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Abstract: R428 (BGB324) is an anti-cancer drug candidate under clinical investigation. It inhibits the receptor tyro-
sine kinase Axl and induces apoptosis of many types of cancer cells, but the relationship between the two has not
been well established. We investigated the molecular mechanisms of the R428-induced apoptosis and found that
R428 induced extensive cytoplasmic vacuolization and caspase activation, independent of its inhibitory effects on
Axl. Further analyses revealed that R428 blocked lysosomal acidification and recycling, accumulated autophago-
somes and lysosomes, and induced cell apoptosis. Inhibition of autophagy by autophagy inhibitors or autophagic
gene-knockout alleviated the R428-induced vacuoles formation and cell apoptosis. Our study uncovered a novel
function and mechanism of R428 in addition to its ability to inhibit Axl. These data will help to better direct the ap-
plication of R428 as an anti-cancer reagent. It also adds new knowledge to understand the regulation of autophagy

and apoptosis.
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Introduction

Axl is one of the three members of the TAM
(Tyro3, Axl, and Mer) receptor tyrosine kinase
family and plays critical roles in regulating cell
survival, proliferation, adhesion, and migration
[1-3]. Overexpression or activation of Axl has
been linked to high invasiveness and metasta-
sis of many types of cancers [2]. It has also
been found to be a key player in the aquired
resistance of cancer cells to targeted therapies
[4]. For example, upregulation of Axl in cancer
cells has been found to be the second most
prevalent mechanism of resistance to EGFR
inhibitors in addition to the T90M mutation of
EGFR [5].

Because of its critical roles in cancer formation
and progression, Axl has been considered as a
promising target for cancer drug development.
Small molecule inhibitors of Axl therefore have
attracted increasing attentions. R428 (BGB-
324) is one of the highly potent and frequently
studied AxI inhibitors, which blocks Ax| auto-

phosphorylation on its C-terminal docking site,
Tyr821, at nanomolar concentrations [2, 3].
R428 is also the first Axl inhibitor to enter clini-
cal trials in 2014 due to its superiority in inhibit-
ing metastases of cancer cells in vitro and in
animal models. It is now in Phase /Il clinical tri-
als of TNBC, metastatic melanoma, and NSCLC
in combination with pembrolizumab, Dabra-
fenib/Trametinib, or erlotinib (ClinicalTrials.gov
Identifier: NCT03184571, NCT03184558, NCT-
02872259 and NCT02424617). The molecular
mechanisms of R428 in regulating cancer cell
growth and metastasis however have not been
thoroughly investigated. It has been reported
that R428 induced cancer cell apoptosis [6, 7],
but the role of Axl inhibition in the R428-induced
apoptosis has not been clear.

Autophagy is a catabolic process sensitive to
metabolic stress and is activated to remove
unnecessary or dysfunctional cellular compo-
nents, including organelles and proteins, medi-
ated by lysosomal hydrolases and subsequently
recycled to sustain cellular metabolism [8, 9].
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Autophagy consists of a series of events, start-
ing with an inclusion of unwanted cytoplasm
into an elongating phagophore to form a dou-
ble-membrane autophagosome, followed by
fusion with lysosomes to generate autolys-
osmes, in which protein digestion occurs. At
the end, lysosomal membrane components are
extruded from autolysosomes to become “pro-
to-lysosomes”, which eventually reform into
functional lysosomes by maturation (autopha-
gic lysosome reformation, ALR) [10-12]. In the
course of autophagy, lysosomal function is acti-
vated after autophagosome-lysosome fusion to
maintain a highly acidic lumen (pH 4.5-5.0) for
proteolysis [12]. The series events of autopha-
gy are highly regulated and dysregulation of
autophagy have been linked to cell apoptosis.
However, the roles of autophagy in apoptosis
regulation are complex. On one hand, autopha-
gy blocks induction of apoptosis by removing
damaged mitochondria, pro-apoptotic proteins,
and ROS in certain vulnerable cells. On the
other hand, autophagy or autophagy-related
proteins may facilitate apoptosis by activating
caspases or depleting endogenous apoptotic
inhibitors [13, 14]. The precise relationship
between autophagy and apoptosis is still an
active area of research.

In the present study, we investigated the molec-
ular mechanisms of R428 in inhibiting cancer
cell growth and found that R428 caused dila-
tion of lysosomes, blocked autophagic degra-
dation, and induced cell apoptosis, all of which
were independent of Axl inhibition. Our study
provided new information on understanding
the activities of R428 and the relationship
between autophagy and apoptosis, which will
help to better use R428 as an anti-cancer
agent.

Materials and methods
Cell line

Bel7404, SMMC7721, H4-LAMP1-GFP [15],
H4-GFP-LC3 [16], MEFs and MEFs (Atgb5-/-)
[17] were gifts from Prof. Junying Yuan
(Interdisciplinary Research Center on Biology
and Chemistry, Shanghai Institute of Organic
Chemistry, Shanghai, China). LM3 was a gift
from Prof. Hongyang Wang (Eastern Hepa-
tobiliary Surgery Institute, Shanghai, China). All
other cell lines were obtained from the American
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Type Culture Collection. The H1299, Bel7404,
H1650, 97H, Bel7402, MB231 and A549 cells
were cultured in RPMI1640 medium (Invitrogen)
with 10% FBS. The Hela, LM3, H4-LAMP1-GFP,
H4-GFP-LC3, MB453, PC9, H4, MEFs and MEFs
(Atgh-/-) cells were cultured in DMEM medium
(Invitrogen) with 10% FBS. The SW1116 cells
were cultured in MEM medium (Invitrogen) with
10% FBS.

Reagents

The sources of chemicals, antibodies and dyes
were as follows:

R428 (# A8329, APEXBIO), LDC1267 (# S7638,
Selleck), ZZVAD-FMK (# S7023, Selleck), SB-
203580 (# S1076, Selleck), chloroquine (CQ) (#
6628, Sigma-Aldrich). Spautin-1 (C43), pyrvin-
ium pamoate (PP) and bafilomycin (Baf A1)
were gifts from Prof. Junying Yuan (Shanghai
Institute of Organic Chemistry, Shanghai,
China).

o-Tubulin  (# SC-5286, Santa Cruz Biote-
chnology), PARP (# 556494, BD Pharmingen
Technical), B-actin (# P30002M, Abmart). The
following antibodies were purchased from Cell
Signaling Technology: phosphor-Axl (# 5724),
Axl (# 4566), cleaved PARP (# 9541), caspase-8
(# 9746), caspase-9 (# 9502), Bcl-2 (# 2876),
Bel-xl (# 2762), LC3B (# 3868), SQSTM1/p62
(# 8025), phospho-EGFR (# 3777), EGFR (#
4267). Recombinant Human Gas6 Protein (#
885-GSB, R&D).

Neutral Red (NR) (# 71028260, Sinopharm
Chemical Reagent Co., Ltd.), acridine orange
(Biosharp), Propidium iodide (Pl) (# P4170,
Sigma-Aldrich), Lyso-tracker Red (# C1046,
Beyotime).

Western blotting

Western blotting was performed as previously
described [18]. Immune complexes were incu-
bated with Immobilon Western Chemilumine-
scent HRP Substrate (Millipore) for 2-3 min, and
then photographed using Darkroom Eliminator
(C300, AZURE biosystems).

Cell staining and microscopy
Pl staining: Cells were plated in 1 ml medium

at 1x10° cells/well in 12-well plates one day
before use. After drug treatment, Pl (1 mg/ml in
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DMSO0) was added to the culture medium to a
final concentration of 1 pyg/ml and real time
images were captured at 2-hours intervals with
Leica Microsystems CMS GmbH, Ernst-Leitz-
Str. 17-37 (11525103) with rhodamine filter
settings.

NR or AO staining: Cells were plated in 500 ul
medium at 5x10* cells/well in 24-well plates
one day before use. After drug treatment, NR
(28 mg/ml in DMSO) was added to culture
medium to a final concentration of 28 ug/ml for
15 minutes and washed out with PBS. Phase-
contrast images were captured with Leica
DMI3000 B in 10 minutes. For AO staining, AO
(5 mg/ml in H,0) was added to culture medium
to a final concentration of 5 pg/ml for 15 min-
utes and then replaced with fresh medium for
imaging. Fluorescent images were captured
with Leica DMI3000 B with GFP filter settings
[19].

Immunofluorescence analysis: Immunofluore-
scence analysis was performed as previously
described [20]. For lyso-tracker red staining,
lyso-tracker red was added to culture medium
to a final concentration of 50 nM for 30 min-
utes at 37°C and then washed out with cold
PBS. After fixation with 4% paraformaldehyde
for 20 minutes at room temperature, the cell
nucleus was stained with 15 min-incubation of
2 ug/ml Hoechst.

RNAI and transfection

Axl siRNA (sc-29769) was purchased from
SANTA CRUZ biotechnology. SiRNAs were tran-
sected into cells using Lipofectamine 2000 or
3000 (Invitrogen).

Transmission electron microscopy

Bel7404 cells were plated in 10 cm-dishes
overnight and incubated with DMSO or R428
for 24 hours. Cell samples were fixed with fixing
solution provided by Prof. Jing Yi laboratory
(School of Medicine, Shanghai Jiaotong Uni-
versity, Shanghai, China) and collected by
scraping. All samples were sent to Prof. Jing Yi
laboratory for transmission electron imaging.

Real-time quantitative PCR assay

Cell lysates were collected after trizol incuba-
tion and total RNA was extracted for further
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experiments. The mRNA abundances of autoph-
agy-related genes were quantified by real-time
gPCR assay. The Real-time Quantitative PCR
Assay was performed as previously described
[21], and GAPDH was used as an endogenous
control. The sequences of primers are as fol-
lows: human MAP1LC3, forward: 5-AACATG-
AGCGAGTTGGTCAAG-3’, reverse: 5-GCTCGTA-
GATGTCCGCGAT-3’; human SQSTM1/p62, for-
ward: 5-GCACCCCAATGTGATCTGC-3’, reverse,
5-CGCTACACAAGTCGTAGTCTGG-3’; human GA-
PDH, forward, 5-ACCACAGTCCATGCCATCAC-3’,
reverse, 5’-TCCACCACCCTGTTGCTG-3’ [22]; hu-
man Gas6, forward, 5-TCTTCTCACACTGTGCTG-
TTGCG-3’, reverse, 5-GGTCAGGCAAGTTCTGAA-
CACAT-3’ [23].

Statistical analyses

Data were graphically represented as mean +
SD. Statistical analyses were performed by
Prism version 6.0 (GraphPad Prism Software).
All experiments were replicated at least 3
times.

Results

R428 induced apoptosis of cancer cells inde-
pendent of Axl inhibition

To understand the role of Axl inhibition in the
R428-induced cell death, we compared the
effects of R428 on cancer cell growth with that
of a different Axl inhibitor LDC1267 [24]. R428
inhibited growth of H1299, a human non-small
cell lung carcinoma cell line that had constitu-
tively activated Axl, in a dose-dependent man-
ner with an IC,, of approximately 4 UM, while
LDC1267 had no effects on the cell growth
even at 20 uM (Figure 1A). However, the effects
of the two compounds on the tyrosine phos-
phorylation of Axl was opposite of that on cell
growth. In R428 treatment, Axl phosphorylation
was inhibited but bounced back in 6 hours,
without inducing its ligand, Gas6 expression
(Figures 1B and S1A). Contrarily, LDC1267 was
a much more persistent inhibitor of Axl phos-
phorylation (Figure 1B). Furthermore, R428
induced PARP cleavage while LDC1267 did not
(Figure 1B).

The cell death inducing activity of R428 was
further investigated in a different cancer cell
line, the cervical cancer cell line Hela, that had
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Figure 1. The cell growth-inhibition and apoptosis induced by R428 were Axl-independent. A. H1299 cells were
cultured with the indicated concentrations of R428 or LDC1267 for 48 hours. Cell viability was evaluated by MTT
assay. **, P<0.01; ***, P<0.001; **** P<0.0001, Student’s T test. Error bars, mean + SD. B. H1299 cells were
treated with DMSO (NC, negative control), 2.5 uM R428, or 0.5 uM LDC1267 for indicated time periods. Total cell
lysates were processed for western blotting analysis using antibodies as indicated. C. Hela cells were treated with
DMSO (NC, negative control) or 2.5 uM R428 for indicated time periods. Total cell lysates were processed for west-
ern blotting analysis using antibodies as indicated. Casp 8, caspase-8. Casp 9, caspase-9. D. Hela cells were treated
with DMSO or 2.5 uM R428 in the presence or absence of 10 uM Z-VAD-FMK (ZVAD) for 72 hours. Cell viability was
evaluated by MTT assay. **, P<0.01, Student’s T test. Error bars, mean + SD. E. Hela cells were pretreated without
or with Axl silencing RNA (NC or Axl KD) for 24 hours, and then cultured with indicated concentrations of R428 for
another 36 hours. Total cell lysates were processed for western blotting analysis using antibodies as indicated. The
histogram below indicates the quantitation of the cleaved PARP on the western blot relative to the control normal-
ized by o-Tubulin.

normal Axl phosphorylation. R428 induced a
series of apoptotic events, including cas-
pase-8/9 activation, PARP cleavage, and up-
regulation of anti-apoptotic proteins Bcl-xl and
Bcl-2 in the Hela cells (Figure 1C). Z-VAD-FMK,
a pan-caspase and apoptosis inhibitor [25],
alleviated the R428-induced cell death (Figure
1D). These data suggested that there was no
correlation between the inhibition of Axl phos-
phorylation and apoptosis induction of R428.

To exclude the involvement of Axl in the R428-
induced apoptosis, we knocked down the AxI
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gene expression by siRNA and analyzed the
effects of R428 on the Axl-knock-down cells.
R428 induced PARP cleavage and cell death
similarly with or without the expression of Axl
(Figure 1E).

Taken together, these results suggested that
R428 induced cancer cell apoptosis not through
inhibiting Axl. There must be additional targets
that were responsible for the R428-induced
apoptosis. The data also suggested that inhibi-
tion of AxI might not be sufficient to block can-
cer cell growth.

Am J Cancer Res 2018;8(8):1466-1482
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Figure 2. R428 induced lysosomal vacuolization and increased lysosomes and autophagosomes independent of
Axl inhibition. A. LM3 cells were transfected with or without Axl silencing RNA (AxI KD) for 24 hours, and then were
cultured with or without 2.5 yM R428 for additional time periods as indicated (0-36 hr). Cells were stained with 1
ug/ml Propidium lodide (Pl) and the dead cells were stained red. Magnification: x200. The western blot on the right
illustrated the siRNA knock-down result. B. Bel7404 cells were treated with DMSO or 0.5 uM R428 for 24 hours, and
the vacuoles were examined by TEM analysis. The picture on the right is an enlargement of the section in a black
frame. Dark condensation marked by a red arrow was suspected to be the product undergoing degradation. C. H4-
LAMP1-GFP cells were treated with DMSO or 2.5 uM R428 for 24 hr and stained with 50 nM lysosome-tracker red.
2 ug/ml Hoechst was used to stain nucleus. Fixed samples were visualized by confocal microscopy. Magnification:
x600. Yellow arrows indicate the undyed vacuoles. D. H4-GFP-LC3 cells were treated with DMSO or 2.5 uM R428 for
24 hr, and then stained with 50 nM lysosome-tracker red for another 30 min. GFP-LC3 puncta and lysosomes were
visualized by a fluorescence microscope. Magnification: x400. BF, bright field. E. Representative TEM images of 0.5
UM R428-treated Bel7404 cells. The image on the top showed a cytoplasmic vacuole and an autophagosome. The
image below showed an autophagosome fusing with a vacuole. The scale bars in these diagrams represent 1 ym. F.
H4-GFP-LC3 cells were pretreated without or with Axl siRNA (NC or Axl siRNA) for 24 hours, and were then cultured
with indicated concentrations of R428 for additional 24 hours. Total cell lysates were processed for western blot-
ting using antibodies as indicated. G. RT-gPCR analysis of LC3 (MAP1LC3) and p62 (SQSTM1) mRNA expression in
H4-GFP-LC3 cells which were treated with or without indicated concentrations of R428 for 24 hr. *** P<0.001 and
**%%*P<0.001, Student’s T test. Error bars, mean + SD.

R428 induced vacuoles formation and au- transmission electron microscope (TEM) and
tophagy found that these vacuoles were bounded by a
single membrane and contained dense materi-
To understand the molecular mechanisms of als inside, similar to those in lysosomes [26],
the R428-induced apoptosis, we first examined suggesting that the vacuoles might be derived
the morphological changes of the dying cells. from lysosomes (Figure 2B).
We observed that R428 induced cytoplasmic
vacuoles within one hour after R428 treatment, To confirm the lysosomal origin of these vacu-
and the vacuoles increased in number and size oles, a human glioblastoma cell line H4-LAMP1-
with time (Figure 2A). Part of the cells stained GFP, which expresses the LAMP1-GFP fusion
positive with Propidium lodide at later stages of protein (lysosomal associated protein-GFP fu-
the treatment, indicating dead cells (Figure sion protein), was used to monitor the changes
2A). However, knocking down Axl with siRNA did of lysosomes during R428 treatment [15]. After
not cause vacuolization and cell death (Figure 24 hr R428 treatment, the LAMP1-GFP-labeled
2A), again suggesting that R428 induced vacu- lysosomes dilated into large vacuoles, demon-
olization and cell death not through inhibiting strating that these vacuoles were derived from
Axl. lysosomes (Figure 2C). In addition, most of the
LAMP1-GFP-labeled vacuoles were also stained
To understand the nature of the vacuoles, we positive with the lysosome-tracker, a fluores-
examined the ultrastructure of the vacuoles by cent lysosomal marker which stains the acidic

1471 Am J Cancer Res 2018;8(8):1466-1482
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Figure 3. R428 altered the lysosomal pH and blocked autophagic degradation. A. Bel7404 cells were treated with
DMSO or 1 uM R428 for 48 hr and then stained with neutral red (NR) or acridine orange (AO). NR accumulated in
acidic vacuoles within 10 min (left panel). AO stained the cytoplasm and nucleus green and the acidic vacuoles
orange-red [27, 46]. The arrows point to the vacuoles. Percentage of the stained to the total vacuoles was calcu-
lated by ImageJ and plotted on the right of the picture. **P<0.005, Student’s T test. Error bars, mean + SD. PhC,
phase-contrast. BF, bright field. FL, fluorescent light. Magnification: X100 (NR) or x200 (AO). B. A549 cells were
treated with chloroquine (CQ) or bafilomycin A1 (Baf A1) with R428 or SB203580 for 24 hr. Phase-contrast images
were taken at the magnification of 200x%. C. H4-GFP-LC3 cells were lysed after culturing with R428 or rapamycin
for indicated time periods, and the protein levels of LC3, p62 were detected by western blotting using antibodies
as indicated. Anti-GAPDH antibody was used as a control. D. H4-GFP-LC3 cells were treated with DMSO, R428 (2.5
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UM), or rapamycin (2 uyM) for 24 hr, then stained with 50 nM lysosome-tracker red for another 30 min. Fixed samples
were analyzed by confocal microscopy. 2 ug/ml Hoechst was used to stain nucleus. Percentage of the colocalized
puncta to the total GFP-LC3 puncta was calculated from 3 independent samples by ImageJ and plotted below the
picture. **P<0.005. ns, no significance. Student’s T test. Error bars, mean + SD. Bar, 10 ym.

lysosomes and late endosomes [27]. The larger
vacuoles, however, were lysosome-tracker-neg-
ative (Figures 2C and S2A), suggesting that the
larger vacuoles might have different internal pH
than that of the small ones and the normal lyso-
somes/late endosomes.

The number of the lyso-tracker-positive signals,
indicating lysosomes and/or late endosomes,
was also increased in the R428-treated cells
(Figures 2D and S2B). In addition, we observed
increased number of small double membrane-
bounded vacuoles, resembling autophago-
somes, in the R428-treated cells under TEM
(Figure 2E), suggesting that R428 also induced
autophagy.

To determine whether R428 affected autopha-
gy, we treated a GFP-LC3-expressing human
glioblastoma cell line H4-GFP-LC3 with R428
[16]. R428 significantly increased the number
of autophagosomes as indicated by the aggre-
gation of the GFP-LC3 (Figures 2D and S2B),
which specifically localized to the membrane of
autophagosomes [16, 28]. This result was fur-
ther confirmed by western blotting analyses.
R428 increased LC3-Il level in a dose and
time-dependent manner (Figures 2F and 3C).
Furthermore, the expressions of two autopha-
gy-related genes, MAP1LC3 and p62/SQSTM1,
were also increased by R428 treatment (Figure
2G). As a control, rapamycin, a known autopha-
gic inducer [29, 30], only increased the number
of autophagosomes and lysosomes, but not
the large vacuoles (Figure S2B).

Like the R428-induced cell death and vacuoles
formation, the autophagosome accumulation
caused by R428 was again independent of Axl,
because knocking down Axl by siRNA had no
effects on the LC3-Il induction by R428 (Figure
2F).

Taken together, these data suggested that lyso-
somes might be another target of R428. R428
might disturb the lysosome function and induce
autophagy, leading to accumulation and fusion
of autophagosomes and lysosomes to form the
vacuoles, all of which were independent of Axl.
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R428 altered the pH of lysosomes and blocked
autophagic degradation

Above data suggested that the R428-induced
vacuoles were derived from lysosomes or late
endosomes. However, the failure of the larger
vacuoles to be stained by the lyso-tracker red
suggested that the pH inside of the larger vacu-
oles might not be as acidic as that of the lyso-
somes (Figures 2C and S2A), because the lyso-
tracker red usually accumulates in low-pH
organelles (pH 5) [31]. We then stained the
R428-treated cells with two dyes of acidic
organelles, the neutral red (NR) or the acridine
orange (AO), both of which become protonated
and appeared red in acidic environments, but
the pH requirements are different. NR becomes
red in weak pH while AO becomes red only in
strong acidic (lower pH) organelles [27]. As
shown in Figure 3A, NR became red in almost
all the vacuoles while AO became red only in
about 50% of them (Figure 3A), suggesting that
the vacuoles were acidic but varied in their
internal pH. Some of the protonated AO-negative
vacuoles might have altered their internal pH
that could no longer trapped enough protonat-
ed AO molecules but still were acidic enough to
keep NR protonated. However, the low pH of
lysosomes appeared necessary for R428 to
induce vacuolization since concomitant treat-
ment of the cells with R428 and bafilomycin
(Baf A1) or chloroquine (CQ), two lysosomal
lumen alkalizers [32, 33], alleviated the vacuol-
ization induced by R428, which is consistent
with SB203580, a molecule previously report-
ed to induce acidic vacuoles formation (Figure
3B) [19]. These data suggested that R428
interacted with lysosomes, altered their inter-
nal pH, and enlarged them.

It's well-known that the highly acidic condition
(pH 4.5-5.0) is strictly maintained by lysosome
to execute protein degradation through internal
hydrolases [12]. To investigate whether the alt-
ered pH of lysosomes by R428 inhibited autoph-
agic degradation, we analyzed the level chang-
es of LC3-Il, an indicator of autophagy initia-
tion, and p62, a chaperone known to be de-
graded in autolysosomes at the later stages of
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autophagy [34, 35]. R428 treatment increased
the level of LC3-ll, indicating the induction of
autophagy initiation, but did not decrease the
level of p62, suggesting a blockage of autopha-
gic degradation (Figure 3C), in accordance with
SB203580 (Figure S2C). As a control, the auto-
phagy inducer rapamycin induced both LC3-II
accumulation and p62 degradation (Figure 3C).
A high fraction of the rapamycin-induced GFP-
LC3 positive organelles were also stained by
the lyso-tracker (Figure 3D), indicating the for-
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Figure 4. The R428-induced vacuolization correlated
with its autophagy induction. (A) Different cancer cell
lines were treated with DMSO or 2.5 uM R428 for 24 hr
and phase-contrast images were taken at the magnifi-
cation of 200x. (B) The cell lysates in (A) were analyzed
by western blotting using anti-LC3 or anti-GAPDH anti-
bodies. (C) Quantitation of the relative levels of LC3-I/1
normalized by GAPDH in (B).

mation of autolysosomes [36]. However, there
was few double-positive autolysosomes in the
R428-treated cells (Figures 3D and S2D), con-
firming that R428 inhibited the formation of
normal autolysosomes and therefore blocked
the autophagic degradation.

Thus, these results demonstrated that R428
interfered with lysosomal acidification, altered
lysosomal function, and blocked autophagic
degradation.

Am J Cancer Res 2018;8(8):1466-1482
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Figure 5. Inhibition of autophagic flux alleviated R428-induced vacuolization and growth inhibition as well as apop-
tosis. A. Bel7404 cells were incubated with R428 with or without 10 uM C43 for 48 hr. Phase-contrast images were
taken at the magnification of 200x. B. Bel7404 cells were incubated with R428 with or without 10 yM C43 for 48 hr.
The cell lysates were analyzed by western blot using anti-LC3. Anti-GAPDH was used as a control. C. Bel7404 cells
were incubated with R428 with or without concomitant 10 uM C43 for 72 hr. Cell viability was evaluated by MTT as-
say. *, P<0.5; **, P<0.01; ***, P<0.001. Student’s T test. Error bars, mean + SD. D. MEFs or MEFs (Atgb-/-) cells
were treated with indicated concentration of R428 for indicated time. The cell lysates were analyzed by western
blot using anti-LC3 and anti-a-tubulin. E. MEFs or MEFs (Atg5-/-) cells were treated with indicated concentration of
R428 for 24 hr. Phase-contrast images were taken at the magnification of 200x. F. MEFs or MEFs (Atg5-/-) cells
were treated with indicated concentration of R428 for indicated time. Cell viabilities were monitored by xCELLigence
system in real time (left panel) or clone formation assay with crystal violet staining after 72hr-R428 treatment
(right panel). Black lines in left panel marked the start point of drug administration. G. MEFs or MEFs (Atg5-/-) cells
were treated with indicated concentration of R428 for 36 hr. The cell lysates were analyzed by western blot using
anti-cleaved PARP and anti-a-tubulin. The histogram on the right calculated the relative levels of the cleaved PARP

normalized by a-tubulin.

The R428-induced vacuolization correlated
with its autophagy induction

As described above, the R428-induced lyso-
somal vacuolization caused autophagy initia-
tion while blocked its progression. To clarify the
relationship between vacuoles formation and
autophagy, we compared the degree of autoph-
agy initiation (increased LC3-1l/I level) and vac-
uolization in different types of cancer cells and
found a good correlation between the two
(Figure 4). These results suggested that the
R428-induced autophagy initiation might play
an important role in vacuoles formation.

Inhibition of autophagy initiation alleviated the
R428-induced vacuolization and growth inhibi-
tion

Above data revealed a correlation between
autophagy initiation and vacuolization. To un-
derstand the causal relationship between the
R428-induced autophagy initiation and vacuol-
ization, we blocked the initiation of autophagy
with spautin-1 (C43) and pyrvinium pamoate
(PP), two autophagy inhibitors that affect early
steps of autophagy [37, 38], and examined
their effects on the R428-induced vacuoles for-
mation. As shown in Figures 5A and S3, both
inhibitors significantly reduced the numbers of
the R428-induced vacuoles, as well as the LC3-
Il level (Figures 5A, 5B and S3), demonstrating
that inhibition of autophagy initiation alleviated
the R428-induced vacuoles formation and that
R428 acted after the formation of autophago-
somes. C43 also alleviated the R428-induced
cell death (Figure 5C), suggesting that the in-
duction of autophagy contributed to the R428-
induced cell death.

To further understand the role of autophagy in
the R428-induced apoptosis, we examined the
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effects of Atgb-knockout, which affects the sta-
bility of the LC3 system and blocks autophagy
[39], on the R428-induced apoptosis using the
Atgb-knockout MEF cells [17]. Consistent with
the results of C43, Atgh-knockout significantly
reduced the R428-induced vacuoles formation
as well as apoptosis (Figure 5D-G).

Taken together, these data suggested that it
was the combination of a blockage of autopha-
gic degradation and an induction of autophagy
by R428 that caused the continuous fusion of
autolysosome to form large vacuoles, which
sent a death signal to the cells to induce
apoptosis.

Discussion

R428 is an Axl inhibitor and a promising anti-
cancer drug candidate, but its molecular mech-
anisms of inhibiting cancer cell growth, particu-
larly the roles of inhibiting Axl, have not been
well understood. In this study, we discovered a
new activity and mechanism of R428 that in-
duced apoptosis of cancer cells independent of
Axl inhibition. We present evidences to suggest
that lysosome was another target of R428. A
protonation and accumulation of R428 in lyso-
somes altered lysosomal acidification, inhibited
protein degradation, and blocked lysosome
recycling, resulting in lysosomal deformation
(vacuolization) and apoptotic cell death, all of
which were independent of Axl inhibition.

Our data demonstrated that R428 was a potent
but transient Axl inhibitor in cells. It inhibited
the phosphorylation of Axl immediately after
addition to the cells, but the phosphorylation of
Axl bounced back shortly after the treatment
and increased even higher 24 hours later
(Figures 1B and S1B). The mechanisms of this
change in phosphorylation were not clear. We
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analyzed the mRNA expression of the
Axl ligand Gas6 after R428 treatment
but found no change in the Gas6
expression (Figure S1A). We however
found that the expression of Axl pro-
tein was increased 24 hours after
R428 treatment (Figures 1B and 2F).
It is possible that the increased Axl
protein stimulated transphosphoryla-
tion of itself. On the contrary, another
Axl inhibitor LDC1267 suppressed the
phosphorylation of Axl effectively for
more than 24 hours (Figure 1B), sug-
gesting that the R428-induced later
increase in Axl phosphorylation was a
specific response of the cells to other
targets of R428, possibly lysosomal
dysfunction, induction of autophagy,
or apoptosis.

R428 is an amine-containing lipophilic
compound. Several compounds with
similar structural properties of R428
have also been reported to induce
cytoplasmic vacuolization (Table 1).
All of them are rich in tertiary amine or
secondary amine groups thus present-
ing alkalescence (Table 1). These
weakly basic molecules are lysosomo-
tropic and accumulate extensively in
the acidic organelles through ion trap-
ping [40, 41]. In addition to R428, we
tested another weak basic lipophilic
drug SB203580, a specific inhibitor of
p38 MAPK, and found that it induced
vacuolization in a similar way as that
of R428 (Figure 3B). It is therefore
possible that R428 was also trapped
in the lysosomes so that it could no
longer interact with Axl to maintain its
continuous inhibition, which is in line
with the observation that the Axl phos-
phorylation was only transiently inhib-
ited by R428 (Figure 1B). In this
regard, the lysosomotrophic property
of R428 may weaken it as an inhibitor
of Axl and its use as a clinic drug
against cancer metastasis.

Axl has also been reported to play a
role in regulating autophagy but its
roles were different in different cir-
cumstances. Activation of Axl stimu-
lated autophagy and prevented proin-

Am J Cancer Res 2018;8(8):1466-1482



R428 induces cancer cell apoptosis by blocking lysosomal acidification

Metoclopramide oy g

N

-

NH

Nicotine

N
™
Chloroquine T
‘ =
" /\\/lj
Diphenhydramine RN
Propranolol
Lidocaine K‘H s
\/AJ\‘

[33]

(33]

(33]

(33]

(33]

[49]

autophagy initiation was independent
of Axl (Figure 2F).

The direct effect of R428 on cells was
the induction of large single mem-
brane-bounded vacuoles. The lyso-
somal origin of the vacuoles was sup-
ported by several lines of evidences.
First, the lysosomal-associated pro-
tein-GFP fusion protein, Lampl-GFP
was found to be present in both lyso-
somes and the vacuoles, suggesting
that the two shared the same origin.
Second, the TEM analyses identified
similar dense materials inside the vac-
uoles as those in lysosomes. Third,
the differential staining of the vacu-
oles with the three chromogenic acidic
tracers, NR, AO, or lyso-tracker, con-
firmed the lysosome-like acidic nature
of the vacuoles (Figures 2C, 3A and
S2A). Furthermore, neutralization of
the lysosomal pH with two lysosomal
lumen alkalizers, Baf A1 or CQ, com-
pletely abolished the R428-induced
vacuoles formation (Figure 3B), fur-
ther supporting that the lysosome was
the target of R428. It is likely that the
neutralization of lysosomes by Baf Al
or CQ changed their pH and prevented
the protonation and accumulation of
R428 in the lysosomes and conse-
quently the concomitant lysosomal
dilation.

We also observed increased number
of autophagosomes and lysosomes
(Figures 2D and S2B), indicating an
induction of autophagy. Indeed, the

flammatory cytokine secretion in macrophages
to reduce liver injury [42], whereas downregula-
tion of Axl expression was reported to induce
autophagy and apoptosis in certain cancer
cells [43, 44]. R428 induced autophagy initia-
tion as well as a later activation of Ax| (Figures
1B and 3C). Because the R428-induced Axl
activation occurred much later (more than 6
hours) than the induction of autophagy initia-
tion (less than 1 hour), it is unlikely that the
R428-induced autophagy initiation was a con-
sequence of Axl activation. Our Axl knock-down
experiments confirmed that the R428-induced
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transcriptions of the autophagy-relat-
ed genes were stimulated by R428
(Figure 2G), suggesting that a feedback signal
was induced by the disruption of autophagic
protein degradation in the lysosomes. Consis-
tent with our data, other lysosomal inhibitors,
such as Baf A1 and ConA, were reported to trig-
ger autophagy initiation via inhibiting the nega-
tive regulator of autophagy mTORC1 (mTOR
complex 1) [46]. Inhibition of autophagy with
autophagy inhibitors, C43, PP, CQ, or Baf A1,
blocked the R428-induced vacuoles formation
as well as apoptosis, supporting that autopha-
gy is required for the vacuoles formation and
apoptosis.
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Figure 6. A schematic model of R428 action. Left: The normal lysosomal degradation involves packaging of au-
tophagic substrates (eg. dysfunctional organelles and proteins) and membrane receptors (eg. EGFR, Figure S4) into
autophagosomes and early endosomes and then a fusion with lysosomes to form autolysosomes and late endo-
somes (multivesicular bodies, MVBs) to degrade the contents by lysosomal hydrolases, followed by recycling back
to lysosomes via lysosomal acidification and maturation. Right: Upon R428 treatment, the unprotonated R428s (R)
diffuse into the acidic organelles becoming protonated (RH+) and are trapped there, which increases osmotic pres-
sure to enlarge the lysosomes and the other acidic organelles, including endosomes and autolysosomes. They are
rapidly alkalified by R428 and subsequently deprived of protein degradation ability because of high pH. Alteration
of lysosome function causes lysosome deformation and vacuoles formation, which in turn sends signals to induce
autophagy leading to more vacuoles formation. The excessive vacuoles eventually induce apoptosis of the cells.

Itis not entirely clear what the molecular events
linking the R428-induced vacuoles formation
and apoptosis are. Our data suggested that the
blockage of lysosome function might play a key
role. Studies on the two lysosomal lumen alka-
lizers, Baf A1 or CQ-induced apoptosis have
identified mitochondria as the mediator of the
caspase activation and apoptosis [32, 45].
Thus, it is plausible that R428 may act in a si-
milar fashion since all of them alkalify acidic
organelles and disable lysosomes.

In summary, our data suggests a model to illus-
trate the mechanisms of R428 in inducing vac-
uoles formation and apoptosis (Figure 6). Th-
ese data uncovered new targets and activities
of R428, which would help to better understand
and further develop R428 into a more effective
and less toxic anti-cancer agent. It also added
new knowledge on the understanding of the
regulation of autophagy and apoptosis.
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Figure S1. Effects of R428 on Gas6 mRNA expression and Gas6-stimulated Axl activation. A. RT-gPCR analysis of
Gas6 mRNA expression in H1299 cells which were cultured with or without 2.5 yM R428 for indicated time periods.
Error bars, mean + SD. B. Hela cells were cultured with DMSO, 2.5 uM R428, or 0.5 yM LDC1267 for indicated time

periods and then stimulated with 200 ng/ml Gas6 for 15 min. Total cell lysates were processed for western blotting
analyses using antibodies as indicated.
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Figure S2. R428 altered lysosomal acidification and inhibited autolysosomes formation. A. Bel7404 cells were
cultured with DMSO or 2.5 yM R428 for 24 hr and stained with lysosome-tracker red. Arrows point to the enlarged
vacuoles. B. H4-GFP-LC3 cells were treated with DMSO, 0.5 yM R428, or 2 yM rapamycin for 24 hr, and then
stained with lysosome-tracker red. Formation of GFP-LC3 puncta and lysosomes were visualized by fluorescence
microscopy. Yellow arrows point to the enlarged vacuoles. Magnification: x200. C. H4-GFP-LC3 cells were lysed after
treatment with SB203580 or R428 for 24 hr. The cell lysates were analyzed by western blotting using antibodies
as indicated. Anti-GAPDH antibody was used as a loading control. D. H4-GFP-LC3 cells were cultured with DMSO,
2.5 uM R428 or 2 uM rapamycin for 24 hr, then stained with lysosome-tracker. Fixed samples were visualized by
confocal microscopy. 2 yg/ml Hoechst dye was used to stain nucleus.
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Figure S3. The R428-induced vacuoles formation were alleviated by autophagy inhibitors. A. H4-GFP-LC3 cells were
cultured with C43 or PP with or without rapamycin for 6 hr. The whole cell lysates were analyzed by western blotting
using anti-LC3 and anti-a-tubulin. B. Bel7404 cells were cultured with R428 with or without PP for 48 hr. Phase-
contrast images were taken at the magnification of 200x.
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Figure S4. R428 inhibited endocytosis of EGFR. H4-GFP-LC3 cells were cultured under serum starvation condition
overnight to recruit all the EGF receptors to plasma membrane. 100 ng/ml EGF was added for 10 min at 37 °C. The
cells were then cultured in DMEM with or without 2.5 uM R428 for indicated time periods and the whole cell lysates
were analyzed by western blotting using anti-EGFR, anti-pEGFR, or anti-a-tubulin antibody.



