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ARTICLE INFO ABSTRACT

Keywords: Background: Hepatocellular carcinoma (HCC) accounts for approximately 90% of primary liver cancer cases and
HCC ranks as the second leading cause of cancer related death. Multiple receptor tyrosine kinases such as EGFR, FGFR
EGFR and c-MET have been shown to drive tumorigenesis and progression of HCC. However, tyrosine kinase inhibitors
szghagy (TKIs) that target these kinases, including the FDA-approved sorafenib, only offer limited clinical success.
Endolvsosomal degradation Resistance to sorafenib and other TKIs also readily emerge in HCC patients, further limiting the usage of these
Y 8!
drugs. Novel therapeutic strategies are needed to address the urgent unmet medical need for HCC patients.
Results: Autophagy is an evolutionally conserved lysosome-dependent degradation process that is also func-
tionally implicated in HCC. We previously developed an autophagy-inducing stapled peptide (Tat-SP4) that
induced autophagy and endolysosomal degradation of EGFR in lung cancer and breast cancer cells. Here we
present data to show that Tat-SP4 also induced significant autophagic response in multiple HCC cell lines and
promoted the endolysosomal degradation of c-MET to attenuate its downstream signaling activities although it
didn’t affect the intrinsically fast turnover of EGFR. Tat-SP4 also overrode adaptive resistance to sorafenib in c-
MET™" HCC cells but employed the distinct mechanism of inducing non-apoptotic cell death.
Conclusion: With its distinct mechanism of promoting autophagy and endolysosomal degradation of c-MET, Tat-
SP4 may serve as a novel therapeutic agent that complement and synergize with sorafenib to enhance its clinical
efficacy in HCC patients.

1. Introduction half of HCC cases are diagnosed in advanced stage when curative ther-

apies like surgical resection and radiofrequency ablation are not appli-

Hepatocellular carcinoma (HCC) accounts for approximately 90% of
primary liver cancer cases. Globally it is ranked as the seventh most
common cancer and the second leading cause of cancer death with
905,677 newly diagnosed cases and 830,180 deaths in 2020 [1]. HCC is
particularly prevalent in a few geographical regions such as eastern and
south-eastern Asia that account for more than 50% of worldwide new
cases and deaths. The alarmingly high incidence of HCC in these regions
is tied to a group of environmental and lifestyle risk factors such as
chronic hepatitis B viral infection, over-consumption of alcohol and
exposure to aflatoxins [2,3].

Therapeutic options for HCC patients are rather limited. More than

cable [2,3]. With compromised liver function, aggressive systemic
treatments such as chemotherapy and radiation therapy are often of
limited use [2,3]. Transarterial chemoembolization (TACE) is frequently
applied to patients with unresectable HCC as palliative therapy to
temporarily block tumor growth although tumor progression almost
always resumes [2,3].

Two types of targeted therapeutics have been approved for HCC
treatment in recent years, including tyrosine kinase inhibitors (TKIs)
such as sorafenib, lenvatinib, regorafenib and cabozantinib; and
monoclonal antibodies (mAbs) bevacizumab and ramucirumab [2-9].
TKIs exert their anti-proliferative effect by blocking the intracellular
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kinase activity of many abnormally activated growth factor receptors in
HCC such as EGFR, VEGFR, FGFR, PDGFR and c-MET; while mAbs exert
similar inhibitory effect at the extracellular side [2-9]. However, all
these drugs showed limited clinical success with survival benefit of
~2-3 months only. Novel strategies to target these receptor tyrosine
kinases are needed to overcome the formidable network of abnormally
activated growth signaling pathways in HCC.

Autophagy is a lysosome-dependent process that degrades and re-
cycles cytosolic content to maintain cellular homeostasis [10-12]. A
hallmark feature of autophagy is the formation of autophagosomes,
which are double-membraned vesicles that sequester cytosolic proteins
and organelles as autophagic cargo and traffic through the endosomal
membrane system for fusion with lysosomes [10-12]. As a major
metabolic organ, liver relies on autophagy to fulfill important function
such as clearance of misfolded proteins, selective organelle degradation
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and sustaining energy metabolism and under nutrient stress [13]. On the
other hand, autophagy is also implicated in several risk factors for HCC
such as HBV replication, alcohol-induced steatosis and non-alcoholic
fatty liver disease [13]. The exact role of autophagy in HCC is not
fully understood and its potential as a novel anti-HCC strategy deserves
to be explored.

In our previous studies, we have developed a series of autophagy-
inducing peptides by targeting an essential autophagy protein Beclin 1
[14,15]. These peptides are 26-residue in length, with a cell-penetrating
Tat sequence of YGRKKRRQRRR at the N-terminal and the Beclin 1-tar-
geting segment at the C-terminal (Fig. 1A). A 13-carbon hydrocarbon
staple is added to the C-terminal segment so that the designed peptides
adopt the o-helical structure for specific binding to the Beclin 1 coiled
coil domain [14,15]. These peptides readily promoted Beclin 1-medi-
ated processes including autophagy and endolysosomal degradation of
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Fig. 1. Tat-SP4 induces significant autophagic response in different HCC cell lines. (A) The sequence and chemical structure of Beclinl-targeting stapled
peptides binding to the coiled coil domain of Beclinl. The Tat sequence (colored in blue) is added to enable cell penetration. (B) Autophagy markers p62 and LC3-II
were measured by Western blot in PLC/PREF/5 cells under basal condition and after treatment with 20 pM and 40 pM of Tat-SP4 for 3 h either with (+) or without (—)
25 pM CQ. (C & D) Similar western blots as (A), but for Hep3B (C) or MHCC97L (D) cells with concentrations of Tat-SP4 marked. (E & F) Quantification of LC3-II

lipidation profile and p62 level from Western blot data in (B-D). The levels of LC3-II

(E) or p62 (F) were normalized to the p-Actin level. Data are presented as mean

+ SEM (n = 3). *P < 0.05, **P < 0.05, One-way ANOVA test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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EGFR in multiple cell lines including HEK293T, non-small-cell lung
cancer cell lines (NSCLC) A549 and H1975, and the HER2" breast cancer
cell line SKBR3 [14,15]. One lead peptide Tat-SP4 also showed
anti-proliferative effect in SKBR3 by enhancing EGFR/HER2 degrada-
tion and inducing necrotic cell death [15].

Encouraged by this finding, we hypothesize that Tat-SP4 may show
similar effect in HCC cells because of their dependence on autophagy
and aberrant activation of the EGFR-mediated signaling network [2,3].
Here we report that Tat-SP4 induced varied autophagic response in HCC
cell lines with diverse genetic background. In contrast to our previous
observation in NSCLC and breast cancer cell lines, Tat-SP4 showed little
effect on endolysosomal degradation of EGFR in HCC. Intriguingly,
Tat-SP4 significantly enhanced the endolysosomal degradation of
c-MET, a receptor tyrosine kinase similar to EGFR but is activated by
hepatocyte growth factor (HGF) instead of EGF [16]. Tat-SP4 also
attenuated the growth signals downstream of c-MET and overrode sor-
afenib resistance in c-MET" HCC cells. These data suggest that
autophagy-inducing peptides may serve as novel therapeutic candidates
that complement and synergize with sorafenib to enhance its clinical
efficacy for HCC patients.

2. Materials and methods

Reagents and antibodies. Chloroquine (CQ; Sigma-Aldrich),
Epidermal Growth Factor (EGF; Gibco), Hepatocyte growth factor
(HGF; Invitrogen), sorafenib (Beyotime), EDTA-free protease inhibitor
cocktail (Roche), Trypsin (Invitrogen), Trypan Blue (Gibco), anti-p-Actin
antibody (Santa Cruz), anti-LC3 antibody (Abnova), anti-p62 antibody
(Abnova), anti-EGFR antibody (Santa Cruz), Rabbit anti-cMET antibody
in WB (Cell Signaling Technology), mouse anti-cMet antibody in IF
(Santa Cruz), anti-mouse IgG antibody conjugated with Alexa Fluor 555
(Invitrogen), anti-pMET antibody (Cell Signaling Technology), anti-Akt
antibody (Cell Signaling Technology), anti-pAkt antibody (Cell
Signaling Technology), anti-Mouse IgG-HRP (Sigma-Aldrich),anti-Rab-
bit IgG-HRP (Sigma-Aldrich). DAPI (Thermo fisher).

Chemical synthesis of stapled peptides. The Tat-SP4 stapled
peptide was purchased from GL Biochem (Shanghai) Ltd. The synthesis
process was the same as reported in our previous study [17]. Briefly, the
peptide was synthesized by automated solid-phase method with
olefin-containing amino acids incorporated at the designated positions.
The hydrocarbon staple was formed on olefin-containing amino acids by
ring-closing metathesis reaction using the Grubbs catalyst. Chemical
structure and purity of the final product were characterized by HRMS
and HPLC. Purity of each synthesized peptides is >95%. Stock solution
of each obtained peptide was prepared by dissolving the sample in pure
water to a concentration of 20 mM.

Cell lines and cell culture. The hepatocellular carcinoma (HCC)
cell lines Hep3B were purchased from Stem Cell Bank, Chinese Academy
of Sciences, Shang Hai, China. PLC5 were kindly gifted by Dr. Ben Ko’s
lab (The Hong Kong Polytechnic University). MHCC97L and MHCC97L-
luc and sorafenib resistant MHCC97L-luc was kindly provided by Prof.
Terence Lee’s lab (The Hong Kong Polytechnic University). All cells
were cultured in DMEM with 10% (v/v) FBS. Cells were grown in a
humidified incubator with 5% CO at 37 °C. Cell lines were regularly
tested and verified to be mycoplasma negative by DAPI staining before
and during experiments.

Cell viability assay. Cell viability was measured by trypan blue
exclusion assay following the standard protocol provided by the
manufacturer [18]. HCC cells were seeded into 96-well plates, with the
starting cell number adjusted for each cell line to reach 80-90% final
confluency after overnight incubation. Cells were treated with different
concentrations of Tat-SP4 for 24 h or Sorafenib for 72 h. The number of
viable cells were counted by the Z1 Particle Counter (Beckman Coulter).
The ICsy values were calculated after curve fitting using the
concentration-response data sets. All experiments were repeated in
triplicate and the mean values were calculated.
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5-day proliferation assay. 5-day cell proliferation assay was per-
formed to test the long-term anti-proliferation effect of Tat-SP4 using the
same protocol of our previous study [18]. HCC cells were seeded into
24-well and the initial cell number was determined based on the optimal
cell growth rate for each cell line. After overnight incubation, cells were
treated with Tat-SP4 or Tat-SC4. Cells were cultured over a time span of
five days and the number of viable cells calculated every 24 h by Trypan
Blue exclusion assay.

Immunoblot analysis. Western blots were carried out following the
standard protocols used in previous studies [19,20]. Specifically, whole
cell lysates were extracted using Laemmli sample buffer (62.5 mM
Tris-HCl, pH 6.8, 2% SDS, 25% glycerol, 5% f-mercaptoethanol) sup-
plemented with EDTA-free protease inhibitor cocktail (Roche). Protein
concentration was determined using a standard Bradford assay before
immunoblotting. Protein samples were separated by SDS-PAGE gel,
transferred to a PVDF membrane (Millipore, USA), and incubated with
the primary antibodies and HRP-conjugated secondary antibodies.
Protein bands were visualized using ECL reagents. p-Actin was used as
the loading control.

EGFR and c-MET degradation assay. The endolysosomal degra-
dation assay was carried out using the same protocol as our previous
studies [14,15]. HCC cells in 6-well plate were washed with PBS two
times and serum-starved overnight in DMEM medium. Endocytosis of
EGFR and cMET were induced by treatment with 200 ng/mL of EGF,
100 ng/mL of HGF at 37 °C, respectively. Cells were collected at the
indicated time points after EGF or HGF stimulation, lysed and subject to
immunoblot analysis.

Immunofluorescence analysis. The immunofluorescence imaging
assay was carried out using the same protocol as our previous study
[14]. MHCC97L cells were plated on 18 mm x 18 mm glass slides in
6-well plate and washed with PBS twice before serum starvation for 12 h
in DMEM medium. Then, cells were treated with either HGF (100
ng/mL) or Tat-SP4 (40 pM) alone, as well as these two combined. Cells
were harvested at the indicated time points after each stimulation. Cells
were fixed with 4% paraformaldehyde and permeabilized with 1%
Triton X-100 in PBS. Cells were blocked with 1% BSA and 0.2% Triton
X-100 in PBS. Cells were then washed three times with PBS and incu-
bated with the primary antibodies and Alexa Fluor 555-conjugated
secondary antibodies. Slides were examined under a Leica invert
confocal microscope (TCS-SP8-MP system). Images were taken with 63x
oil immersion objective lens at room temperature and image acquisition
was performed by LAS X software (Leica).

Flow cytometry. The degree of cellular apoptosis and necrosis were
assessed by flow cytometry following the standard protocol provided by
the manufacturer [21]. Briefly, MHCC-97L cells after the indicated
peptide treatment were harvested by trypsin, labelled with Annexin V
and PI (Invitrogen), loaded to the flow cytometer system (BD Accuri C6),
and analyzed by BD Accuri C6 software. The cell populations could be
distinguished by the staining of Annexin V/PI. Typically, cellular pop-
ulation in the lower left quadrant represents live cells (Annexin V', PI7),
the lower right quadrant represents early apoptotic cells (Annexin V¥,
PI"), the upper right quadrant represents late apoptotic cells (Annexin
V™, PI'"), and the upper left quadrant represents necrotic cells (Annexin
V-, PI) [19].

Establishment of sorafenib-resistant MHCC97L-luc cells. The
sorafenib-resistant MHCC97L cell line was established in a previous
study [22]. The wild-type MHCC97L cells was first modified to stably
express the luciferase reporter gene (MHCC97L-luc). The
sorafenib-resistant cells were established by subjecting the wild-type
cells to continuous administration of gradually increasing concentra-
tions of sorafenib up to 10 pM. The same volume of dimethyl sulfoxide
(DMSO) was added to the cells as mock controls during establishment of
these resistant cells.

Statistical analyses. Results were presented as mean + SEM. Sta-
tistical significance was assessed by either two-tailed, unpaired Stu-
dent’s t-test or ordinary one-way ANOVA for multiple cohorts
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(GraphPad Software). P values < 0.05 were considered statistically
significant.

3. Results

3.1. The autophagy-inducing stapled peptide Tat-SP4 triggers significant
autophagic response in different HCC cell lines

HCC is an extremely heterogeneous disease involving numerous
oncogenic pathways [23]. To reflect such heterogeneity, we picked
three HCC cell lines including PLC/PRF/5, Hep3B and MHCC97L as they
differ in terms of important HCC markers including hepatitis virus B
(HBV), tumor suppressor p53 and proto-oncogene beta-catenin (f-cat).
We treated these cell lines with Tat-SP4 at increasing concentrations of
20, 30 and 40 pM as these dosages have been shown to be non-toxic to a
panel of cell lines in our previous studies [14,15,18]. We then tracked
two autophagy markers LC3 and p62 by western blots, as the increase of
lipidated LC3 (termed LC3-II in contrast to the unlipidated LC3-I) and
the decrease of p62 as an degraded autophagy receptor are reliable
readout for cellular autophagic activity [10-12].

Our results reveal that Tat-SP4 induced significant autophagic
response in all three HCC cell lines tested. In PLC/PRF/5 cells, the LC3-11
level increased ~2-3 fold after Tat-SP4 treatment at 40 pM while the
p62 level remained largely unchanged (Fig. 1B, E & 1F). Addition of the
autophagy inhibitor chloroquine (CQ) further potentiated the increase
in LC3-1I, thus confirming that Tat-SP4 induced autophagy instead of
blocking it (Fig. 1B, E & 1F). Similar changes were observed in Hep3B
and MHCC97L cells (Fig. 1C-F). Overall, Tat-SP4 induced significant
autophagic response in HCC cell lines regardless of their genetic
background.

3.2. Tat-SP4 exerts little effect on the fast endolysosomal degradation of
EGFR in HCC cell lines

Our previous studies showed that Tat-SP4 promoted endolysosomal
degradation of EGFR in multiple cancer cell lines including NSCLC cell
lines A549 and H1975 and breast cancer cell line SKBR3 [14,15]. To
assess whether Tat-SP4 has similar effect in HCC cell lines, we tracked
the level of EGFR after treatment by either the agonist EGF or Tat-SP4.
Our data shows that 200 ng EGF triggered fast agonist-induced endo-
lysosomal degradation of EGFR in PLC/PRF/5 cells, with the level of
EGFR decreased by >50% at 2 h after EGF treatment and then further
degraded by >80% after 4 h (Fig. 2A). However, treatment by Tat-SP4
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alone showed no such effect with the level of EGFR steady even 4 h
afterwards (Fig. 2A). Co-treatment by Tat-SP4 and EGF triggered fast
EGFR degradation as well, but the kinetic profile was largely the same as
stimulation by EGF alone (Fig. 2A). Similar effects were observed in
Hep3B and MHCC97L cells, with EGF stimulation alone triggering even
faster degradation of EGFR than in PLC/PRF/5 cells while Tat-SP4
showed no such effect (Fig. 2B and C). Immunofluorescence imaging
of endogenous EGFR in MHCC97L cells further confirmed Tat-SP4 alone
did not affect its abundance (Fig. 2D). In Summary, all three HCC cell
lines showed fast EGFR turnover that was not further promoted by
Tat-SP4 treatment.

3.3. Tat-SP4 significantly enhances endolysosomal degradation of c-MET
in HCC cells with c-MET over-expression

Intrigued by the finding that Tat-SP4 did not further promote the
endogenous turnover rate of EGFR in HCC cells, we wondered if this
outcome was specific for EGFR or applied to other cell surface receptors
that also undergo agonist-induced endocytosis followed by subsequent
endolysosomal degradation. Among the three HCC cells used in our
study, MHCC97L stands out as the unique one because it over-expresses
c-MET, a major growth factor receptor tyrosine kinase similar to EGFR
but is activated by HGF instead of EGF [16]. In fact, c-MET is a
proto-oncogene intimately involved in multiple cancer types and a
major drug target for anti-cancer drug discovery [16].

Our data shows that ¢c-MET in MHCC97L cells was detected as two
bands of ~170 and ~140 kDa that represented the full-length precursor
protein and the mature receptor respectively (Fig. 3A). Treatment by
HGF did not induce noticeable endolysosomal degradation of either c-
MET band in MHCCO7L cells (Fig. 3A and B). To the contrary, the total
amount of the 140-kDa mature c-MET and its phosphorylation level even
increased noticeably in response to HGF stimulation (Fig. 3A and B).
This profile is in distinct contrast to the fast turnover of EGFR we
observed in the same cells and highlight the difference between these
two receptors.

Tat-SP4 alone at 20 pM triggered prompt and significant degradation
of the 140-kDa mature c-MET, with ~30% degraded as soon as 30 min
after treatment (Fig. 3A and B). Furthermore, Tat-SP4 alone also
significantly reduced the phosphorylation level of the mature c-MET and
its downstream target Akt (Fig. 3A). Co-treatment by Tat-SP4 and HGF
led to c-MET degradation in the similar pattern as Tat-SP4 only (Fig. 3A
and B). These data suggest the intriguing possibility that Tat-SP4 trig-
gered rapid degradation of ¢c-MET and attenuated the HGF/c-MET

Tat-SP4 25 yM

..

Fig. 2. Tat-SP4 shows little effect on the fast endolysosomal degradation of EGFR in HCC cells. The EGFR level in PLC5 (A), Hep3B (B), and MHCC97L (C) cell
lysate was analyzed by Western blot at indicated time points after overnight serum-free starvation (—) and 200 ng/mL EGF treatment (+), Tat-SP4 (50, 40, 20 pM)
treatment, respectively. (D) Immunofluorescence imaging of EGFR in MHCC97L cells before (0 h) and after treatment with 25 pM Tat-SP4 at indicated time points
after overnight serum starvation. Cells were blocked and incubated with anti-mouse Alexa Fluor secondary antibodies.
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Fig. 3. Tat-SP4 significantly enhanced endolyso-
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signaling pathway.

The impact of Tat-SP4 on endolysosomal degradation of ¢-MET in
MHCCI7L cells was further validated by immunofluorescence imaging
studies. Our data show that after overnight starvation, c-MET was
distributed in two subcellular locations with the population of the
mature c-MET spread as a well-defined thin layer on the plasma mem-
brane and the precursor population enriched in Golgi in agreement with
previous studies (Fig. 3C) [24]. At 2 h after Tat-SP4 treatment, the
population of mature c-MET on the plasma membrane was significantly
reduced as shown by its weaker fluorescence intensity while the popu-
lation of precursor c-MET protein in Golgi was less unaffected (Fig. 3C
and D). This difference between the two populations of c-MET supports
our western blots results and agrees with previous studies because the
mature c-MET on the plasma membrane is believed to undergo active

»
=2

endolysosomal degradation than the immature c-MET in Golgi.

3.4. Tat-SP4 overrides adaptive resistance to sorafenib in c-MET"™ HCC
cells

We used the trypan blue exclusion assay to measure cell viability and
to evaluate the anti-proliferative potency of Tat-SP4 in different HCC
cells lines. For this study, we also included SNU-449, another HCC cell
line with ¢-MET over-expression. Our results show that for PLC/PRF/5
and Hep3B cells that are c-MET" with little to no expression of c-MET,
Tat-SP4 exerted minor anti-proliferative effect with IC50 of ~62.08 yM
and 51.58 uM respectively (Fig. 4A & B). However, for the c-MET" cell
lines MHCC97L and SUN449, Tat-SP4 showed much stronger anti-
proliferative effect with IC50 of ~34.17 pM and 19.05 pM respectively
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(Fig. 4C & D). In comparison, a control peptide Tat-SC4 with scrambled
sequence of Tat-SP4 showed no anti-proliferative effect (Fig. 4E).
Notably, the IC50 values for Tat-SP4 in ¢-MET" HCC cell lines are
comparable with those reported for sorafenib as they are all in the pM
range [25]. Thus, the c-MET expression level in HCC cells strongly in-
fluences their sensitivity to Tat-SP4 treatment (Fig. 4F).

We also assessed the impact of Tat-SP4 on adaptive resistance to
sorafenib in HCC cells. We made use of a previously published
MHCC97L-luc cell line that stably over-expresses the luciferase reporter
gene and has developed adaptive resistance to sorafenib after being
subject to continuous administration of gradually increasing concen-
trations of sorafenib [22]. While sorafenib inhibited the proliferation of
wild-type MHCC97L-luc cells with IC50 of ~10.84 pM, it inhibited the
sorafenib-resistant cells with significantly higher IC50 of ~13.43 M
(Fig. 4G). This IC50 difference of ~3 pM is statistically significant,
although slightly less than reported in the previous study (~3.6 pM for
wild-type vs. ~10 pM for resistant type) probably due to slight varia-
tions in the cell viability protocol [22]. Interestingly, Tat-SP4 inhibited

the proliferation of both wild-type and sorafenib-resistant MHCC97L-luc
cells with similar IC50 of ~38.83 and ~33.51 pM with the small vari-
ation not statistically significant (Fig. 4H & I). This is a very exciting
finding because it suggests that Tat-SP4 may override adaptive resis-
tance to sorafenib in c-MET' HCC cells.

3.5. Tat-SP4 triggers predominantly non-apoptotic cell death in c-MET*
HCC cells

Our previous study reported that Tat-SP4 induced necrotic cell death
but not apoptosis in HER2+ breast cancer cells to exert anti-proliferative
effect [15]. As HCC and breast cancer are etiologically distinct, we set
out to investigate the type of cell death triggered by Tat-SP4 in c-MET +
MHCCI7L cells. Flow cytometry experiments with annexin V and pro-
pidium iodide (PI) staining were used to differentiate between apoptotic
(annexin V positive and PI negative) versus necrotic cell death (positive
for both). Our results reveal that Tat-SP4 promptly induced
non-apoptotic cell death in dosage-dependent manner (Fig. 5A). Tat-SP4
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treatment at 20 pM didn’t induce significant cell death as the amount of
apoptotic and dead cells was similar to that of the control sample
without any treatment (Fig. 5A). After Tat-SP4 treatment at 40 uM, 8.5%
of MHCC97L cells underwent necrotic cell death at 2 h and this number
quadrupled to 32.1% at 4 h (Fig. 5A). This quick progress further sug-
gests that MHCC97L cells underwent non-apoptotic cell death as
apoptosis is known to proceed in an orderly and controlled manner over
longer time period [26]. In comparison, the level of apoptosis did rose
from 4.3% to 7.1%, but this change is only one tenth of the rise in
necrotic cell death (Fig. 5A).

To further investigate the involvement of apoptosis in Tat-SP4
induced cell death, we assessed the cleavage of PARP and caspase-3,
two signature events for apoptosis. Doxorubicin, a chemo drug known
to induce apoptosis, led to cleavage of both proteins in MHCC97L cells
while Tat-SP4 did not (Fig. 5B). Additionally, Z-VAD-FMK, an apoptosis
inhibitor, did not rescue cell death caused by Tat-SP4 (Fig. 5C). Thus,
Tat-SP4 induced non-apoptotic cell death in HCC cells similar to what
we reported in HER2+ breast cancer cells [15]. This mechanism is in
distinct contrast to the apoptosis induced by sorafenib in HCC cells [27].

4. Discussion

Growth factor signaling pathways mediated by receptor tyrosine
kinases like EGFR, VEGFR, FGFR, PDGFR and c-MET drive many
fundamental cellular processes such as proliferation, differentiation and
survival [28]. Abnormal activation of these kinases, often through gene
amplification and somatic mutations, has causal effect on multiple
human cancers including NSCLC, breast cancer and colorectal cancer
[28]. Consequently, these kinases have become the most extensively
explored targets for cancer drug discovery. Inhibitors of these kinases
such as TKIs and mAbs have achieved impressive clinical success with
gefitinib for NSCLC and trastuzumab for breast cancer as notable
examples.

However, this strategy only generated limited success for HCC.
Sorafenib was the first TKI approved for HCC and has been used as the
major first-line treatment since 2008 [4]. However, it only offered
modest survival benefit of about 3 months compared to placebo and

patients readily developed resistance in the course of treatment [4,29].
Lenvatinib showed similar clinical benefit as sorafenib and was
approved in 2018 on grounds of being non-inferior [5]. Regorafenib and
cabozantinib are newer TKIs approved as second-line treatments for
HCC patients who have progressed after sorafenib treatment, but they
only brought survival benefit of about 2 months as well [6,7].

¢-MET has remained an important drug target for HCC as its over-
expression and mutations have been found to correlate with poor
prognosis [16,30,31]. Unfortunately, TKIs and mAbs that inhibit c-MET
at either its intracellular kinase domain or its extracellular ligand
binding domain failed to show clinical benefits [16,30,31]. One possible
reason is the extensive crosstalk between c¢-MET and other oncogenic
signaling pathways such as those driven by EGFR, VEGFR and Wnt may
help to overcome the inhibitory effect exerted by TKIs and mAbs on the
kinase domain alone [16,30,31].

Here we present a novel approach to inhibit c-MET by targeting the
autophagy process. Our autophagy-inducing peptide Tat-SP4 triggered
significant autophagic response in multiple HCC cell lines regardless of
their genetic background. Tat-SP4 also promoted the endolysosomal
degradation of c-MET, which led to reduced phosphorylation of c-MET
and downstream targets like Akt to attenuate the HGF/c-MET signaling
pathway. Compared to TKIs like sorafenib, Tat-SP4 inhibits c-MET
through the unique mechanism of degrading the entire protein rather
than just inhibiting the kinase domain. Such degradation may be ad-
vantageous as it could also remove the crosstalk between c-MET and
other oncogenic receptors, thus leading to broader inhibitory effect on
the entire growth signaling network in HCC cells. Indeed, the anti-
proliferative efficacy of Tat-SP4, with ICs¢ values in the ~30-50 M
range, is comparable to other autophagy modulators such as CQ, thus
validating our targeting strategy [32].

Intriguingly, Tat-SP4 showed little effect on enhancing the endoly-
sosomal degradation of EGFR in HCC cells, although it did exert such
effect in NSCLC and breast cancer cells [14,15]. Beclin 1 has been re-
ported to associate with early endosomes and promote their maturation
and trafficking to lysosomes [33]. Thus Beclin 1, as well as our Beclin
1-targeting stapled peptides including Tat-SP4, may be particularly
effective in promoting the endolysosomal degradation of molecules that
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are captured in endosomes with slow maturation rate. One particular
feature we noted in HCC cells is the rapid turnover of endogenous EGFR,
which may leave little room for further enhancement by Tat-SP4.

Most excitingly, Tat-SP4 shows the potential in overriding adaptive
resistance to sorafenib in c-MET " HCC cells. Tat-SP4 exerted potent anti-
proliferative effect in ¢-MET * HCC cells with ICsq comparable to sor-
afenib. It also showed similar ICso values for both wild-type and
sorafenib-resistant c-MET ' HCC cells. Notably, over-expression of re-
ceptor tyrosine kinases including EGFR, FGFR, PDGFR and c-MET has
been shown to drive sorafenib resistances [22]. In this regard, Tat-SP4
can be particularly effective in terms of overriding sorafenib resistance
as our data shows that it can promote the endolysosomal degradation of
these kinases in bulk. It is possible HCC cells may eventually acquire
resistance to Beclin 1-targeting modalities like Tat-SP4 through possible
means of genetic alteration and metabolic reprogramming. But with its
distinct mechanism, Tat-SP4 may serve as a novel therapeutic agent that
complement and synergize with sorafenib to enhance its clinical
efficacy.
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