxide
(DMSO) at a stock concentration of 10 mM, and then diluted to appropriate concentrations
with Dulbecco’s Modified Eagle’s Medium (DMEM) and DMSO at 0.1% (v/v). The cells
untreated (DMSO at 0.1% in DMEM) were used as controls. Dox was dissolved at stock
concentration of 3 mM in 0.9% of NaCl and then dissolved to appropriate concentrations.
The cells treated with saline solvent in DMEM were used as controls.

Hep3B, HepG2 and PLC/PRF/5 human hepatoma cells were purchased from the American
Type Culture Collection (ATCC, Rockville, MD, USA). Though these cell lines are most
widely used as in vitro model for pharmacological studies, each has specific genetic and
biochemical features. HepG2 cells show a wild-type p53 gene, PLC cells a mutant p53 and
Hep3B are a p53-null cells (McClendon et al., 2011) and each cell line shows also a
different expression of drug-metabolizing enzymes (Guo et al., 2011).

We have focused our attention on Hep3B cells in order: (i) to compare with prior papers on
Sorafenib and hepatoma cells; and (ii) to study the quiescence status induced by Regorafenib
in a p53-independent metabolic system.

Cells were cultured in DMEM in monolayer culture, and supplemented with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, 100pg/ml streptomycin, and incubated at 37°C in
a humidified atmosphere containing 5% CO, in air. At confluence, the growing cells were
harvested by means of trypsinization and serially sub-cultured with a 1:4 split ratio.

All cell culture components were purchased from Sigma- Aldrich (Milan, Italy).
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Regorafenib treatment

Each cell line was seeded at 0.3x10° cells/2ml of DMEM containing 10% FBS in 35 mm
tissue culture dishes (Corning Costar Co., Milan, Italy). The cells were incubated for 24 h to
allow attachment, and then the medium was replaced by fresh culture medium containing
Regorafenib at increasing concentrations (1 uM, 2.5 UM, 5 UM, 7.5 UM and 10 uM). In these
experimental conditions, the cells were allowed to grow for 72 or 96 h.

Time-course experiments on Hep3B cells were performed with 7.5 puM of Regorafenib at
short (15, 60, 180 min.), middle (24, 48, 72 and 96 h) or long times (up to seven days).
When the cells were treated for long times the drug was replaced with a fresh one. Each
experiment included a control with the equivalent concentration of DMSO (solvent control)
as the one used for adding Regorafenib. Each experiment was performed in triplicate and
repeated 3 times. Subsequent analyses were performed at specific Regorafenib
concentrations and incubation times.

Assessment of cell proliferation

After cells had been cultured for 72 h with different drug concentrations, the proliferative
response was estimated by colorimetric 3-(4,5 di-methylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) test and 5-bromo-2’-deoxy-uridine Labeling and
Detection (BrdU) kit (Roche Diagnostics GmbH, Mannheim, Germany). To determine cell
growth by the colorimetric test, MTT stock solution (5mg/ml in medium) was added to each
dish at a volume of one-tenth the original culture volume and incubated for 2 h at 37°C in
humidified CO,. At the end of incubation period, the medium was removed, and the blue
formazan crystals were solubilized with acidic isopropanol (0.1 N HCI in absolute
isopropanol). MTT conversion to formazan by metabolically viable cells was monitored
using a spectrophotometer at an optical density of 570 nm. The rate of DNA synthesis after
drug treatment was evaluated by measuring BrdU incorporation into newly synthesized
DNA, following the supplier’s instructions, using BrdU kit. The trypan blue exclusion assay
was used to evaluate cell viability. Cell viability was expressed as the percentage of cell
survival compared with that of control (DMSO alone).

Each experiment was performed in triplicate and repeated 3 times.

Recovery/Reversibility

To study the recovery in cell proliferation after drug withdrawal, Hep3B cells were treated
with Regorafenib 5 or 7.5 uM for 3-7 days, then the medium was removed and replaced with
fresh medium without drug. The rate of cell recovery was evaluated by MTT test at different
subsequent time points.

Doxorubicin treatment at 0.01or 0.05 or 0.1 pM was used as positive control to study the
apoptotic process.

FACS analysis for apoptosis

The FITC-annexin V kit (Immunotech SAS, Beckman Coulter Company, Marseille Cedex,
France) was used to detect apoptosis as specified by the supplier. Briefly, 1x106 cells treated
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with various Regorafenib concentrations for 48 h were harvested and washed with PBS.
Cells were resuspended in binding buffer and then incubated for 5 min at room temperature
in the dark after 5 ul AnnexinV-FITC and 10ul 7-amino actinomycin D (7AAD) intercalates
into DNA. Intact cells were discriminated from apoptotic cells. Data was acquired on BD
FACSort flow cytometer using CellQuest software (BD, San Jose, CA) and analyzed by
Kaluza software (Beckman Coulter, Brea, CA).

Western blotting analysis

To evaluate Regorafenib effects at different time after cell treatment, cellular MAPK,
apoptosis and autophagy pathways were analyzed by Western blotting analysis. After
harvest, the cells were washed twice with cold phosphate-buffered saline (PBS) and then
lysed in RIPA buffer (Sigma-Aldrich, Milan; Italy). The total soluble proteins were
subjected to Western blotting analysis. Protein concentration was determined using Micro
BCA Protein Assay kit (Thermo Scientific, Rockford, IL USA) as described in manufacture
manual. Equal amounts of protein (20 pg) were resolved on SDS-PAGE and transferred to
polyvinyldifluoride (PVDF) filters (BioRad, Milan; Italy). The filters were blocked 5%
(w/v) nonfat dry milk for 2 h at room temperature and then probed with primary antibody
overnight at 4°C. The primary antibodies were directed against the following proteins: ERK
and phospho-ERK (42-44 kDa), JNK and phospho-JNK (46-54 kDa), ¢c-Jun and phospho-c-
Jun (39 kDa), and B-actin (42 kDa) (Cell Signaling, Beverly, MA, USA); cleaved caspase-3
(11 kDa), -7 (10 kDa), -8 (10 kDa), -9 (10 kDa), MAP LC3-11 (14-16 kDa), Bcl-XL (30
kDa), phospho-survivin (16 kDa), Bcl-2 (26 kDa), Bax (23 kDa) and Beclin-1 (60 kDa)
(Santa Cruz Biotechnology, Santa Cruz, CA; USA). After three washes, incubation was
followed by reaction with horseradish peroxidase-conjugated specific secondary antibody
for 1 h at room temperature and the bands were visualized by enhanced chemiluminescence
detection system (Bio-Rad). The primary antibodies against proteins with molecular weight
similar to B-actin (42 kDa), used as internal control, were removed by stripping buffer
(Thermo Fisher Scientific, MA, USA) and filter was re-probed with the antibody against 3-
actin.

Densitometric values were normalized using -actin and analyzed with ChemiDoc XRS
apparatus and software (BioRad).

For each time point, the variations in protein phosphorylation levels were analyzed by
comparing the single target phosphorylated or not phosphorylated protein with the
respective control (protein in untreated cells), arbitrarily considered as unit.

Statistical analysis

All experiments were done in triplicate. Data are presented as mean = standard deviation
(S.D.) and evaluated by one-way ANOVA followed by Dunnett’s post test used for multiple
comparisons. P values of <0.05 were considered statistically significant.
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RESULTS

Hepatoma cell growth inhibition

Hep3B, PLC/PRF/5 and HepG2 human hepatoma cell lines were treated in log phase growth
with various concentrations of Regorafenib or with solvent alone. Regorafenib caused a
concentration-dependent decrease in Hep3B cell growth, having an 1Csq of 5 UM when
compared to untreated controls (Fig. 1A). PLC/PRF/5 cells were similar in their responses to
Hep3B cells, but HepG2 cells were more sensitive and had approximate ICgg of 1 uM.
Further experiments were done with Hep3B cells using 7.5 pM Regorafenib that should read
50% in cell viability. This is an optimal condition for studying the cell quiescence status and
reversibility. In order to examine the minimum time of exposure of Hep3B cells to drug for
the growth-inhibition, cells were treated with drug for increasing time windows, with all
cells harvested after 96 h in culture. After only 24 h, the drug exposure showed minimal
effect on subsequent growth (Fig. 1B). However, major inhibition of cell growth was seen
after 48 h of cell exposure to the drug.

ERK signaling effects

Hep3B cells, after few hours of drug exposure, showed a rapid and profound decrease in
phospho-ERK, but not in total ERK (Fig. 2A). The decrease in phospho-ERK levels was
transient and the levels later returned to baseline levels, despite continued growth arrest and
continued presence in the culture of Regorafenib (Figs. 2A and 2B).

Apoptosis and autophagy

Exposure of Hep3B cells to increasing concentrations of Regorafenib resulted in apoptosis,
as judged by FACS analysis, with up to 66% of cells becoming apoptotic at the highest drug
concentrations which were used (Fig. 3A). However, at the 1C5q concentration of 5 uM, only
13% of the cells were found to be apoptotic. Evidence to support the presence of apoptosis
included the cleavage of caspase 3 and its activating caspases 8 and 9, with an induction of
pro-apoptotic Bax and a decrease in anti-apoptotic Bcl-2 but not in Bel-xL (Figs. 3B, 3C and
Tab. 1 for quantitation), and a decrease in anti-apoptotic survivin levels. There was also an
induction of phospho-JNK, an apoptotic mediator, but not total INK. In addition,
Regorafenib subsequently increased the levels of phospho-c-Jun, a JNK target, but not total
c-Jun. The autophagy investigation showed that Beclin-1 was induced by Regorafenib action
(Fig. 3C), with subsequent increase in the levels of LC3 (11) and change in the LC3 (I/11)
ratio (Fig. 3C). Since it is known that Bcl-2, anti-apoptotic proteins, inhibit Beclin 1-
dependent autophagy, here, we show that Bcl-2 levels decreased as Beclin-1 levels
increased.

Quiescence and recovery

We tried and failed to make Regorafanib-resistant Hep3B cells by sub-culturing our cells in
Regorafenib at increasing concentrations over several weeks. However, we noted that after
many days of incubation with Regorafenib 5 uM, the cells remained healthy, did not grow,
die nor detach. We considered the possibility that we might be observing a drug-induced cell
quiescence. We examined cell growth and viability (MTT), DNA synthesis (BrdU), total cell
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protein amounts and cell viability (trypan blue dye exclusion test) over several days of drug
exposure, but found little loss in cell number or viability (Tab. 2). The MTT results were
almost unchanged between 48 and 72 h of drug exposure and cell viability loss as judged by
trypan blue dye exclusion test was minimally different between treated cells and controls at
72 h. BrdU measurements were greater in control cells than in cells treated with drug at 72
h, as was total cellular protein, consistent with continued growth of control cells. Late
signaling processes were examined at 24 and 48 h of continuous Regorafenib exposure and
we found that phospho-ERK had increased back to baseline levels as noted above, unlike
phospho-JNK levels which stayed altered (Fig. 2B), despite cell quiescence and the
continued presence of Regorafenib.

Multi-kinase antagonists were designed to inhibit cell growth, rather than causing cell death
and necrosis, unlike chemotherapy. We therefore investigated whether the cell growth
inhibition was reversible. Cells were treated with Regorafenib till quiescence and the
medium was then re-placed with drug-free medium (ty or time zero). Over the subsequent
days, normal cell growth resumed (Figs. 4A). However, parallel dishes of cells that were
treated with Doxorubicin (Fig. 4B) that caused cell growth inhibition, but not resumption of
growth or reversibility after drug removal, when used under identical conditions as
Regorafenib.

DISCUSSION

Sorafenib has become a first line of therapy for non-surgically treatable clinical hepatoma. It
prolongs survival by about 10 weeks and can be taken orally. It thus represents a promising
step for building upon. Many clinical trials are now in progress to assess the possibility of
combining it either with other cell cycle inhibitors that target other pathways, or with
chemotherapy. The observation in the phase 111 SHARP trial that it could extend survival
with minimal tumor shrinkage (Llovet et al., 2008), suggests the possibility that survival can
be enhanced without the tumor necrosis and cell death that is associated with cytotoxic
chemotherapy, and may thus have significance for the development of pre-clinical models
and endpoints for the evaluation of new anti-cancer compounds. Regorafenib has been
recently introduced into clinical trials, as a potentially more potent analog for hepatoma
treatment, and has a slightly different spectrum of kinase inhibitory profile than Sorafenib
(Wilhelm et al., 2011). We found that Regorafenib inhibited growth of three hepatoma cell
lines in the low uM range. We evaluated the time of exposure of cells to drug for growth
inhibition, and found that more than 24 h was necessary (Fig.1), suggestive of the
involvement of other actions for growth inhibition.

Although this class of agent was designed to inhibit the RaffMEK/ERK pathway, these
changes in early signaling events would seem to be insufficient to fully explain its growth-
inhibitory actions, given the length of exposure time of cells to drug that was needed. We
also found an increase in phospho-JNK, an apoptotic mediator, but not total JINK, which is
not characteristic of published Sorafenib effects in hepatomas (Wei et al., 2010). Unlike
ERK, the JNK changes only started around 3 h and were pronounced at 24 and 48 h.
Increased levels of phospho-c-Jun, a target of phospho-JNK, were also seen at late time
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points. Given that JNK is involved in both apoptosis and autophagy, we looked for evidence
of them both.

FACS analysis showed an induction in the percentage of apoptotic cells, in a drug
concentration-dependent manner, supported by Western blot changes of decreased phospho-
survivin and enhanced caspase cleavage, increased Bax and decreased anti-apoptotic Bcl-xL
and Bcl-2 (Fig. 3B and Tab. 1 for quantitation). Since the level of apoptosis did not seem to
be a sufficient explanation for the profound growth inhibition, given that at the ICgg, only
13% of cells were apoptotic, we also looked for evidence for autophagy, which is
increasingly recognized as being important in drug mediated cancer cell growth inhibition
(Kimmelman, 2011) with several mechanisms (Codogno et al., 2011). We found an increase
in Beclin-1 and a decrease in Beclin-1 controlling Bcl-2 and a later increase in LC3-11 levels
(Fig. 3C), supportive of autophagy. Bcl-2 has a controlling function for both apoptosis and
autophagy and inhibits Beclin-1 (Pattingre et al., 2005; Guo et al., 2002).

We endeavored to make Regorafenib-resistant cells. However, once drug was removed, the
cells re-grew similarly to controls. This was tested by inhibiting cell growth and then
removing the drug, replacing it with drug-free medium and measuring subsequent growth
(Fig. 4). The cells appeared healthy after several days of incubation with drug, with little
loss of viability (Tab. 2). The cells recovered and grew as they did prior to drug exposure.
This was different from cells treated in an identical fashion with doxorubicin, a cytotoxic
chemotherapic commonly used to treat hepatoma patients (Gish et al., 2007; Yeo et al.,
2005), and then released from drug exposure, which did not recover. This is consistent with
the action of the Regorafenib class of compound as a cell signaling antagonist, and not a
cytotoxin, although cells treated at 10 uM concentration eventually died. If these results
have a reflection in patients, they might suggest the need for long-term treatment, with
concern for patient ‘drug holidays’ that often result from clinical toxicities and the need to
temporarily withhold drug. The apparent health of the cells after several days in stable,
viable, non-growing conditions in culture (Tab. 2), is different from our experience with
chemotherapy. We found that phospho-ERK signaling at late time points had increased to
baseline levels, despite continued cellular quiescence. Selective MEK inhibition by
Sorafenib was reported to decrease phospho-ERK in hepatoma cells, yet increased phospho-
MEK, suggesting likely feedback loops and multiple interacting factors in this pathway (Liu
et al., 2006). Presumably additional changes are keeping the cells quiescent, that were not
measured in these experiments, likely involving other effectors, such as p38 (Sosa, 2011) or
matrix (Barkan et al., 2010).

The dormancy is thought to be a major clinical problem and may explain late cancer
recurrence after definitive primary therapies in patients. Given the clinical significance of
tumor dormancy and the limited experimental data on its mechanisms (Sosa et al., 2011;
Goss and Chambers, 2010), quiescence induced by Regorafenib might provide a useful, if
simple model for its study. Furthermore, Raf-independent mechanisms have been recently
found for Sorafenib-mediated apoptosis, including changes in Mcl-1 (Matsuda and
Fukumoto, 2011), indicating that both Sorafenib and Regorafenib likely alter multiple
growth-regulatory pathways.
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A. Hep3B, PLC/PRF/5, HepG2 human hepatoma cell lines were cultured in presence of
Regorafenib at various concentrations or in solvent alone. At 72 h, cells were harvested for
MTT assay. The relative cell viability (%) was calculated as a percentage relative to the

untreated control cells.: OD of treated cells / OD of control cells x 100 %.

B. Hep3B cells were cultured in presence of 7.5 uM Regorafenib for either 0-24, 0-48 or
0-72 h and the medium was then changed to drug-free medium or for 0-96 h. All cells were
harvested at 96 h and the viability was evaluated by the MTT assay.
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Fig. 2. Regorafenib-mediated cell signaling
A. Regorafenib-mediated early cell signaling. A representative time-course of Regorafenib-

induced phosphorylation of phospho-ERK, phospho-JNK and phospho-c-Jun in Hep3B cells
treated continuously in culture with 7.5 uM Regorafenib for 15, 60 or 180 min. C, controls

(solvent alone, drug-untreated cells).

B. Same treatments as Fig. 2A, but cells were treated for and then harvested at 24 or 48 h.
The B-actin, used as loading control, in treated and untreated cells show similar relative
optical density at each time point. This reflects the accurate amount of loaded target

proteins.
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Fig. 3. Apoptosis and autophagy
A. FACS measurement for apoptosis after culture of Hep3B cells for 48 h with 2.5 (a), 5 (b),

7.5 (c) or 10 (d) uM Regorafenib.

B and C. Western blotting of lysates from Hep3B cells treated with 7.5 uM Regorafenib for
24, 48 or 72 h and probed for apoptosis (B) and autophagy (C) markers.

C, controls (solvent alone, drug-untreated cells). The p-actin protein was used as loading
control.
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Fig. 4. Reversibility of drug effects on cell growth
Hep3B cells were treated either with Regorafenib (4A) or Doxorubicin (4B) at different

concentrations for 72 h in culture and the medium was then removed (tg). The cells were
washed with fresh medium and then cultured for the indicated further days in drug-free
medium. The cells were harvested and the viability has been evaluated by the MTT assay.
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Table 2
Hep 3B quiescence.
Regorafenib
c 5.0 uM 7.5 UM
24h  0.43%0.10 0.34+0.08 033+ 007
MTT 48h  087+020 (65+019" 0462011°""
72h 113+006 (064+003* 045+010""
24h 0 3104252 4.66 +2.83
Trypanblue  48h 1.50+1.10 3.83+2.80 2.23+0.85
72h 163091 290+2.69 1.76  0.65
24h  328%0.12 324%0.20 317+ 118
Total proteins  48h  6.20+0.44 3.44 +0.22 415+ 0.57
72h 9.05+1.14 483+279 4.98 +0.60
24h 1 1.10  0.05 0.70 + 0.03
Brdu 48h 1 0.80+0.09"  0.60+0.08"
72h 1 0.70 £0.004 " 0.40+0.005 ***

Page 15

The values (mean + SD) are expressed as: OD unit for MTT; percentage of dead cells for trypan blue staining; pug/ul for total proteins; treated/
control cell ratio of OD units for BrdU. C = control

The statistical analysis was performed with one-way analysis of variance (ANOVA) and Dunnett’s post test for each time considered (24, 48 and
72h). The asterisks indicate statistically different differences:

*
for P < 0.05;

* %

* %

for P < 0.001;

for P < 0.0001.
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