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Mcl-1-dependent activation of Beclin 1 mediates
autophagic cell death induced by sorafenib and SC-59
in hepatocellular carcinoma cells

W-T Tai"*%, C-W Shiau®®, H-L Chen'?, C-Y Liu**°, C-S Lin®, A-L Cheng®’, P-J Chen' and K-F Chen*'

We investigated the molecular mechanisms underlying the effect of sorafenib and SC-59, a novel sorafenib derivative, on
hepatocellular carcinoma (HCC). Sorafenib activated autophagy in a dose- and time-dependent manner in the HCC cell lines
PLC5, Sk-Hep1, HepG2 and Hep3B. Sorafenib downregulated phospho-STAT3 (P-STAT3) and subsequently reduced the
expression of myeloid cell leukemia-1 (Mcl-1). Inhibition of Mcl-1 by sorafenib resulted in disruption of the Beclin 1-Mcl-1
complex; however, sorafenib did not affect the amount of Beclin 1, suggesting that sorafenib treatment released Beclin 1 from
binding with Mcl-1. Silencing of SHP-1 by small interference RNA (siRNA) reduced the effect of sorafenib on P-STAT3 and
autophagy. Ectopic expression of Mcl-1 abolished the effect of sorafenib on autophagy. Knockdown of Beclin 1 by siRNA
protected the cells from sorafenib-induced autophagy. Moreover, SC-59, a sorafenib derivative, had a more potent effect on
cancer cell viability than sorafenib. SC-59 downregulated P-STAT3 and induced autophagy in all tested HCC cell lines.
Furthermore, our in vivo data showed that both sorafenib and SC-59 inhibited tumor growth, downregulated P-STAT3, enhanced
the activity of SHP-1 and induced autophagy in PLC5 tumors, suggesting that sorafenib and SC-59 activate autophagy in HCC.

In conclusion, sorafenib and SC-59 induce autophagy in HCC through a SHP-1-STAT3-Mcl-1-Beclin 1 pathway.
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Hepatocellular carcinoma (HCC) is the fifth most common
cancer worldwide and the third leading cause of cancer
death." Incidence of HCC is strongly correlated with cirrhosis
that results from causes such as chronic hepatitis B virus
(HBV)23 and/or chronic hepatitis C virus (HCV) infection,
alfatoxin exposure, alcoholic cirrhosis and cigarette smok-
ing."*® As HCC is highly resistant to chemotherapy, targeted
therapies have been evaluated as first-line treatments or
combinational therapies.®® Sorafenib (Nexavar), a multiple
kinase inhibitor, was approved by the US Food and Drug
Administration for the treatment of advanced HCC in 2007,
and is the first clinically approved targeted drug therapy for
HCC.®'° However, the precise mechanism by which sorafe-
nib induces tumor cell death is still under investigation. We
identified STAT3 as a major kinase-independent target of
sorafenib through increasing SH2-containinig protein tyrosine
phosphatase (SHP-1) activity.''"'2 SHP-1 is a key negative
regulator of STAT3 that can dephosphorylate p-STAT3 and
further inhibit its downstream gene expression.' We vali-
dated the role of the SHP-1/STAT3-related signaling pathway
in the sorafenib-induced anti-HCC effect by several novel
kinase-independent derivatives of sorafenib.'*'® These

derivatives, which had no inhibitory effect on kinases such
as the Raf and VEGFR families showed a similar or more
potent antitumor effect than sorafenib through the activation of
SHP-1 phosphatase activity.

Autophagy is an important catabolic process for the
degradation of cytoplasmic proteins via autolysosomal diges-
tion."®"” Autophagy is initiated by the formation of a
membranous cistern called the isolation membrane
(or phagophore) that contains damaged cell components.
Next, a nascent membrane is further fused to form a double-
membrane vesicle (called an autophagosome). The process
of mammalian autophagy is divided into six principal steps:
initiation, nucleation, elongation, closure, maturation and
degradation.'®'® In addition to degradation thorough lysoso-
mal machinery, autophagy has been reported to induce
programmed cell death called autophagic cell death
(ACD, programmed cell death type 11)."®2" Beclin 1 (Atg6),
a Bcl-2-homology domain 3 (BH3) protein, interacts with
Vps34 (a class Il PI3K), Vps15 (a myristoylated kinase) and
UV irradiation resistance-associated tumor suppressor gene
(UVRAG) to form a core complex to allow autophagosome
nucleation, a vital step of autophagy.?> However, Bcl-2 and
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Bcl-xL can interact with Beclin 1 via the BH3 domain and
inhibit the Beclin 1-containing core complex. In addition, the
expression level of myeloid cell leukemia-1 (Mcl-1) has been
suggested to regulate autophagic flux. Specifically, deletion of
Mcl-1 in cortical neurons of transgenic mice has been found to
activate a robust autophagic response.?® The inhibition of
Mcl-1 is hypothesized to induce autophagic cell death.

In this study, we unraveled the molecular mechanism by
which sorafenib induces autophagy in HCC cells. We found
that sorafenib-induced degradation of Mcl-1 disrupts its
association with Beclin 1 and promotes significant autophagic
cell death. Using a kinase-independent derivative of sorafe-
nib, SC-59, we confirmed that this autophagic effect is related
to the SHP-1/STATS3 signaling pathway. Both SC-59 and
sorafenib resulted in disassociation of the Mcl-1-Beclin 1
complex and induced autophagic cell death in vitroand in vivo
via a SHP-1/STAT3-dependent mechanism.

Results

Sorafenib induces autophagy in HCC cell lines. Autop-
hagy is known to be able to either suppress or promote
cancer cell growth depending upon cell status. First, to
evaluate the potential autophagic effect of sorafenib in HCC
cells, we measured the expression levels of LC3-1 and
LC3-II. In the four HCC cell lines tested, we found significant
induction of LC3-II with sorafenib at a clinically relevant dose
indicating that sorafenib increases autophagosome formation
in HCC cell lines (Figure 1a). However, the expression level
of Atg5, an essential factor for autophagosome formation,
was not affected by sorafenib. Furthermore, sorafenib
induced the formation of LC3-Il in a time-dependent manner
(Figure 1b, Left). Notably, the level of p62, a major selective
substrate for autophagy that is incorporated into autophago-
somes through direct binding to LC3, was decreased with
sorafenib treatment. The p62 inhibition was inversely
correlated with higher autophagic activity. The expression
level of Beclin 1 and Atg5 were increased slightly with longer
durations of sorafenib treatment (Figure 1b, left). To analyze
the effect of sorafenib on autophagic flux, we further
co-treated PLC5 cells with sorafenib and chloroquine
(CQ). CQ is an autophagy inhibitor that blocks lysosome—
autophagosome fusion and subsequent lysosomal protein
degradation by raising lysosomal pH level. Sorafenib
inhibited CQ-induced p62 and increased the level of the
membrane-bound form of LC3 (LC3-ll) compared to CQ
alone (Figure 1b, middle). In addition to CQ, we used another
inhibitor of autophagy, bafilomycin A1, to validate the
autophagic effect of sorafenib. Combination of sorafenib
and A1 induced more LC3-Il production than A1 alone in
PLC5 and SK-Hep1 (Figure 1b, right). Most importantly, both
A1 and CQ significantly reduced the effect of sorafenib on
cell viability. Moreover, we monitored the number of
autophagosomes formed on exposure to sorafenib. Using
electron microscopy, apparent autophagic vacuoles that
indicate autophagosomes and late-stage autolysosomes
were observed in sorafenib-treated PLC5 cells (Figure 1c).
The revealed autophagosomes contained undigested cyto-
plasmic components such as mitochondria and fragments of
endoplasmic reticulum. As autophagy is characterized by the
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formation of acidic vesicular organelles (AVOs), we then
stained PLC5 cells with acridine orange (AO) to measure
sorafenib-induced autophagy. Protonated AO becomes
trapped on the low pH side of the membrane barrier leading
to its accumulation in acidic organelle structures. As shown in
Figure1d, protonated AO dye fluoresced bright red in
sorafenib-treated PLC5 cells. In contrast, no distinct AO-R
was observed in non-treated cells. Together, these results
confirmed that sorafenib induced autophagy in HCC cell
lines.

Sorafenib disrupts the Beclin 1-Mcl-1 complex through
inhibition of the p-STAT3-related signaling pathway. To
elucidate the molecular mechanism by which sorafenib
induces autophagy in HCC cell lines, we next assayed
potential targets of sorafenib involved in the regulation of this
autophagic effect. Previously, RAF/MEK/ERK-mediated sig-
naling was implicated in the sorafenib-induced anticancer
effect.?* Recently, other signaling pathways such as STAT3-
Mcl-1 have also been reported to be involved in the effect
sorafenib.'"122526 Ag shown in Figure2a, sorafenib inhibited
p-STAT3-Mcl-1 in a dose-dependent manner. It is also
possible that sorafenib affects other apoptosis-related
molecules in HCC cell lines. We found that the
p-Akt/mTOR-related signaling pathway did not participate in
the sorafenib-induced molecular events (Figure 2b). The
expression statuses of p-Akt (T308)/Akt, p-mTOR (S2481)/
mTOR, p-S6/S6, 4EBP1 and TSC1 were not affected by
sorafenib treatment. As expected, sorafenib inactivated ERK
at a higher dose (10 uM). Beclin 1 (the mammalian ortholog
of yeast Atg6), a Bcl-2-homology domain 3 (BH3)-only
protein, is a key factor in the autophagy process. Beclin 1-
containing complex (also called PI3K complex IlIl), which
contains Vps34, Vps15, UVRAG and inhibitory Bcl-2/Bcl-XL,
contributes to vesicle nucleation in the initial step of
autophagy.'®?” Recently, Mcl-1, an anti-apoptotic Bcl-2
homolog, has been reported to have a vital role in the
regulation of autophagy. The degradation of Mcl-1 relieves
Beclin 1 and thus promotes the formation of the nucleated
core complex.?® To determine whether sorafenib induces
autophagy via this mechanism, we investigated the associa-
tion between Mcl-1 and Beclin 1. As shown in Figure 2c,
sorafenib significantly disrupts the interactions between Mcl-
1 and Beclin 1. Treatment of sorafenib at 20 uM for 16 or 48 h
diminished the interactions between Mcl-1 and Beclin 1
(Figure 2c, middle upper). Considering that high-dose
sorafenib significantly affected the expression level of Mcl-
1, we also examined the association status between Beclin 1
and Mcl-1 with lower concentration of sorafenib (10 uM). The
decreased level of Mcl-1 in [IP-Beclin 1-containing
complex was also found in sorafenib-treated PLC5 cells
(Figure 2c, middle lower). In addition, we also analyzed
the protein—protein interactions between Beclin 1 and Mcl-1
by immunoprecipitating Mcl-1. We found that sorafenib
reduced the interactions between Beclin 1 and Mcl-1.
(Figure 2c, right). These data imply that sorafenib inhibits
the expression of Mcl-1 via its transcription factor, STATS3,
thereby relieving inhibition of Beclin 1 and promoting
further formation of autophagosomes. Notably, Beclin 1
and its other inhibitors such as Bcl-XL were not affected by
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Figure 1 Sorafenib induces autophagy in HCC cells. (a) Sorafenib induces the conversion of LC3 in a dose-dependent manner. PLC5, Hep3B, SK-Hep1 and HepG2 were
exposed to sorafenib at the indicated doses for 16 h and the expression levels of LC3-Il were analyzed by western blot. (b) Time-dependent effect of sorafenib on autophagy-
related proteins. PLC5 cells were exposed to 20 uM sorafenib for various periods of time (left). Sorafenib activates autophagic flux in PLC5 cells (middle). Western blot
showing P62 degradation and LC3 lipidation in PLC5 cells treated with sorafenib and/or lysosomal inhibitor. The cells were treated with or without 20 M sorafenib in the
presence or absence of 10 uM chloroquine (CQ) for 16 h. PLC5 or SK-Hep1 cells were treated with or without 20 .M sorafenib in the presence or absence of 20 nM bafilomycin
A1 (A1) for 16 h (right). The effect of CQ or A1 on cell viability was performed in MTT assay. (€) Transmission electron microscopy (TEM) images showing autophagosome

(arrow) formation in PLC5 cells treated with 20 M sorafenib for 16 h. (d) Images of acrid

ine orange (AO) staining of HCC cells after 16 h treatment with 20 1M sorafenib as

detected by fluorescence microscopy. AO-R indicates acidic vesicular organelle formation

sorafenib (Figure 2c, left). These results imply that sorafenib
induces STATS3-dependent inhibition of Mecl-1, hence
relieving its association with Beclin 1 to activate autophagy
in HCC cell lines.

SHP-1-dependent inhibition of STAT3 mediates auto-
phagic cell death induced by sorafenib. To further clarify
the molecular mechanism by which sorafenib induces
autophagy in HCC cell lines, we next investigated whether
the SHP-1/STATS3 signaling pathway has a part in sorafenib-
induced autophagy. First, we assessed the effect of inhibition
of p-STAT3 on autophagy. Both sorafenib and STAT3
inhibitor 1ll, WP1066, treatment resulted in significant
conversion from LC3-1 to LC-II (Figure 3a, top). Notably, this
specific STAT3 inhibitor (WP1066) induced an evident
amount of LC-Il suggesting that inhibition of STAT3 signaling
prompts autophagy in HCC cells. On the other hand, PLC5
cells with ectopic expression of STAT3 were insensitive to
sorafenib-induced autophagy (Figure 3a, bottom). Together,
our results suggest a potential interplay whereby sorafenib

induces an autophagic effect via inactivation of STAT3. It is
important to note that sorafenib inhibits the STAT3-related
signaling pathway through increasing SHP-1 phosphatase
activity,'*'* meaning that activated SHP-1 may also be
involved in sorafenib-induced autophagy. As demonstrated in
Figure 3b, silencing SHP-1 with specific siRNA significantly
restored the expression level of LC-Il under sorafenib
treatment. These data indicate that the SHP-1/STAT3-related
pathway also has a vital role in sorafenib-induced autophagy.

The results shown in Figure 2c confirmed that sorafenib
disrupts the interaction between Mcl-1 and Beclin 1 and
suggest that relieving Beclin 1 is involved in sorafenib-induced
autophagy. To further validate the role of Mcl-1 and Beclin 1 in
sorafenib-induced autophagy, we assayed overexpression of
Mcl-1 and knockdown of Beclin 1, respectively. Importantly,
the expression level of LC-1l was almost completely abolished
in PLC5 cells expressing ectopic Mcl-1 (Figure 3c). Sorafenib
can not induce potent autophagy in the presence of Mcl-1.
Additionally, silencing Beclin 1 in HCC cells also inhibited
sorafenib-induced autophagy (Figure 3d, upper). Notably,
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Figure2 Sorafenib disrupts the Beclin 1-Mcl-1-complex through inhibition of the p-STAT3-related signaling pathway. (a) Effects of sorafenib on STAT3-related proteins in
HCC cells. The cells were treated with sorafenib at the indicated dose for 16 h. (b) Effects of sorafenib on the Akt/mTOR-related signaling pathway in PLC5 cells. The cells
were treated with sorafenib at the indicated dose for 16 h. (¢) Effects of sorafenib on Bcl-2 related proteins (left). The cells were treated with sorafenib at the indicated dose for
16 h. Sorafenib does not affect the amount of Bcl-xl, Bik and Beclin 1. Sorafenib induces the disassociation of Beclin 1 and Mcl-1 (middle). Beclin 1 was immunoprecipitated
from PLC5 cells treated with 10 or 20 M sorafenib at 16 h or 48 h and analyzed for the presence of Mcl-1 and Beclin 1. Mcl-1 was immunoprecipitated from PLC5 cells treated
with 20 M sorafenib at 16 h and analyzed for the presence of Mcl-1 and Beclin 1 (right)

silencing of Beclin 1 reversed sorafenib-induced cell toxicity
as evident by MTT assay (Figure 3d, lower). There was
decreasing conversion of LC3-1 to LC3-1l in the absence of
Beclin 1, which indicates that free-form Beclin 1 is a
determinant of sorafenib-induced autophagy. Together these
results confirm that SHP-1/STAT3-dependent signaling is
involved in sorafenib-induced autophagy, suggesting that
STAT3-driven Mcl-1 was also inhibited, resulting in the
release of Beclin 1, allowing Beclin 1 to form a core complex
with other interaction proteins for autophagosome formation.

SC-59, a kinase-independent derivative of sorafenib,
induces more autophagic cell death than sorafenib.
Recently, we applied the kinase-independent mechanism of
SC-1 as a molecular basis from which to develop a novel
class of SHP-1 activators.' ' The replacement of N-methyl-
picolinamide with a phenylcyano group abolished kinase
activity while retaining phospho-STAT3 repressive activity.
Screening of these derivatives revealed that SC-59 in
particular had a potent autophagic effect in HCC cell lines.
To further address the effect of SC-59 on autophagic cell
death, here we performed more specific assays to validate
the molecular mechanism of SC-59. The difference in
chemical structure between sorafenib and SC-59 is shown
in Figure 4a. The kinase-independent characteristic of SC-59
was confirmed by Raf-1 activity (Figure 4a, right). In four
HCC cell lines, SC-59 showed more significant cytotoxicity
than sorafenib in a dose-escalation manner (Figure 4b). In
addition, SC-59 exhibited better effects than sorafenib on
apoptosis in a dose-dependent manner (Figure 4c). SC-59
demonstrated substantial apoptosis in a dose-dependent
manner. SC-59 also induced the inhibition of p-STAT3 and
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potential autophagy as a result of more conversion to LC3-1
(Figure 4d, upper). At the same dose (10uM), SC-59
displayed a more potent effect on autophagy than sorafenib
in all four HCC cell lines (Figure 4d, lower). We also found
distinct evidence of autophagosome formation using electron
microscopy (Figure 4e, upper) and AO staining (Figure 4e,
lower) after SC-59 treatment. We found that SC-59 also
induced autophagy with co-treatment of CQ. Importantly,
SC-59-induced cell viability change was reversed by adding
CQ (Figure 4f, left). Further, A1 also rescued the effect of
SC-59 on cell toxicity in PLC5 and SK-Hep1 (Figure 4f, right).
Therefore, we propose that the anti-HCC effect of SC-59 is
correlated with autophagic cell death.

Relieving Beclin 1 results in SC-59-induced autophagy
via a SHP-1/STAT3/Mcl-1-dependent signaling pathway.
To investigate the molecular mechanism by which SC-59
induces an anti-HCC effect, we assayed the impact of
SHP-1/STAT3-dependent signaling on SC-59-induced
autophagy. First, we investigated whether inactivation of
STAT3 was related to SC-59-induced autophagy. Both SC-
59 and WP1066 showed the conversion from LC3-l to
LC3-II (Figure 5a, left). In contrast, SC-59 did not induce
evident LC3-1l in PLC5 cells ectopically expressing STAT3
(Figure 5a, left). Meanwhile, SC-59 lost its autophagic effect
in the absence of SHP-1. We did not find distinct expression
of LC3-Il in PLC5 cells with silenced SHP-1 (Figure 5a, right).
As activation of SHP-1 has been found to be part of a major
kinase-independent mechanism of action of this sorafenib
derivative, we further assayed the effect of SC-59 on SHP-1
phosphatase activity. As expected, we observed that SC-59
increased SHP-1 phosphatase activity in a dose-dependent
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Inhibition of p-STAT3 is involved in sorafenib-induced autophagy through the induction of SHP phosphatase activity. (a) Specific inhibition of p-STAT3 induces

significant autophagic activity. WP1066, a specific inhibitor of STAT3, induces autophagy in PLC5 cells (top). Cells ectopically expressing STAT3 were treated with sorafenib at
10 uM for 16 h and the level of expression of LC3-Il was measured (bottom). (b) Silencing SHP-1 by siRNA reduces the effect of sorafenib on p-STAT3 and LC3-Il in HCC
cells. PLC5 cells were transfected with control siRNA or SHP-1 siRNA for 24 h and then treated with sorafenib for 16 h. (c) Effects of Mcl-1 on autophagy induced by sorafenib
in HCC cells. Wild-type PLC5 or PLC5 transiently transfected with Mcl-1 were treated with sorafenib at 10 M for 16 h. (d) Silencing Beclin 1 by siRNA reduces the effects of
sorafenib on LC3-I1in HCC cells. PLC5 cells were transfected with control siRNA or Beclin 1 siRNA for 24 h, then treated with sorafenib at 10 uM for 16 h. The effect of siBeclin

1 on cell viability was demonstrated in MTT assay

manner in both PLC5 cells and SHP-1-containing IP complex
(Figure 5b). Notably, SC-59 induced more potent phospha-
tase activity than sorafenib incubation in vitro.

As sorafenib disrupted the interaction between Beclin 1 and
Mcl-1, we further investigated whether SC-59 also affects this
association to induce autophagy. As shown in Figure 5c,
SC-59 treatment decreased the level of Mcl-1 in Beclin
1-containing complex, suggesting that SC-59 releases more
free-form Beclin 1 through Mcl-1 inhibition and thus promotes
autophagy. To further confirm the roles of Mcl-1 and Beclin 1
in this autophagic effect, we transfected either ectopic Mcl-1
or siBeclin 1 into PLC5 cells to observe the effect of SC-59 on
autophagy. Both overexpression of Mcl-1 and silencing Beclin
1in HCC cells almost fully restored the conversion from LC3-I
to LC3-1linduced by SC-59, indicating that the inhibitory effect
of Mcl-1 is a key basis for autophagy induced by sorafenib and
its derivatives (Figure 5d, Upper).

The knockdown of Beclin 1 also significantly reversed the
effect of SC-59 on cell survival in PLC5 cells (Figure 5d,
lower). To examine the effect of sorafenib and SC-59 on
Mcl-1, we investigated the effect of sorafenib or SC-59 on
the transcription of Mcl-1. Our data showed that sorafenib or

SC-59 significantly decreased mRNA levels of Mcl-1 in a time-
dependent manner (Figure 5e, right). Notably, the treatment
of sorafenib or SC-59 did not alter the degradation of Mcl-1
significantly (Figure 5e, left).

Taken together, we propose that sorafenib and its
derivative, SC-59, inhibit the expression of Mcl-1 and further
release Beclin 1 to form a nucleated core complex through a
SHP-1/STAT3-dependent signaling pathway. Moreover,
based on the premise that SC-59 acts in a kinase-indepen-
dent manner, we propose a specific role for SHP-1/STAT3 in
autophagic cell death that accounts for the observation of
more cytotoxicity and LC-Il in SC-59 than sorafenib-treated
cells.

Sorafenib and SC-59 induce significant tumor growth
inhibition via SHP-1-dependent autophagic cell death.
To verify tumor growth inhibition by sorafenib and its
derivative SC-59, we applied these two drugs to
HCC-bearing mice and evaluated the biological effect
in vivo. SC-59 showed more potent tumor growth inhibition
than sorafenib at the same dose (20 mg/kg/day) (Figure 6a,
left). Autophagic vesicles were observed in tumors treated
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Figure 4 SC-59, a kinase-independent derivative of sorafenib, is a more effective anticancer agent than sorafenib in HCC cells. (a) Chemical structures of sorafenib and
SC-59 (left). Effect of sorafenib and SC-59 on Raf-1 activity. Hep3B cells were treated with sorafenib or SC-59 at 10 M for 24 h (right). Columns, mean; bars, S.D. (n=3).
*P<0.05. (b) The cell viability of sorafenib and SC-59 in four HCC cell lines. The cells were treated with sorafenib or SC-59 at indicated dose for 48 h and cell viability was
assessed by MTT assay. Columns, mean; bars, S.D. (n=8). *P<0.05. (c) Both sorafenib and SC-59 induced significant apoptosis in a dose-dependent manner. The early
and late apoptosis was observed in sorafenib or SC-59-treated PLC5 cells. (d) SC-59 downregulates p-STAT3 and increases LC3-Il in HCC cells (upper). The cells were
treated with SC-59 at indicated dose for 16h. SC-59 induces more LC3-Il than sorafenib. The cells were treated with 10 uM SC-59 or sorafenib for 16 h (lower).
(e) Transmission electron microscopy images showing autophagosome (arrow) formation in PLC5 cells treated with 10 xM SC-59 for 16 h (upper). fluorescence microscopy
images of AO staining in HCC cells after 16 h treatment with 10 uM SC-59 (lower). AO-R indicates acidic vesicular organelle formation, which demonstrates the formation of
autolysosomes. (f) SC-59 activates autophagic flux in PLC5 and SK-Hep1 (left). Western blot showing P62 degradation and LC3 lipidation in PLC5 cells treated with
SC-59 and/or lysosomal inhibitor. The cells were treated with or without 10 M SC-59 in the presence or absence of 10 M chloroquine (CQ) for 16 h. PLC5 or SK-Hep1 cells
were treated with or without 10 M SC-59 in the presence or absence of 20 nM Bafilomycin A1 (A1) for 16 h (right). The effect of CQ or A1 on cell viability was performed in
MTT assay
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with sorafenib and SC-59 by TEM (Figure 6a, right). These
data indicate sorafenib and SC-59 induced significant
autophagy in vivo. Importantly, we found significant inhibition
of p-STAT3 and Mcl-1 in both the sorafenib and SC-59-
treated tumor samples (Figure 6b, left). The conversion from
LC3-l to LC3-1l was also demonstrated in both treatments.
The kinase-independent derivative SC-59, showed a

Cell Death and Disease

stronger effect on the SHP-1/STAT3-related signaling path-
way, and displayed more potent autophagic cell death
through an increased level of LC3-1I (quantitative data in
Figure 6b, middle). We also found more significant induction
of SHP-1 activity in SC-59-treated tumor samples
(Figure 6¢). These data indicate that both sorafenib and
SC-59 show an important anti-HCC effect in vivo; and the
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Figure 5 Target validation of SHP-1-STAT3-Mcl-1 in sorafenib-induced autophagy. (a) Effect of STAT3 on autophagy induced by SC-59 in HCC cells. WP10686, a specific
STAT3 inhibitor (left). Cells with parental or ectopic expression of STAT3 were treated with SC-59 at 10 uM for 16 h (middle). Silencing SHP-1 by siRNA reduces effects of
SC-59 on p-STAT3 and LC3-l in HCC cells (right). PLC5 cells were transfected with control sSIRNA or SHP-1 siRNA for 24 h, then treated with SC-59 for 16 h. (b) The activity of
SHP-1 in PLC5 cells treated with SC-59 at indicated dose for 16 h (left). Columns, mean; bars, S.D. (n=3). *P<0.05. Effects of SC-59 and sorafenib on SHP-1 (right).
Sorafenib or SC-59 was incubated with SHP-1-containing extract for 30 min in vitro. Columns, mean; bars, S.D. (n= 3). *P<0.05. (c) Effects of SC-59 on protein interactions
between Beclin1 and Mcl-1. Beclin1 was immunoprecipitated from PLC5 cells treated with 10 M SC-59 at 16 h or 32 h and analyzed for the presence of Mcl-1 and Beclin 1.
(d) Effects of Mcl-1 on autophagy induced by SC-59 in HCC cells (left). PLC5 wild type or transient transfected of Mcl-1 were treated with SC-59 at 10 M for 16 h. Silencing
Beclin 1 by siRNA reduces effects of SC-59 on LC3-Il in HCC cells (right). PLC5 cells were transfected with control siRNA or Beclin 1 siRNA for 24 h, then treated with SC-59 at
10 uM or 16 h. The effect of suppressed Beclin 1 on cell viability was analyzed in MTT assay. (e) Sorafenib and SC-59 downregulates the transcription of Mcl-1. PLC5 cells
were treated with 50 ug/ml cycloheximide in the absence (upper) or the presence of 20 uM sorafenib (middie) or 10 M SC-59 (lower) for the indicated time (left). Both
sorafenib and SC-59 inhibit Mcl-1 mRNA in a time-dependent manner as evident by real-time PCR (right)
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Figure 6 SC-59 exhibits more potent tumor growth inhibition and reveals significant SHP-1 activity and higher levels of expression of LC3-1 than sorafenib in HCC-bearing
mice. (a) Sorafenib (20 mg/kg) and SC-59 (20 mg/kg) inhibit PLC5 tumor growth (left). Points, mean; bars, S.E. (n= 10). *P<0.05. **P<0.01. SC-59 and sorafenib-induced
autophagosomes were demonstrated in the tumor sample (right). (b) Western blot analysis of p-STAT3, STAT3, SHP-1, Mcl-1, Beclin 1 and LC3 in PLC5 tumors. (c) SHP-1

activity in PLC5 tumors. Columns, mean; bars, S.D. (n=10). *P<0.05

critical role of SHP-1/STAT3-related signaling in autophagic
cell death was also proved in this preclinical animal model.

Discussion

In this study, we proposed a molecular mechanism for the
induction of autophagy by sorafenib. First, we validated the
effect of sorafenib on autophagy by measuring: (1) the
conversion of the cytoplasmic form of LC3 (LC3-l) to pre-
autophagosomal/autophagosomal membrane-bound LC3
(LCS3-11); (2) the autophagic degradation of p62; (3) electron
microscopy of autophagosomes and (4) AO staining to
monitor AVOs. Next, we further confirmed that sorafenib
disrupts the interaction between Beclin 1 and Mcl-1, suggest-
ing that more relieved Beclin 1 is available to promote
autophagosome formation. STAT3-dependent inhibition of
Mcl-1 caused the release of Beclin 1 from the Beclin 1-Mcl-1
complex as demonstrated in sorafenib-treated PLC5 cells
(Figure 2c). Importantly, both overexpression of Mcl-1 and
silencing of Beclin 1 almost completely abolished autophagy
induced by sorafenib (Figures 3c and d). Based on the results
obtained with SC-59, a kinase-independent derivative of
sorafenib, we further confirmed the molecular effect
of SHP-1/STATS3-related signaling on sorafenib-induced
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autophagy. SC-59 had a more potent effect on SHP-1
phosphatase activity and higher levels of autophagy com-
pared to sorafenib (Figure 4). Knockdown of SHP-1 in HCC
cells inhibited the conversion of LC3-I to LC3-ll, suggesting
that activated SHP-1 has a vital role in sorafenib/SC-59-
induced autophagy. In the HCC xenograft, significant tumor
growth inhibition was observed in mice treated with sorafenib
or SC-59. The more potent SC-59 showed significant
induction of autophagic marker, LC3-1l, and SHP-1 phospha-
tase activity in vivo (Figure 6). These results suggest that the
SHP-1/STAT3/Mcl-1 signaling pathway takes part in sorafe-
nib-induced autophagic cell death via relieving of Beclin 1 both
in vitro and in vivo.

Previously, sorafenib has been reported to induce both
apoptosis and autophagy in human HCC cells via ERK1/2-
independent ER stress.?® This report suggests that sorafenib-
induced autophagy alleviates ER stress-induced cell
death and has a role in the molecular basis of resistance.
Consequently, the combination of sorafenib with the auto-
phagy inhibitor chloroquine (CQ) produced more pronounced
tumor suppression in HCC both in vivo and in vitro. It has also
been reported that autophagic activity triggered by sorafenib
conferred a survival advantage to HCC cells.?® However,
based on our results for the kinase-independent derivative of



sorafenib, SC-59, we propose that activated autophagic flux is
correlated with a potent apoptotic effect.

Beclin 1, carrying one BH3 domain, is a key initial protein
involved in autophagy and the Beclin 1-containing core
complex conducts the nucleation step in autophagosome
formation.®%-3" Importantly, anti-apoptotic proteins of the Bcl-2
family such as Bcl-2 and Bcl-xL can interact with Beclin 1 at
residues 114-123 within the BH3 domain and inhibit the
function of the Vps34-—UVRAG-Beclin 1 nucleated core
complex.?227:3233 Moreover, the phosphorylation of Beclin 1
at T119 within BH3 domain by DAPK was reported to
dissociate Beclin 1 from inhibitory Bcl-xL and promote
autophagic activity.>* In addition, Mcl-1 also has an inhibitory
effect on the Beclin 1-associated core complex. For example,
the expression of Mcl-1 protected against the combination of
lapatinib and obatoclax lethality. Lapatinib and obatoclax-
initiated autophagy was found to depend on NOXA-mediated
displacement of the pro-survival BCL-2 family member,
MCL-1, from beclin 1.3% In our data, we propose that
degradation of Mcl-1 is crucial for sorafenib-induced autophagy
by releasing Beclin 1. This effect also determines autophagic
cell death in the kinase-independent derivative, SC-59.

Previously, we proposed that the SHP-1/STAT3-related
signaling pathway is a major target for inhibition of Mcl-1 and
promotion of cell death in HCC.2® However, little is known
about the interplay between STAT3 and autophagy. The
inhibition of STAT3 and mTOR were reported to be involved in
telomere 3’-overhang-specific DNA oligonucleotide (T-oligo)-
induced cancer cell death.3® In contrast, ROS-dependent
activated STAT3 was also observed in cells treated with
rapamycin or under starvation to promote the autophagic
process.>” We found that WP1066, a specific JAK/STAT3
inhibitor, as well as sorafenib can induce a significant
expression level of LC3-Il, and that, ectopic expression of
STAT3 can further restore sorafenib-induced autophagy,
which indicates that inhibition of p-STAT3 has a vital role in
autophagic activity. In addition, SHP-1, a negative regulator of
STATS, is also implicated in the promotion of sorafenib-
induced autophagy. Silencing SHP-1 almost fully abolished
the conversion of LC3 induced by sorafenib (Figure 3b).
Moreover, the higher levels of autophagy induced by SC-59
were correlated to anti-HCC effect in vitro and in vivo.

In this study, we proposed a molecular mechanism for the
induction of autophagic cell death by sorafenib in HCC. Both
sorafenib and its derivative induced the inhibition of Mcl-1 via
a SHP-1/STAT3-related pathway and released Beclin 1 to
promote autophagosome formation. This study thus suggests
that the disassociation of Mcl-1 and Beclin 1 manages
sorafenib-induced autophagy in HCC.

Materials and Methods

Reagents and antibodies. Sorafenib (Nexavar) was kindly provided by
Bayer Pharmaceuticals (West Haven, CT, USA). For in vitro studies, sorafenib at
various concentrations was dissolved in DMSO and then added to the cells in
Dulbecco’s modified Eagle’s medium (DMEM) containing 5% fetal bovine serum
(FBS). Chloroquine, Bafilomycin A1, cycloheximide and WP1066 were purchased
from Sigma (Deisenhofen, Germany). Antibodies for immunoblotting such as Akt1,
anti-pERK-1/2 ERK2 were purchased from Santa Cruz Biotechnology (San Diego,
CA, USA). SHP-1 antibody was purchased from Abcam (Cambridge, UK). Other
antibodies such as Bcl-xI, Bik, p-STAT3 (Tyr705), STAT3, p-Akt (Ser473), p-Akt
(Thr308), LC3, Mcl-1, myc-tag, Beclin 1, Atg5, Atg3, P62, TSC1, p-TSC2, TSC2,
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p-mTOR (S2481), mTOR, p-S6, S6, p-4EBP1 and 4EBP1 were purchased from
Cell Signaling (Danvers, MA, USA).

Cell culture and western blot analysis. The PLC/PRF/5 (PLC5),
Sk-Hep-1, Hep3B and HepG2 cell lines were obtained from American Type
Culture Collection (Manassas, VA, USA). The cells were maintained in DMEM
supplemented with 10% FBS, 100 units/ml penicillin G, 100 ug/ml streptomycin
sulfate and 25 pig/ml amphotericin B in a humidified incubator at 37 °C in an
atmosphere of 5% CO, in air. Lysates of HCC cells treated with drugs at the
indicated concentrations for various periods of time will be prepared for
immunoblotting of LC3, p-STAT3, STAT3, and so on. Western blot analysis
was performed as previously reported.®®

Autophagy analysis. The following three methods were used to assess
drug-induced autophagic cell death: (1) western blot analysis of microtubule-
associated protein-1 light chain 3 (LC3 Il) as described previously;'®%4°
(2) electron microscopy: samples were fixed with 2.5% glutaraldehyde solution
buffer in PBS at 4 °C for 1h, postfixed in 1% osmium tetroxide solution at 4 °C for
3h, dehydrated in graded concentrations of ethanol and embedded in LR white
resin. Ultrathin sections (70nm) were examined with a JEOL JEM-1400EX
electron microscope (JEOL Inc., Tokyo, Japan) at 120 Kv; (3) immunofluorescence
of acridine orange: HCC cells were grown on coverslips. After being washed with
PBS, cells were treated with 20 M sorafenib or 10 «M SC-59 for 16 h, fixed with
ice-cold 4% paraformaldehyde for 30 min at room temperature, then stained with
acridine orange (5 ug/ml) for 5 min at room temperature. The cells were examined
under a Leica DM2500 fluorescence microscope (Leica Microsystems GmbH,
Wetzlar, Germany)

Cell viability assay. HCC cells including PLC5 and SK-Hep1 were seeded in
96-well plate at a density of 5000 cells per well. The cells were treated with
sorafenib (20 uM) or SC-59 (10 uM) with indicated condition including over-
expression of Mcl-1, knockdown of Beclin 1 or co-treatment with Bafilomycin A1 or
CQ for 16 h. The cell viability was measured by MTT assay.

Annexin V/PI staining. PLC5 cells were treated with indicated dose for 48 h
and collected for Annexin V/Pl-double staining. The analysis of annexin V binding
was carried out with the Annexin V-FITC according to the manufacturers
instructions (eBioscience, San Diego, CA, USA). Briefly, the cells were incubated
with sorafenib or SC-59 for 48 h and then collected, washed twice with cold PBS,
centrifuged at 1500 r.p.m. for 5min and resuspended in 1 x Annexin V binding
buffer at a concentration of 10° cells/ml. Annexin V-FITC (5 ) and PI (25 ug/ml)
were added into cell extract and incubated for 15 min at room temperature in the
dark. The stained sample were analyzed with Gallios Flow Cytometry (Beckman
Coulter Inc., Fullerton, CA, USA) based on the manufacturer’s instructions.

Real-time PCR. Total RNA was isolated from PLC5 with RNA extraction kit
(Ambion-Invitrogen, Lennik, Belgium) and cDNA was prepared from 2.5 ug RNA
using SuperScript.

Vilo cDNA Synthesis Kit by the manufacturer’s instructions (Invitrogen, Carlsbad,
CA, USA). Oligonucleotide sequences were used as follows: GAPDH, 5'-CGA
CCACTTTGTCAAGCTCA-3' (sense) and 5-AGGGGTCTACATGGCAACTG-3
(anti-sense); Mcl-1: 5’-CTTGCCACTTGCTTTTCTGG-3' (sense) and 5'-CAAGGC
ATGCTTCGGAAACT-3' (antisense). The SYBR Green PCR reagent was used for
quantitative PCR by the manufacturer’s instructions (ABI, Carlsbad, CA, USA).

Gene knockdown using siRNA. Smart pool siRNA reagents, including a
control (D-001810-10), SHP-1 and Beclin 1 were all purchased from Dharmacon
(Chicago, IL, USA). The procedure was as described previously.%5*!

PLC5 with ectopic expression of STAT3 and Mcl-1. STAT3 cDNA
(KIAA1524) and Mcl-1 was purchased from Addgene plasmid repository
(http://www.addgene.org/). PLC5 cells with stable expression of STAT3 or
transient expression of Mcl-1 were then treated with drugs, harvested and
processed for western blot analysis as described previously.*?

Activity of Raf-1 and SHP-1. Tyrosine Phosphatase Assay Kit (R-22067)
was used for SHP-1 activity assay (Molecular Probes, Invitrogen). The Raf-1
kinase cascade assay kit (Upstate-Millipore, Billerica, MA, USA) was used to
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examine the Raf-1 kinase activity. Both the assays were conducted according to
the manufacturer’s instructions.

Xenograft tumor growth. Male NCr athymic nude mice (5-7 weeks of age)
were obtained from the National Laboratory Animal Center (Taipei, Taiwan). All
experimental procedures using these mice were performed in accordance with
protocols approved by the Institutional Laboratory Animal Care and Use
Committee of National Taiwan University. Each mouse was inoculated s.c. in
the dorsal flank with 1 x 10® PLC5 cells suspended in 0.1ml of serum-free
medium containing 50% Matrigel (BD Biosciences, Bedford, MA, USA). When the
tumors reached 200-300 mm®, mice received sorafenib tosylate (20 mgrkg) or
SC-59 (20mg/kg) p.o. once daily. Controls received vehicle. Tumors will be
measured weekly using calipers and their volumes calculated using the following
standard formula: width? x length x 0.52.

Statistical analysis. Comparisons of mean values were performed using the
independent samples ttest in SPSS for Windows 11.5 software (SPSS, Inc.,
Chicago, IL, USA).
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