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Induction of entosis in prostate cancer cells by
nintedanib and its therapeutic implications
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Abstract. Entosis is a homogeneous cell-in-cell phenom-
enon and a non-apoptotic cell death process. Tyrosine kinase
inhibitors have been used in the treatment of prostate cancer
and have already demonstrated efficacy in a clinical setting.
The present study investigated the role of entosis in prostate
cancer treated with the tyrosine kinase inhibitor nintedanib.
Prostate cancer cells were treated with nintedanib in vitro
and entosis was observed. Mice xenografts were created
to evaluate whether nintedanib is able to induce entosis
in vivo. The reverse transcription-quantitative polymerase
chain reaction, western blotting and immunofluorescence
were performed to investigate whether the entosis pathway
is induced by nintedanib. It was also investigated whether
entosis can contribute to cell survival and progression under
nintedanib stress, and nintedanib was revealed to enhance
prostate cancer cell entosis. Nintedanib-induced entosis in
prostate cancer cells occurred through phosphoinositide
3-kinase/cell division cycle 42 (CDC42) inhibition, followed
by the upregulation of epithelial (E-)cadherin and compo-
nents of the Rho kinase (ROCK) signaling pathway. In
addition, nintedanib-resistant cells exhibiting entosis had a
higher invasive ability. In addition, in vivo treatment of mice
xenografts with nintedanib also increased the expression of
E-cadherin and components of the ROCK signaling pathway.
Nintedanib can promote entosis during prostate cancer
treatment by modulating the CDC42 pathway. Furthermore,
prostate cancer cells acquired nintedanib resistance and
survived by activating entosis.
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Introduction

In the USA, prostate cancer (Pca) was the second leading
cause of cancer-associated mortality in men with 26,120
succumbing in 2015 (1). Specifically, patients with metastatic
castrate-resistant Pca exhibit poor prognosis, with a median
overall survival time of ~14 months (2). The majority of
available therapies focus on controlling disease progression,
including targeted therapy. Targeted therapies are drugs
that are designed to target and inhibit cancer growth by
interfering with specific molecular signaling pathways (3).
Tyrosine kinase (TK) is an enzyme that transfers y-phosphate
groups from ATP to the hydroxy group of tyrosine residues
on signal transduction molecules (4). Strict regulation of
TK activity controls fundamental cell processes, such as
the cell cycle, proliferation, differentiation, motility and
cell survival (5). A previous study indicated that TKs are
involved in prostate tumorigenesis and progression through
the activation of receptor and non-receptor TKs (6). The
fibroblast growth factor (FGF) axis is required for normal
prostate development; however, it becomes aberrantly
activated in Pca (7). The FGF receptor (FGFR) activates a
downstream pathway cascade, including phosphoinositide
3-kinase (PI3K)/cell division cycle 42 (CDC42) (8). CDC42
is a member of the Rho GTPase protein family that serves
a key role in local actin organization through a number of
kinase and non-kinase effector proteins (9). CDC42 activity
is regulated by the cell cycle and controls certain mitotic
processes, including kinetochore attachment and chromo-
some segregation (9). A recent study indicated that CDC42 is
involved in the cell entosis process, and knockout of CDC42
expression induces entosis in breast cancer and promotes
cancer progression (10). Known as cell cannibalism, entosis
is described as the ingestion of live cells, resulting in the
unusual appearance of whole cells contained within large
vacuoles, or so-called ‘cell-in-cell’ structures (11). Entosis
is frequently identified in human malignancies, which are
associated with oncogenesis and tumor progression, such
as breast cancer (10). It has been reported previously that
entosis is particularly frequent in high-grade aggressive
breast cancers with poor prognosis (10). In addition, enosis
has also been identified in castration-resistant Pca and is
therefore associated with a poor prognosis (12). Through
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entosis, winner tumor cells (engulfing cells) engulf and kill
loser cells (engulfed cells), and benefit from their death,
which is a mechanism whereby cells survive under stress
and become more tumorigenic (10). Multiple molecules
and pathways are involved in the entosis process, including
epithelial (E-)cadherin and the RhoA/Rho kinase (ROCK)
signaling pathway (13). RhoA is a member of the Ras super-
family of small GTP-binding proteins, whereas ROCKs are
downstream target proteins of RhoA (13). RhoA activity
and ROCK1/2 were accumulated in internalizing cells by
contributing to myosin contraction (14).

Nintedanib, is a TK inhibitor (TKI) that can inhibit
FGFRI1-3, vascular endothelial growth factor (VEGFR)I1-3,
platelet-derived growth factor receptor (PDGFR)a/f, Src, Lck
and Lyn, and a Phase II clinical trial has exhibited antitumor
effects in patients with castration-resistant Pca (15). In another
trial, the combination of nintedanib, docetaxel and prednisone
led to a decrease from the baseline in prostate-specific antigen
(PSA) levels and induced a partial response (16). However, in
these two trials, certain patients did not respond to nintedanib,
and certain tumors developed resistance and then became
more aggressive, despite initially responding to nintedanib
treatment.

In the present study, we hypothesized resistance would
develop during the treatment of TKI nintedanib in Pca cells,
and entosis may contribute this process. Therefore, the present
study investigated the mechanism of resistance and the
potential involved pathways.

Materials and methods

Cell culture. The Pca cell lines 22RV1 (CRL-2505), LNCaP
(CRL-1740), DU145 (HTB-81) and PC3 (CRL-1435) and
293 cells were purchased from the American Type Culture
Collection (Manassas, VA, USA) and were maintained in
RPMI-1640 medium (Invitrogen; Thermo Fisher Scientific,Inc.,
Waltham, MA, USA) or Dulbecco's modified Eagle's medium
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) that
were supplemented with 10% fetal bovine serum (Invitrogen;
Thermo Fisher Scientific, Inc.) at 37°C in a humidified atmo-
sphere with 5% CO,. All drugs were purchased from Selleck
Chemicals (Houston, TX, USA), and Pca cells were treated at
the following concentrations: Nintedanib (3 uM for 4 weeks
to develop resistance), PI3K inhibitor buparlisib (1.5 pM
for 4 weeks) (17), protein kinase B (Akt) inhibitor MK2206
(10 uM for 4 weeks) (18), extracellular-signal-regulated kinase
(ERK)1/2 inhibitor SCH772984 (3 uM for 4 weeks) (19),
CDC42 inhibitor ML141 (2 uM for 4 weeks) (20), or ROCK1/2
inhibitor Y-27632 (10 uM for 1 week) (21). For drug treat-
ment experiments, all the cells were seeded at a density of
1x10° cells/well in 6-well culture plates in the corresponding
medium. Following 24 h of incubation at 37°C for attachment,
the cells were treated with drugs.

Cellviability assay and drug half-maximal inhibitory concen-
tration (ICs,) determination. Pca cells were seeded in 96-well
plates (5,000 cells/well) and allowed to attach overnight at
37°C. Cells were treated with drugs for 72 h at 37°C. Cell
viability was subsequently determined using a WST-1 assay
(Roche Diagnostics, Basel, Switzerland), according to the
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manufacturer's protocol. Absorbance was determined using a
Multimode Plate Reader at 440 and 690 nm (using 690 nm to
remove background).

Immunofluorescence.22RV1 and DU145 cells were seeded on
coverslips and then cultured with 3 #M nintedanib until they
developed resistance (4 weeks). For the detection of RhoA,
22RV1 and DU145 cells were fixed with 4% formaldehyde for
10 min and blocked for 20 min in PBS containing 1% (w/v)
BSA-0.1% (v/v) Triton X-100 at room temperature. A primary
antibody (mouse monoclonal anti-RhoA; cat. no. sc-166399;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) was diluted
1:200 and incubated at 4°C overnight. Subsequently, the cells
were incubated for 1 h with a rabbit anti-mouse immuno-
globulin G (IgG) FITC antibody (4 ug/ml; cat. no. sc-358916;
Santa Cruz Biotechnology, Inc.) at room temperature and then
mounted in antifade mounting medium with DAPI. Images
were acquired using a fluorescence microscope at x400
magnification (Olympus Corporation, Tokyo, Japan).

Western blotting. Pca cell pellets were lysed using radio-
immunoprecipitation buffer with a proteinase inhibitor
(cat. no. sc-24948; Santa Cruz Biotechnology, Inc.). The
samples were diluted to same quantities (20 xg) by the BCA
assays and then loaded. Protein samples were separated by
SDS-PAGE on 10% gels, and then transferred onto polyvinyl
difluoride membranes (EMD Millipore, Billerica, MA, USA).
The membranes were blocked with 5% non-fat milk at room
temperature for 1 h, and then incubated with primary antibody
(1:3,000) overnight at 4°C. Subsequently, the membrane was
incubated with anti-Rabbit IgG (cat. no. ab205718; Abcam),
or anti-mouse IgG (ab131368; Abcam). The proteins on
the blot were detected using the Western Bright Enhanced
Chemiluminescence western blotting detection kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Equal sample loading
was verified by the detection of GAPDH. The primary anti-
bodies were as follows: Mouse monoclonal anti--catenin
(cat.no.sc-7963; Santa Cruz Biotechnology, Inc.), mouse mono-
clonal anti-CDC42 (cat.no. sc-8401; Santa Cruz Biotechnology,
Inc.), rabbit monoclonal anti-cyclin D1 (cat. no. 2978; Cell
signaling Technology, Inc., Danvers, MA, USA), mouse mono-
clonal anti-Akt (cat. no. sc-377556; Santa Cruz Biotechnology,
Inc.), mouse monoclonal anti-phospho-Akt (cat. no. sc-271966;
Santa Cruz Biotechnology, Inc.), rabbit monoclonal
anti-ROCK1 (cat. no. ab45171; Abcam), rabbit mono-
clonal anti-ROCK2 (cat. no. ab125025; Abcam), mouse
monoclonal anti-ERK1/2 (cat. no. sc-514302; Santa Cruz
Biotechnology, Inc.), mouse monoclonal anti-phospho-ERK1/2
(cat. no. sc-81492, Santa Cruz Biotechnology, Inc.), rabbit
monoclonal anti-E-cadherin (cat. no. EPR699; Abcam) and
mouse monoclonal anti-GAPDH (cat. no. sc-47724; Santa
Cruz Biotechnology, Inc.).

Shortinterfering RNA (siRNA) transfection.22RV1 and DU145
cells were seeded at a density of 1x10° cells per well in 12-well
culture plates, then transfected with anti-CDC42 siRNA or a
scrambled probe (cat. no. sc-37007; Santa Cruz Biotechnology,
Inc.) at a final concentration of 40 nM using Lipofectamine™
2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to
the manufacturer's protocol. The transfection efficiency was
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validated using the reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR). The 5'-CCUCUACUAUUG
AGAAACU-3' and 3'-GGAGAUGAUAACUCUUUGA-5'
oligoribonucleotides were used to inhibit CDC42 synthesis. At
72 h after transfection, cells were collected and the RNA was
extracted using RNeasy Mini kit (Qiagen, Valencia, CA, USA)
prior to RT-qPCR and western blotting to detect the results of
inhibition.

Immunohistochemical staining (IHC). Sections (5 ym) on
glass slides were deparaffinized and rehydrated (Xylene:
Twice, each for 5 min, 100% ethanol for 3 min, 95% ethanol
for 3 min, 70% ethanol for 3 min, 50% ethanol for 3 min,
wash slides in deionized water for 3 min). The sections were
stained with the aforementioned antibodies (1:200 dilution)
against CDC42 or E-cadherin at 4°C overnight and then incu-
bated with a horseradish peroxidase-labeled dextran polymer
coupled to an anti-mouse antibody at room temperature for
2 h. Cytoplasmic staining that was clearly distinguishable
from the background was considered positive. The slides
were reviewed twice by two independent investigators. Target
protein expression was graded semi-quantitatively according
to the staining score results (22), and the mean values were
used for statistical analysis.

RNA isolation and RT-gPCR. RNA from the Pca cells was
extracted using a RNeasy Mini kit (Qiagen) and cDNA was
generated using a reverse transcription kit (Invitrogen; Thermo
Fisher Scientific, Inc.). Candidate genes were measured using
a RT-qPCR system according to the manufacturer's protocol
(40 cycles as 93°C, 30 sec, 95°C, 30 sec, 55°C, 1 min, 68°C,
1 min). Primers used were: CDC42, 5'-CCCTGAAACAGC
GTTGGGAA-3' (forward) and 5-CGGATGAACGATCCC
TTTAGC-3' (reverse); ROCK1, 5'-AACATGCTGCTGGAT
AAATCTGG-3' (forward) and 5-TGTATCACATCGTAC
CATGCCT-3' (reverse); ROCK2, 5"TCAGAGGTCTACAGA
TGAAGGC-3' (forward) and 5-CCAGGGGCTATTGGC
AAAGG-3' (reverse); E-cadherin, 5-AGAACTTACCGC
TACTTCTTGC-3' (forward) and 5"TGCCCACATACTGAT
AATCGGA-3' (reverse); RhoA, 5~ AGCCTGTGGAAAGAC
ATGCTT-3' (forward) and 5"-TCAAACACTGTGGGCACA
TAC-3' (reverse); and GAPDH, 5-TGTGGGCATCAATGG
ATTTGG-3' (forward) and 5-ACACCATGTATTCCGGGT
CAAT-3' (reverse). The RNA concentrations in samples varied
between 500 and 1,000 ng/ul, and the A,4/A,;, ratios were
more than 2. A 500 ng amount of RNA was reverse-transcribed
into cDNA. All PCRs were run in triplicate. The relative quan-
tification of gene expression was calculated using the 2-44¢4
method and normalized to GAPDH expression (23).

Animal xenograft study. The present study was approved by
the Hebei General Hospital Institutional Ethics Committee
(Shijiazhuang, China). DU145 cells (10° cells) were mixed
with Matrigel (1:1) and then subcutaneously injected into
the right flanks of 20 male severe combined immunode-
ficient mice (8 weeks old). The dimensions of each tumor
were determined directly with calipers every 3 days, and
the volume was calculated by the following formula: Tumor
volume='% (length x width?). The care and treatment of
experimental animals were in accordance with institutional
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guidelines (24). The mice were euthanized when their
tumors exceeded 1 cm, and the diameter of the largest
subcutaneous tumor was 1.3 cm. When the tumor volume
reached 200 mm?, the mice were randomized into two groups
(10 xenografts/group) that received nintedanib (50 mg/kg/day
dissolved in 5% dimethylsulfoxide) or a vehicle control by
oral gavage (25). Tumor volumes were determined and growth
curves were generated. At the end of the study, the animals
were sacrificed via CO, inhalation (20% of the chamber
volume/min) and the tumors were collected.

Transwell invasion assay. Cell invasion assays were performed
in a 24-well Transwell chamber (0.4 ym; Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. Nintedanib-resistant 22RV1 and DUI145 cells or
negative controls (matched cells without treatment) were
added to the upper chamber (1x10° cells/ml). Following 24 h
of incubation, the cells that passed through the filter were fixed
and stained using 0.1% crystal violet at room temperature for
20 min. The numbers of invading cells were counted in five
randomly selected fields under an Olympus IX71 microscope
under x400 magnification.

Plasmid construction and transfection. Full-length human
CDC42 cDNAs (OriGene Technologies, Inc., Rockville, MD,
USA) were sequenced and subcloned into the pcDNA3.1
expression vector (Thermo Fisher Scientific, Inc.). A lenti-
viral vector expressing tagged CDC42 was generated using
the ViraPower™ T-Rex™ system (Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. Subsequently, 293 cells were transfected using the
calcium phosphate precipitation method and Pca cells were
transfected using the FUGENE Transfection Reagent (Roche
Diagnostics).

Statistical analysis. Data are expressed as the mean + standard
error of the mean of three independent experiments. One-way
analysis of variance (ANOVA) with Fisher's least-significant
difference post hoc test, two-way repeated-measures ANOVA
followed by Bonferroni post hoc tests or Student's t-test was
used for the statistical analysis using R (version 3.4.3) devel-
oped by R Core Team. P<0.05 was considered to indicate a
statistically significant difference.

Results

Nintedanib inhibits Pca cell proliferation in vitro. Different
Pca cell lines were selected for experimentation including
LNCaP, PC3, 22RV1 and DU145. The data revealed that ICs,
values for nintedanib in the different cell lines varied between
0.87 and 2.54 uM (Fig. 1A). The Pca cells were then treated
with 3 uM nintedanib, and the viability assay revealed that
the cell proliferation was inhibited by nintedanib in vitro,
which indicated that nintedanib is capable of suppressing the
proliferation of these cells (Fig. 1B). The antitumor effects of
nintedanib could be attributed to its selective anti-pan-receptor
TKI activity. Nintedanib is already known as an inhibitor of
TKs, by binding to the ATP-binding site in the cleft between
the N- and C-terminal lobes of the kinase domain (25). At
the pharmacological level, nintedanib can inhibit TKs, which
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Figure 1. Effects of nintedanib treatment on Pca cell proliferation in vitro. (A) Pca cells were treated with the indicated doses of nintedanib (concentrations
ranged between 0.012 and 200 M) and the ICs, values were calculated in different Pca cell lines. (B) Cell viability of Pca cells treated with nintedanib (3 xM)
for 72 h determined using a WST-1 assay. The different treatment groups were compared with the control. “P<0.05 vs. control (Student's t-test). (C) Western blot
analysis revealed that nintedanib inhibited the phosphoinositide 3-kinase signaling pathway and its downstream pathways in Pca cells. Pca, prostate cancer;
1C,,, half-maximal inhibitory concentration; C, control; T, treatment; p-, phospho-; ERK, extracellular-signal-regulated kinase; Akt, protein kinase B; CDC42,

cell division cycle 42.

include all three VEGFR subtypes (ICs,, 13-34 nmol/l),
PDGFRa and PDGFRf (ICs, 59 and 65 nmol/l), and FGFR
types 1,2 and 3 (ICs,, 69, 37 and 108 nmol/l), respectively (25).
Marked death of Pca cells was not observed following treat-
ment with 3 M nintedanib. Instead, in the 2 days following
treatment, the cells maintained proliferation, prior to suspen-
sion of cell proliferation. Consistent with the proliferation assay
results, nintedanib treatment suppressed the expression of
proteins downstream of PI3K, including CDC42, phospho-Akt
and phospho-ERK1/2 (Fig. 1C). Cyclin DI expression was also
decreased due to nintedanib treatment.

Activation of entosis mediates acquired resistance to
nintedanib. To identify potential mechanisms of acquired
resistance to nintedanib in Pca, the present study established
different cell lines with acquired resistance by exposing the
cells to 3 uM nintedanib. All Pca cells exhibited marked
resistance to nintedanib (Fig. 2A) at 4 weeks after nintedanib
treatment. Immunoblotting revealed that 3-catenin expression
increased markedly in all cell lines examined when compared
with cells that did not undergo treatment (Fig. 2B); this is
relevant as B-catenin is a molecule that contributes to cell
adherens junctions (26). The nintedanib-resistant cells were
observed under a microscope and exhibited the cell-in-cell
phenomenon morphology, which refers to one or more
viable cells present inside other cells, or more cells involved
in sequential engulfment (Fig. 2C). These were similar to

the entotic structures identified in other studies (10,12).
Notably, the engulfing cells morphologically transformed
into phagocyte-like cells, with pseudopodia and a multipolar
shape. Under a fluorescence microscope, positive expression of
RhoA in nintedanib-resistant Pca cells was observed, which is
a marker of entosis (Fig. 2B and C). In addition, the size of the
cell and the nucleus markedly increased in Pca cells treated
with nintedanib (27).

Taken together, these results demonstrated that treatment
of Pca cells with nintedanib may lead to entosis. Therefore,
in the subsequent experiments, only the 22RV1 (androgen
receptor-positive) and DU145 (androgen receptor-negative) Pca
cell lines were selected to further investigate the mechanism
of entosis induced by nintedanib.

Increased Rho/ROCK and E-cadherin in Pca cells treated with
nintedanib. It is well established that entosis is regulated by
the RhoA/ROCK1/2 signaling pathway and E-cadherin (28).
Therefore, RhoA and ROCK1/2 expression was analyzed in
Pca cells and it was observed that nintedanib treatment of
22RV1 and DUI145 cells led to an increase in the expression of
RhoA, ROCK1 and ROCK?2 (Fig. 3A). The present study also
evaluated E-cadherin expression in Pca cells following treat-
ment with nintedanib. The results indicated that E-cadherin
expression was also significantly increased (Fig. 3B). Since
E-cadherin is another biomarker of the entosis phenomenon,
the experiment presented in Fig. 3B was attempted to verify
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Figure 2. Treatment with 3 M nintedanib for 4 weeks promoted Pca cell entosis. (A) Entosis developed when Pca cells were treated with nintedanib. Engulfing
cells were morphologically transformed into phagocytes with pseudopodia, a multipolar shape and multiple nuclei (magnification, x200). (B) f-catenin expres-
sion was increased compared with the cells without nintedanib treatment. (C) Fluorescence images of 22RV1 and DU145 cells treated with nintedanib. Cells
were incubated with antibody against RhoA and visualized under a fluorescence microscope (magnification, x400). The immunofluorescence images revealed

entosis-like changes. Pca, prostate cancer; C, control; T, treatment.

that entosis developed following treatment with nintedanib,
accompanied by an increased E-cadherin level. Although PC3
is a Pca cell line with a deep PTEN deletion and Akt activa-
tion, treatment of PC3 cells with nintedanib still increased the
expression of ROCK1/2 and E-cadherin (Fig. 3C).

Nintedanib regulates entosis via the PI3K/CDC42 signaling
pathway. Nintedanib inhibits FGFR in Pca cells, and inhibits
the activation of its downstream pathways, including PI3K.
The data indicated that nintedanib inhibited CDC42, Akt
and ERK1/2 expression (downstream of PI3K) in 22RV1
and DUI145 cells (Fig. 1C). In addition, CDC42 was inhibited
when the cells were treated with the PI3K inhibitor buparlisib
(Fig. 3D). However, cells in which either Akt or ERK1/2 were
inhibited neither developed entosis nor exhibited an increase

in ROCK1/2 or E-cadherin expression (Fig. 4A). Therefore,
we hypothesized that nintedanib could induce entosis via the
CDC42 pathway. Consequently, Pca cells were treated with a
CDC42 inhibitor, and observed that entosis morphology devel-
oped following 2 weeks of treatment along with increased
ROCK1/2 and E-cadherin expression (Fig. 4B and C).
Furthermore, increased ROCK1/2 and E-cadherin expres-
sion were also observed in CDC42-knockdown cells
(Fig. 4D and E). Subsequently CDC42 was overexpressed
in Pca cells via transfection (Fig. 5A). The results demon-
strated that ROCK1/2 expression decreased under CDC42
overexpression, which was also observed in cells treated
with the ROCK1/2 inhibitor Y-27632. E-cadherin expression
also decreased in cells overexpressing CDC42 (Fig. 5B). In
addition, nintedanib-associated entosis was significantly
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Figure 3. Nintedanib induced the ROCK pathway and E-cadherin expression (3 uM for 4 weeks) by western blot analysis and the reverse transcription-

quantitative polymerase chain reaction. (A) ROCK pathway-associated molec

ule expression following nintedanib treatment. (B) E-cadherin expression

following nintedanib treatment. (C) Treatment of PC3 cells with nintedanib increased ROCK1/2 and E-cadherin expression. (D) Buparlisib treatment induced
Pca cell entosis and increased ROCK1/2 and E-cadherin expression, whereas CDC42 levels decreased in Pca cells (1.5 yM, treatment for 4 weeks, x400

magnification). "P<0.05 and “P<0.01 vs. control (Student's t-test). ROCK, Rho
division cycle 42; C, control; T, treatment.

inhibited in cells overexpressing CDC42 compared with
controls (P<0.05, Fig. 5C). Therefore, PI3K/CDC42 negatively
regulated ROCK1/2 and E-cadherin expression.

Entosis promotes invasion in under nintedanib stress. The
consequences of nintedanib-induced entosis on cell invasion
ability were investigated. Over the extended period (8 weeks)
of treatment, the cell population was continuously decreased
by the frequent occurrence of entosis, apoptosis and necrosis,
until the cells developed nintedanib resistance and avoided
cell death. Pca cells with passage-matched resistant cells
as controls were cultured, and the Transwell invasion assay
indicated that the invasive ability of nintedanib-resistant Pca
cells had significantly increased (P<0.05; Fig. 6).

Entosis in a mouse Pca xenograft. To further investigate the
role of nintedanib in Pca cell entosis, mouse xenografts by were
created by subcutaneously injecting DU145 cells. Mice were
treated with nintedanib, and it was observed that nintedanib can
attenuate the growth of tumors compared with that using the
placebo. IHC indicated that the expression of E-cadherin was
increased in the nintedanib-treated tumors compared with in the
controls, whereas CDC42 expression was markedly decreased in
nintedanib-treated tumors (Fig. 7). These results were consistent

kinase; E-cadherin, epithelial cadherin; Pca, prostate cancer; CDC42, cell

with the data obtained from the in vitro cell lines, which revealed
that nintedanib could induce entosis via the upregulation of
E-cadherin expression and the ROCK1/2 signaling pathway.

Discussion

Nintedanib, a pan-inhibitor of TKs including FGFR, has
been evaluated in clinical trials for several types of cancer,
including prostate, lung and colorectal cancer (15,29,30).
In a randomized Phase II trial, nintedanib combined with
afatinib decreased PSA levels in ~50% of patients with castra-
tion-resistant Pca (15). In another study, nintedanib attenuated
Pca progression in transgenic adenocarcinoma of the mouse
prostate mice (31). However, it is unknown how Pca cells
survive and develop resistance under nintedanib pressure. The
results of the present study indicated that: i) Nintedanib is
able to inhibit Pca cell proliferation and decrease the growth
of xenografts; ii) resistance to nintedanib will develop during
in vitro and vivo treatment; and iii) nintedanib induces Pca
cell entosis via the upregulation of E-cadherin and ROCK1/2
through the PI3K/CDC42 signaling pathway.

It was observed multiple cancer cells were treated with
nintedanib at concentrations ranging between 1 and 5 yM (32),
the results revealed that nintedanib inhibited cell proliferation
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(A) No entosis morphology or increased ROCK /2 or E-cadherin expression was observed in Pca cells treated with Akt inhibitor (MK2206; 10 zM) or ERK1/2
inhibitor (SCH772984; 3 uM) for 4 weeks, respectively. (B) ICy, values of the CDC42 inhibitor ML141 in the Pca cell lines. (C) Entosis-like morphology of Pca
cells under ML141 pressure (2 uM for 4 weeks). (D) siRNA knockdown of CDC42 expression at the mRNA and protein level. "P<0.05 vs. control (Student's
t-test) (E) CDC42 siRNA and ML141 (2 uM) promote ROCK1/2 expression and E-cadherin expression (following treatment for 1 week). "P<0.05 and “P<0.01
vs. control (one-way analysis of variance followed by Fisher's least-significant difference test). CDC42, cell division cycle 42; ROCK, Rho kinase; Pca, prostate
cancer; Akt, protein kinase B; ERK, extracellular-signal-regulated kinase; ICs,, half-maximal inhibitory concentration; siRNA, short interfering RNA;
E-cadherin, epithelial cadherin; C, control; T, treatment; M, ML141 treatment; S/Si, siRNA treatment; Sc, scrambled.
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without a toxic response. In the present study that cells that have
developed nintedanib resistance display entosis. Nintedanib
could block FGFR and then inhibit the downstream PI3K/CDC42
signaling pathway to promote entosis. A previous study

identified that the activated PI3K signaling pathway promotes
Pca cell proliferation and facilitates cell survival (33). In addi-
tion, activated PI3K was observed to promote aerobic glycolysis
in cancer cells to tolerate nutrient starvation (34). In the present
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Figure 6. Entosis results in significantly increased Pca cell invasion capacity
(x400 magnification). "P<0.05 and “P<0.01 vs. control (Student's t-test).

study, treatment with nintedanib and blocking FGFR downregu-
lated PI3K, and also blocked its downstream pathways. CDC42
is an important molecule in the PI3K downstream signaling
pathway, and the results of the present study have demonstrated
that treatment with nintedanib decreased the expression of
CDC42, and this effect was also observed in Pca cells treated
with the PI3K inhibitor buparlisib. There are two isoforms
produced by alternative splicing from CDC42 gene: CDC42a
and CDC42b and to date, the functional differences between the
two isoforms remains unclear; however, it has been established
that the two isoforms can stimulate filopodia formation (35). In
the present study, the primers used reflect the total expression
level of the two isoforms of CDC42 under nintedanib pressure.
However, as the focus of the present study was on the resistance
of Pca cells to the nintedanib and the entosis phenomenon,
differences in the expression of the CDC42 isoforms were not
investigated. The PI3K/CDC42 is a classic signaling pathway in
multiple cell events, including cell proliferation and movement,
and serves an important role in cancer by promoting cancer
progression and metastasis (36). Studies have demonstrated that
blocking CDC42 can inhibit tumor growth and prolong patient
survival. A study by Humphries-Bickley et al (37) suggested
that blocking CDC42 can inhibit breast cancer cell migration,
viability and epithelial-mesenchymal transition. A study of
Guo et al (38) demonstrated that R-ketorolac blocked CDC42
and Racl and then inhibited ovarian cancer growth, adhesion,
migration and invasion.

PI3K/CDC42 can regulate phagosomes and promote entotic
vacuole maturation by regulating the ROCK signaling pathway
and E-cadherin expression (10,27,39-41). Durgan et al (10)
revealed that knockout of CDC42 expression induced entosis in
breast cancer, and significant mitotic deadhesion and rounding
was also observed following the depletion of CDC42, and
these phenotypes were associated with a prominent increase
in RhoA/ROCKI1/2 activity. As a downregulator of the
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RhoA/ROCK1/2 signaling pathway, blocking CDC42 may
induce RhoA/ROCK1/2 activation and promote entosis. The
activated ROCK pathway would induce the accumulation of
actomyosin, increase actomyosin contractility, and be indis-
pensable for cell-in-cell formation (39). Instead of engulfing
cells, the increased RhoA/ROCK1/2 activity is located in inter-
nalizing cells. In addition, actin and myosin contractility are
the driving force for entosis within ‘loser’ cells (40), whereas a
ROCK1/2 inhibitor can abolish the entosis process between cells
in mixed culture experiments (27), which was also observed in
the present study. Additionally, E-cadherin expression was also
increased in Pca cells when CDC42 was blocked. The study of
Izumi et al (41) identified that CDC42 downregulation increased
E-cadherin expression and in turn promoted cancer progres-
sion. E-cadherin is one of the principal components of adherens
junctions in epithelial cells that connects the actin cytoskeleton
of neighboring cells (42). It has previously been established
that E-cadherin is involved in cancer progression, metastasis,
epithelial-mesenchymal transition and the cancer engulfment
process (43). In breast cancer, researchers identified that entosis
is induced by the establishment of epithelial adhesion through
the expression of E-/placental cadherins (28). In addition, another
study focused on the cell entosis association in natural killer
cells and tumor cells, and observed that E-cadherin-mediated
cell junctions were required for the engulfment process (44).

CDC42 serves a role in cell division, and when CDC42 is
blocked, cell division is disrupted (45). However, blocking cell
mitosis would allow for cell entosis. Division in engulfing cells
can be disrupted by entosis by blocking CDC42; thus, entosis
would be completed during engulfing cells mitosis (10,46).
The engulfed nucleus and mitosis-disrupted cells would
create multi-nucleated cells that can contribute to the genera-
tion of aneuploidy, particularly when multipolar spindles
are involved (47). Aneuploidy cells have more genetic insta-
bility, randomly distributed chromosomes and chromosome
breakage (48). Aneuploidy also facilities cancer cells to gain
extra copies to resist drug pressures (49). Gene copy number
alterations are a major mechanism for signaling pathway
modifications, as increasing the copy number can amplify
gene expression, which would promote cell survival under the
pressure of specific inhibitors and allow the cells to tolerate the
inhibition (49). For example, in a previous study, lung cancer
was treated with an epidermal growth factor receptor TKI, and
the results demonstrated that MET amplification, accompanied
by KRAS amplification, can result in TKI therapy failure (50).
Owing to the induced aneuploidy, entosis could contribute to
cancer progression. The study of Schwegler et al (51) identified
that entosis occurs most frequently in high-grade breast cancers
with increased recurrence and decreased overall patient survival
rates. In the present study, the results of the Transwell assay
indicated that entosis-like cells have increased invasive abilities.

However, there are some limitations to the present study.
Namely, the anti-TK activity of nintedanib on Pca cells was
not investigated, which requires further research in order to
explain the effect of anti-TK on the entosis phenomenon.

Nintedanib is effective for inhibiting Pca cell prolif-
eration; however, resistance develops during the course of
treatment through the activation of entosis. In addition, the
nintedanib-induced entosis status is determined by ROCK
activity and E-cadherin protein expression levels.
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Figure 7. Effect of nintedanib on tumor volumes, and CDC42 and E-cadherin expression levels in mouse xenografts. (A) Growth curves for xenografts
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