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Abstract Linifanib is known as an inhibitor of receptor tyrosine kinase. Even though it has been

widely recognized as efficient inhibitor of receptor tyrosine kinases, anti-carcinogenic effect has not

been investigated enough in ovarian cancer. In this study, we investigated the anti-cancer effect of

linifanib on human ovary cancer SKOV3 cells. WST-1, cell counting assay, and observation of mor-

phological changes were performed to evaluate the cytotoxic effect of linifanib in SKOV3 cells. We

analyzed SKOV3 cells treated with linifanib using Muse cell analyzer. We focused on investigating

the effect of linifanib on DNA damage in nucleus. Additionally, intracellular reactive oxygen spe-

cies (ROS) level was measured through Muse cell analyzer. Western blotting was performed to eval-

uate the protein expression level related to apoptosis. We found that linifanib inhibited proliferation

of SKOV3 cells. Our results showed that linifanib induced apoptosis in SKOV3 cells. Additionally,

linifanib induced DNA damage in SKOV3 cells. We found that intracellular ROS level increased

after treatment of linifanib in SKOV3 cells. Interestingly, FOXO3 was transferred from cytosol into
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nucleus after linifanib treatment. Taken together, our results supported that linifanib inhibited the

proliferation of human ovary cancer SKOV3 cells, which suggested that linifanib might have the

potential to be developed as drugs for ovarian cancer treatment.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Ovary is an organ female has that produces an ovum. It was recently

reported that ovarian cancer was the seventh most common cancer in

women (Pokhriyal et al., 2019). Unfortunately, most of patients who

were diagnosed ovarian cancer had poor prognosis and mortality rate

of this cancer is pretty high (Momenimovahed et al., 2019). Many sci-

entists and doctors have been trying to find effective and safe ways to

treat ovarian cancer, however, current treatments have many side

effects and prognosis of patients is poor. For instance, cisplatin is typ-

ical drug that has been widely used for ovarian cancer treatment

(Zhang et al., 2018). Even though it suppresses tumor in ovary to some

extent, there are several side effects such as tumor recurrence and drug

resistance (Zhang et al., 2018). Therefore, efficient therapy that has

fewer side effects for ovarian cancer treatment needs to be developed.

Linifanib has been known as a multi-targeted receptor tyrosine

kinase inhibitor and it has been used for the treatment of various can-

cers, such as lung cancer, colon cancer, and breast carcinoma (Aversa

et al., 2015, Wani et al., 2017). This compound also inhibits vascular

endothelial growth factor (VEGF) and platelet-derived growth factor

(PDGF) (Cainap et al., 2015). Linifanib has potential to be efficient

reagent for cancer treatment, however, the effects of linifanib on can-

cer development have not been investigated enough. Because the effect

of linifanib on human ovarian cancer has not been studied, we inves-

tigated anti-carcinogenic effect of linifanib on human ovarian cancer

SKOV3 cells in this study.

Fork head box O (FOXO) is well-known transcription factor and it

plays a crucial role in regulating various signaling pathways (Tia et al.,

2018). The mammalian FOXO family is made up of FOXO1, 3, 4, and

6, whose structures and functions are similar (Tia et al., 2018). Among

them, FOXO3 is involved in various cellular processes such as cell

metabolism and cell proliferation (Loebel et al., 2018). It has been

recently reported that FOXO3 pathway induced apoptosis and cell

cycle arrest, which suggested that FOXO3 pathway plays a crucial role

in survival of cancer cells (Li et al., 2020a, 2020b). In this study, vari-

ous experiments were conducted to demonstrate the mechanism of

apoptosis induced by linifanib on SKOV3 cells. We evaluated the

expression level of FOXO3 after treatment of linifanib. Additionally,

we tried to investigate the translocation of FOXO3 from cytosol to

nuclei after treatment of linifanib on SKOV3 cells.

2. Materials and methods

2.1. Reagents

Linifanib was purchased from Selleckchem (Houston, TX,

United States) and was dissolved in dimethyl sulfoxide
(Sigma-Aldrich, St. Louis, MO, United States) and stored in
�20℃ (The concentration of stock solution was 40 mM).

Formaldehyde solution for fixation was purchased from
Sigma-Aldrich. Triton X-100 for permeabilization was pur-
chased from Sigma-Aldrich. Muse cell analyzer was purchased
from Luminex Corporation (Austin, TX, United States). Muse

data was analyzed and redesigned by FlowJo software (version
10.5.3, FlowJo LCC, Ashland, OR, United States). Primary
antibodies against PARP-1, cleaved PARP-1, and b-actin were

purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
United States). Primary antibodies against thioredoxin-1,
peroxiredoxin-1, caspase-3, cleaved caspase-3, FOXO3, p27,

bax, bim, and bcl-2 were purchased from Cell Signaling Tech-
nology (Danvers, MA, United States). Primary antibodies
against cytochrome c oxidase I (COX 1) and succinate dehy-

drogenase (SDHA) were from Abcam (Cambridge, MA, Uni-
ted States). Anti-rabbit and anti-mouse secondary antibodies
for western blot were purchased from Cell Signaling

Technology.

2.2. Cell lines and cell culture

Human ovarian cancer SKOV3 cells were purchased from

Korean Cell line Bank (Seoul, Republic of Korea). The cells
were incubated in humidified incubator maintaining 37℃ and
5 % CO2. Following Korean Cell line Bank’s instructions,

we used RPMI 1640 (Hyclone, Logan, UT, United States) con-
taining 10 % Fetal Bovine Serum (GW Vitek, Seoul, Republic
of Korea) inactivated by heat (56℃, 30 min) and 1 % peni-

cillin/streptomycin (Thermo Fisher Scientific, Grand Island,
NY, United States).

2.3. WST-1 assay

SKOV3 cells were seeded in 96-well culture plates (4 � 103

cells/well) and incubated for 24 h. The cells were treated with
linifanib (0, 5, 10, and 20 mM) for 24, 48, and 72 h, respec-

tively. After incubation, media was removed and 100 mL of
media containing 10 % EZ-Cytox (DoGenBio, Seoul, Repub-
lic of Korea) was added to each well and incubated for 2 h in

37℃ incubator. The absorbance was measured at 450 nm
wavelength through spectrophotometer (Molecular Devices,
Mountain View, CA, United States).

2.4. Observation of morphological changes

SKOV3 cells were seeded in 60 mm culture dishes (1.5 � 105

cells/dish) and incubated for 24 h (24 h after seeding, conflu-
ency was about 80 � 90 %). The cells were treated with lini-
fanib (0, 10, 20, and 40 mM) for 24 h (Before treatment,
pictures should be taken). After 24 h, morphological changes

were observed through microscopy (CKX53, Olympus, Shin-
juku, Tokyo, Japan).

2.5. Cell counting assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). The cells were treated with linifanib (0, 10, 20,

and 40 mM) for 24, 48, and 72 h, respectively. After treatment,
media was carefully removed and the cells were washed twice
with 1 � PBS. After washing step, Trypsin-EDTA was used
to detach cells from dish. The cells were collected using cen-

trifuge. After supernatant removed, the cells were suspended

http://creativecommons.org/licenses/by/4.0/
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with 1 mL of fresh media. The number of cells was counted
using hemocytometer.

2.6. Colony formation assay

SKOV3 cells were seeded in 60 mm culture dish (1500 cells per
dish) and incubated for 24 h. The cells were treated with lini-

fanib (0, 10, 20, and 40 mM) for 24 h. Media was carefully
removed and replaced with fresh media containing 10 %
FBS and the cells were incubated for 2 weeks in incubator.

After 2 weeks, media was removed and the cells were washed
twice with 1 � PBS. After washing, the cells were fixed with
4 % formaldehyde solution (Sigma-Aldrich) for 20 min at

room temperature. The cells were washed twice with
1 � PBS and dyed with 1 % crystal violet solution (Sigma-
Aldrich) for 30 min at room temperature. After staining, the
cells were washed with distilled water carefully and dried in

air. The number of colonies was counted.

2.7. Cell viability assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Cell viability of SKOV3 cells treated with linifanib
(0, 10, 20, and 40 mM) for 24 and 48 h was evaluated by Muse

Cell Analyzer. We purchased the Muse Count & Viability Kit
(Luminex Corporation, Part number: MCH100102) and per-
formed experiment according to manufacturer’s protocol.
The date was analyzed by FlowJo software.

2.8. Apoptosis assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Apoptotic cell rates of SKOV3 cells treated with
linifanib (0, 10, 20, and 40 mM) for 24 and 48 h were evaluated
by Muse Cell Analyzer. We purchased the Muse Annexin V &

Dead Cell Kit (Luminex Corporation, Part number:
MCH100105) and performed experiment according to manu-
facturer’s protocol. The data was analyzed by FlowJo

software.

2.9. Caspase-3/7 activity assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Caspase-3/7 activity of SKOV3 cells treated with
linifanib (0, 10, 20, and 40 mM) for 24 and 48 h was measured
by Muse Cell Analyzer. We purchased the Muse Caspase-3/7

Kit (Luminex Corporation, Part number: MCH100108) and
performed experiment according to manufacturer’s protocol.
The data was analyzed by FlowJo software.

2.10. Multi-caspase activity assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Multi-caspase activity of SKOV3 cells treated with
linifanib (0, 10, 20, and 40 mM) for 24 and 48 h was measured
by Muse Cell Analyzer. We purchased the Muse Multi-
Caspase Kit (Luminex Corporation, Part number:

MCH100109) and performed experiment according to manu-
facturer’s protocol. The data was analyzed by FlowJo
software.
2.11. ATM and H2A.X phosphorylation assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Phosphorylation of ATM and H2A.X after SKOV3
cells were treated with linifanib (0, 10, 20, and 40 mM) for 24

and 48 h was measured by Muse Cell Analyzer. We purchased
the Muse Multi-Color DNA Damage Kit (Luminex Corpora-
tion, Part number: MCH200107) and performed experiment
according to manufacturer’s protocol. The data was analyzed

by FlowJo software.

2.12. Mitochondria depolarization assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Depolarization of mitochondria after treatment of
linifanib (0, 10, 20, and 40 mM) for 24 and 48 h in SKOV3 cells

was determined by Muse Cell Analyzer. We purchased the
Muse Mito-Potential Kit (Luminex Corporation, Part num-
ber: MCH100110) and performed experiment according to

manufacturer’s protocol. The data was analyzed by FlowJo
software.

2.13. Ki67 assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). The level of Ki67 after treatment of linifanib (0,
10, 20, and 40 mM) for 24 h and 48 h in SKOV3 cells was mea-

sured by Muse Cell Analyzer. We purchased the Muse Ki67
Proliferation Kit (Luminex Corporation, Part number:
MCH100114) and performed experiment according to manu-

facturer’s protocol. The data was analyzed by FlowJo
software.

2.14. Cell cycle arrest assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Cell cycle of SKOV3 cells treated with linifanib
(0, 10, 20, and 40 mM) for 24 h and 48 h was analyzed by Muse

Cell Analyzer. We purchased the Muse Cell Cycle Kit (Lumi-
nex Corporation, Part number: MCH100106) and performed
experiment according to manufacturer’s protocol. The data

was analyzed by FlowJo software.

2.15. Bcl-2 phosphorylation assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Phosphorylation of bcl-2 after treatment of lini-
fanib (0, 10, 20, and 40 mM) for 24 h and 48 h in SKOV3 cells

was evaluated by Muse Cell Analyzer. We purchased the Muse
Bcl-2 activation Dual Detection Kit (Luminex Corporation,
Part number: MCH200105) and performed experiment accord-
ing to manufacturer’s protocol. The data was analyzed by

FlowJo software.

2.16. Reactive oxygen species assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Oxidative stress of SKOV3 cells after treatment of
linifanib (0, 10, 20, and 40 mM) was evaluated by Muse Cell

Analyzer. We purchased The Muse Oxidative Stress Kit
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(Luminex Corporation, Part number: MCH100111) and per-
formed experiment according to manufacturer’s protocol.
The date was analyzed by FlowJo software.

2.17. ATP assay

SKOV3 cells were seeded in 6-well plates (1 � 106 cells/well).

Cells were treated with linifanib (0, 10, 20, and 40 mM) for
24 h. Then, according to manufacturer’s protocol, cells were
washed with PBS and ATP levels were determined by

CellTiter-Glo luminescent assay kit (Promega, Madison, MI,
United State).

2.18. Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay

SKOV3 cells were seeded in 6-well plate (2 � 105 cells/well)
and incubated for 24 h. The cells were treated with linifanib

(0, 10, 20, and 40 mM) for 24 h and 48 h. After treatment,
the cells were washed twice with 1 � PBS thoroughly and fix-
ated with 4 % formaldehyde for 20 min at 4℃. After fixation,

cells were washed twice with 1 � PBS thoroughly. The cells
were permeabilized using 0.2 % Triton-100 for 5 min at room
temperature. After then, we performed experiment following

manufacturer’s protocol (TUNEL detection system, Promega,
Madison, WI, United States). DNA strand breaks were
observed by fluorescence microscopy (CKX53, Olympus).

2.19. Comet assay

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Cells were treated with linifanib (0, 10, 20, and

40 mM) for 24 h and 48 h. We performed experiment according
to manufacturer’s protocol (Abcam, catalog number:
ab238546). Comet tail was visualized by fluorescence micro-

scopy (CKX53, Olympus).

2.20. Nuclear fractional western blot analysis

SKOV3 cells (1.5 � 106 cells/dish) were seeded in 100 mm cul-
ture dishes and incubated for 24 h. After incubation, the cells
were treated with linifanib (0, 10, and 20 mM) for 48 h. After
treatment, nuclear and cytosol proteins were separated using

Nuclear/Cytosol Fractionation Kit (BioVision, Milpitas, CA,
United States). We followed manufacturer’s instruction and
after separation of nuclear and cytosol proteins, western blot-

ting was performed.

2.21. Western blotting analysis

SKOV3 cells were seeded in 6-well culture plates (1.5 � 105

cells/well). Cells were treated with linifanib (0, 10, 20, and
40 mM) for 48 h. After treatment, the cells were collected with

centrifuge (1350 rpm, 5 min, 4℃) and washed twice with cold
1 � PBS. After washing, the cells were collected and suspended
with 1 � RIPA buffer (Cell Signaling Technology). The pro-
tein was separated on 10–12 % sodium dodecyl sulfate

(SDS)-polyacrylamide gels and transferred onto 0.45 mm
PVDF Immobilon-P membrane (Merch Millipore, Burlington,
MA, United States). The membranes were blocked with 5 %
bovine serum albumin (BSA, Sigma-Aldrich), incubated with
the primary antibodies (1:1000 dilution), and incubated with
the secondary antibody (1:10000 dilution). Bands were

detected using ECL (GE Healthcare, Chicago, IL, United
States) and Chemi-doc detection system (Bio-Rad, Hercules,
CA, United States).

2.22. Wound healing assay

SKOV3 cells were seeded in 6-well plate (3.5 � 105 cells/well)

and incubated for 24 h. After incubation, wounds were made
artificially by yellow pipette tip and the cells were rinsed with
1 � PBS. After then, the cells were treated with linifanib (0,

10, 20, and 40 mM) and observed by microscopy (CKX53,
Olympus). Wounds were observed for 48 h at intervals of
24 h (0, 24, and 48 h).

2.23. Invasion assay

RPMI (1 % FBS) containing different concentration of lini-
fanib (0, 10, 20, and 40 mM) was added to the bottom of the

Boyden chamber. After then, Gelatin-coated membrane was
located. 50 mL of SKOV3 cells (cell density was 1 � 106

cells/ml and the cells were suspended in 0.1 % FBS RPMI)

were seeded into the upper part of the Boyden chamber. The
chamber was incubated in humidified incubator for 24 h. After
incubation, Boyden chamber was dissembled and the mem-
brane was stained with 1 % crystal violet solution for

30 min. After staining, the membrane was washed with 30 %
glycerol solution and observed by microscopy (CKX53,
Olympus).

2.24. Zymography

SKOV3 cells were seeded in 100 mm culture dishes and incu-

bated for 24 h. 24 h after seeding, confluency is about 90 %.
The cells were treated with linifanib (0, 10, and 20 mM) in med-
ium containing 0.1 % FBS, and incubated for 24 h. The culture

medium was collected carefully and mixed with sample buffer
without b-mercaptoethanol. Proteins were separated by 8 %
acrylamide gels containing gelatin. Gels were washed with
2.5 % Triton-X100 for 10 min three times. Gels were incubated

in developing buffer overnight at dark. The gels were dyed
with a Coomassie staining buffer for 2 h at 37℃. The gels were
washed with destaining solution for 1 h.

2.25. Statistical analysis

Data was analyzed with SPSS software (version 20.0, Chicago,

IL, United States). Two-sided unpaired Student’s t-test was
conducted and p-value lower than 0.05 was considered statisti-
cal significance.

3. Results

3.1. Linifanib inhibits proliferation of SKOV3 cells.

To evaluate the effects of linifanib on proliferation and sur-

vival of SKOV3 cells, several experiments were performed.
WST-1 assay results indicated that linifanib decreased cell via-
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bility significantly (Fig. 1A). When the cells were treated with
40 mM of linifanib for 24 h, cell viability decreased lower than
50 %. Cell counting assay results showed that the number of

cells decreased after treatment of linifanib in SKOV3 cells
(Fig. 1B). We observed morphology of SKOV3 cells treated
with linifanib using microscopy (Fig. 1C). We found that pro-

liferation was inhibited after treatment of linifanib. The num-
ber of colonies decreased significantly after treatment of
linifanib (Fig. 1D). We also found that linifanib decreased cell

viability using Muse cell analyzer (Fig. 2A). Additionally, Ki67
expression level was decreased after linifanib treatment
(Fig. 2B). Moreover, cell cycle arrest was induced by linifanib
treatment (Fig. 2C). Our results showed that proportion of

G2/M phase increased after linifanib treatment. Taken
together, our results showed that linifanib has anti-
proliferative effects on human ovarian cancer SKOV3 cells.

3.2. Linifanib inhibits migration and invasion of SKOV3 cells.

The anti-migratory and anti-invasive effects of linifanib were

evaluated via wound healing assay, Boyden chamber assay,
and zymography. We performed wound healing assay to assess
the effect of linifanib on cell migration (Fig. 3A). We found

that cells in control group moved faster to fill in the gap made
Fig. 1 Cytotoxic effect of linifanib on SKOV3 cells. (A) Cell via

mean ± SD of at least three independent experiments and *p < 0.05. (

that are living after treatment of linifanib. Each bar represents the mea

(C) Morphological change was observed by microscope. (D) Colony for

linifanib on SKOV3 cells. Each bar represents the mean ± SD of at l
by scratch than linifanib-treated groups. Yellow line indicated
the boundary between cells and empty area. Statistical analysis
revealed that empty area increased significantly after treatment

of linifanib (20 and 40 mM) for 24 h and 48 h. We additionally
performed Boyden chamber assay to investigate the anti-
invasive effect of linifanib on SKOV3 cells (Fig. 3B). The num-

ber of invasive cells was significantly decreased in linifanib-
treated groups compared to control. Furthermore, enzymatic
activity of MMP2 was evaluated by zymography (Fig. 3C).

The results showed that MMP2 activity decreased significantly
in linifanib-treated groups compared to control. Taken
together, our results suggested that linifanib inhibited migra-
tion and invasion of SKOV3 cells.

3.3. Linifanib induces apoptosis in SKOV3 cells.

To measure the total apoptotic cell rates (early and late apop-

totic cells) of SKOV3 cells treated with linifanib, Muse
Annexin V & Dead Cell kit was used. We found that linifanib
increased total apoptotic cell rates (Fig. 4A). We also found

that caspase-3,7-acviated cell rates increased after linifanib
treatment (Fig. 4B). Furthermore, linifanib increased percent-
age of multi-caspase activated cells after treatment of linifanib

(Fig. 4C). Interestingly, the percentages of bcl-2 inactivated
bility was measured by WST-1 assay. Each bar represents the

B) Cell counting assay was performed to count the number of cells

n ± SD of at least three independent experiments and *p < 0.05.

mation assay was performed to visualize anti-proliferative effect of

east three independent experiments and *p < 0.05.



Fig. 2 Anti-proliferative effect of linifanib on SKOV3 cells. (A) Evaluation of viability using the Muse Cell Analyzer. SKOV3 cells were

treated with linifanib for 24 h and 48 h and analyzed. The percentages of live and dead cells were measured and the percentages were

analyzed statistically. Each bar represents the mean ± SD of at least three independent experiments and *p < 0.05. (B) Evaluation of

Ki67 using the Muse Cell Analyzer. SKOV3 cells were treated with linifanib for 24 h and 48 h and analyzed. The percentage of KI67-

positive and KI67-negative cells were detected and the percentages were analyzed statistically. Each bar represents the mean ± SD of at

least three independent experiments and *p < 0.05. (C) Analysis of cell cycle arrest using the Muse Cell Analyzer. SKOV3 cells were

treated with linifanib for 24 h and 48 h and analyzed. The percentage of G2/M phase was measured and the results were analyzed

statistically. Each bar represents the mean ± SD of at least three independent experiments and *p < 0.05.
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Fig. 2 (continued)
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and non-expression cells increased after linifanib treatment
(Fig. 5A). Additionally, we found that depolarized mitochon-

dria increased and mitochondrial biogenesis was reduced after
linifanib treatment (Fig. 5B, C, and D). This result suggested
that linifanib results in dysfunction of mitochondria. Further-

more, TUNEL assay was performed to visualize DNA strand
breaks and showed that TUNEL-positive cells increased after
linifanib treatment (Fig. 5E). Western blot results showed that

PARP1, caspase-3, bcl-2 expression levels decreased and
cleaved PARP1, cleaved caspase-3, FOXO3, p27, bax, and
bim expression levels increased (Fig. 6). Interestingly, we
found that FOXO3 and p27 were translocated from cytosol

into nucleus after 48 h treatment of linifanib. Taken together,
our results demonstrated that linifanib induced apoptosis in
SKOV3 cells.

3.4. Linifanib induces intracellular ROS generation and DNA

damage in SKOV3 cells.

Intracellular ROS level after treatment of linifanib in SKOV3
cells was measured using Muse cell analyzer. We found that
intracellular ROS level increased after linifanib treatment

(Fig. 7A). We also found that thioredoxin-1 and
peroxiredoxin-1 expression levels decreased after 48 h linifanib
treatment. The percentages of pATM and pH2A.X after treat-
ment of linifanib were measured through Muse cell analyzer.

As shown in Fig. 7B, we found that total DNA damage cells
(pATM-positive, pH2A.X-positive, and pATM/pH2A.X-
positive cells) increased after treatment of linifanib in SKOV3

cells. Furthermore, comet assay that is a different experiment
to show DNA damage was performed and the results showed
that comet tail length increased after linifanib treatment, which

suggested that DNA was damaged by linifanib (Fig. 7C).

4. Discussion

As we mentioned previously in introduction, ovarian cancer is
common in women, however, prognosis of women who are
diagnosed with ovarian cancer is not good. Even though 5-

year survival rates of most cancers have increased gradually,
ovarian cancer still remains an exception (Trinidad et al.,
2020). Even though up-to-date therapeutic methods, such as

surgery and chemotherapy can get rid of tumors to some
extent, however, the main side effect of these methods is that
the recurrence rate is high (Cortez et al., 2018). Therefore,
alternative methods to treat ovarian cancer with few side

effects need to be developed. Recently, target therapy has been
recognized as new method to treat human diseases, especially
cancers (Chiang et al., 2020, Li et al., 2020a, 2020b). In target

therapy for cancer treatment, it is important to understand the
mechanism of cancer development. To understand the mecha-
nism of cancer development, in vitro experiments should be

conducted and we have to try to find important factors that
regulate cancer cell proliferation. Here, we investigated how
linifanib that is known as tyrosine-receptor kinase could sup-

press human ovarian cancer SKOV3 cells. We expected our
study to help understand the mechanism of how ovarian can-
cer develops and how to inhibit this cancer effectively.

FOXO3 is a transcription factor that plays an important

role in regulation of cell survival-related genes (Tezil et al.,



Fig. 3 Anti-migration effect of linifanib on SKOV3 cells. (A) Cell migration was analyzed by wound-healing assay. Empty area was

measured by ImageJ software and the results were statistically analyzed. Each bar represents the mean ± SD of at least three independent

experiments and *p < 0.05. (B) Cell invasion was analyzed by Boyden Chamber assay. The number of cells that invaded the gelatin

membrane was counted and the results were statistically analyzed. Each bar represents the mean ± SD of at least three independent

experiments and *p < 0.05. (C) MMP2 enzyme activity was evaluated by gelatin zymography. Band area was measured by ImageJ

software and the results were analyzed statistically. Each bar represents the mean ± SD of at least three independent experiments and

*p < 0.05.
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2012, Kang et al., 2019). For instance, it was reported that

FOXO3 up-regulates p21 and p27, which are well known to
induce cell cycle arrest and prohibit cell survival (Zhang and
Zhang 2019). It has been identified that FOXO3 is regulated
by AKT that is a upstream kinase of FOXO3 (Tzivion et al.,

2011). Phosphorylated FOXO3 is transferred to cytosol from
nucleus through 14–3-3 proteins and exportins (Liu et al.,
2018). FOXO3 in cytosol cannot act as a transcription factor.

FOXO3 and Akt signaling pathways are important factors of
cell survival, which suggested these pathways could be impor-
tant target for cancer treatment.

FOXO3 has been an important target for inhibition of
ovarian cancer cells. It was reported that up-regulation of
FOXO3 by microRNAs-498 suppressed human ovarian cancer

cell lines (Liu et al., 2015). This study showed that FOXO3
knock-down promoted cell survival, which suggested that
FOXO3 up-regulation could be important target for inhibition
of ovarian cancer cells. Furthermore, a previous study showed

that down-regulation of FOXO3 promotes cell survival, which
implies that FOXO3 up-regulation can be a key of how to sup-
press ovarian cancer cells (Wei et al., 2016).

Tyrosine kinase inhibitors have been recognized as poten-
tial reagents for targeted therapy of cancers (Luo et al.,
2012). Linifanib is one of tyrosine kinase inhibitors that has

future potential in cancer treatment (Aversa et al., 2015). Sev-
eral studies showed the anti-cancer effect of linifanib clinically.
It was reported that linifanib exerts anti-carcinogenic effects in
patients of hepatocellular carcinoma (Toh et al., 2013). Fur-

thermore, linifanib has anti-carcinogenic effect in patients with
locally advanced lung cancer (Tan et al., 2011). The other
study reported that linifanib has therapeutic effects in patients

with metastatic colorectal cancer (Chan et al., 2017).
Suppressive effects of linifanib in various cancer cell lines

and in vivo were shown in previous studies. Linifanib induced

apoptosis and cell cycle arrest in head and neck squamous cell
carcinoma UMSCC-22A and UMSCC-22B cells (Hsu et al.,
2013). Moreover, it has been reported that linifanib suppressed

AKT/mTOR pathways mediated by receptor tyrosine kinase
in gastric cancer (Chen et al., 2016). Not only did this research
show that linifanib induced cell cycle arrest and apoptosis in
gastric cancer SGC-7901 cells, but also demonstrate that lini-

fanib suppressed tumor growth in a gastric cancer xenograft
mouse model.

As we mentioned previously, FOXO3 signaling pathway

plays pivotal role in cell survival (Fu and Tindall 2008). There-
fore, it is crucial to find the effect reagent to regulate FOXO3



Fig. 4 Induction of apoptotic by linifanib on SKOV3 cells. (A) Analysis of apoptosis using the Muse Cell Analyzer. SKOV3 cells were

treated with linifanib for 24 h and 48 h and analyzed. The percentage of live, early apoptotic, and late apoptotic cells were measured and

analyzed statistically. Each bar represents the mean ± SD of at least three independent experiments and *p < 0.05. (B) Evaluation of

caspase-3,7 activity using the Muse Cell Analyzer. SKOV3 cells were treated with linifanib for 24 h and 48 h and analyzed. The percentage

of caspase-3,7 activated cells were measured and analyzed statistically. Each bar represents the mean ± SD of at least three independent

experiments and *p < 0.05. (C) Evaluation of Multi-caspase activity using the Muse Cell Analyzer. SKOV3 cells were treated with

linifanib for 24 h and 48 h and analyzed. The percentage of multicaspase-activated cells were measured and analyzed statistically. Each bar

represents the mean ± SD of at least three independent experiments and *p < 0.05.
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signaling pathway to suppress ovarian cancer. Here, we inves-
tigated the effect of linifanib on FOXO3 in human ovarian

cancer SKOV3 because there have hardly been any studies that
investigated the effect of linifanib on FOXO3 signaling path-
way in cancers. We found that linifanib up-regulated FOXO3

expression. Interestingly, we also found that linifanib induced
translocation of FOXO3 from cytosol into nucleus, which sug-
gested that FOXO3 acts as transcription factor in nucleus,

which activates various signaling pathways related to apopto-
sis and cell cycle arrest (Dabrowska et al., 2008, Das et al.,
2016).
Fig. 5 Induction of apoptotic by linifanib on SKOV3 cells. (A) Bcl-2

using the Muse Cell Analyzer. SKOV3 cells were treated with linifanib

cells and bcl-2 non-expressed cells were measured and analyzed sta

independent experiments and *p < 0.05. (B) Evaluation of mito-poten

linifanib for 24 h and 48 h and analyzed. The percentages of depo

represents the mean ± SD of at least three independent experiments an

SKOV3 cells treated with linifanib. Cells were treated with linifanib for

b-actin was used as a loading control. (D) Analysis of ATP levels in S

for 24 h and ATP levels were evaluated by CellTiter-Glo luminescen

independent experiments and *p < 0.05. (E) DNA strand breaks induc

for 24 h and 48 h and TUNEL assay was performed following manufa

DNA strand breaks were stained with TUNEL (green). Merged ima

TUNEL-positive cells were counted and statistically analyzed. Each

experiments and *p < 0.05.
Reactive oxygen species (ROS) is interesting and crucial
factor in cell survival, especially cancers because the balance

of intracellular ROS level directly affects cell functions (Liou
and Storz 2010). It has been reported that increased intracellu-
lar ROS level induced DNA damage, which means it affects

interpretation and transmission of genetic information
(Rowe et al., 2008, Srinivas et al., 2019). Therefore, to suppress
cancer, effective reagents that induce intracellular ROS in can-

cers need to be found. In this study, we found that linifanib
increased intracellular ROS levels in SKOV3 cells. Interest-
ingly, our results strongly demonstrated that linifanib induced
activation and expression profile of linifanib-treated SKOV3 cells

for 24 h and 48 h and analyzed. The percentage of bcl-2 inactivated

tistically. Each bar represents the mean ± SD of at least three

tial using the Muse Cell Analyzer. SKOV3 cells were treated with

larized cells were measured and analyzed statistically. Each bar

d *p < 0.05. (C) Western blotting analysis of COX1 and SDHA in

24 h and the expression levels of COX1 and SDHA were evaluated.

KOV3 cells treated with linifanib. Cells were treated with linifanib

t assay kit. Each bar represents the mean ± SD of at least three

ed by linifanib in SKOV3 cells. The cells were treated with linifanib

cturer’s instruction. Nucleus was stained with Hoechst (blue) and

ges showed DNA strand breaks in nucleus. The percentages of

bar represents the mean ± SD of at least three independent

"
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DNA damage in nucleus. Taken together, our results sug-
gested that linifanib could be an effective reagent that induces
intracellular ROS level and DNA damage in human ovarian

cancer.
In conclusion, our results showed the anti-carcinogenic
effects of linifanib that is a tyrosine receptor kinase in human
ovarian cancer SKOV3 cells. We found various physiological

characteristics induced in apoptotic cells, such as depolariza-



Fig. 5 (continued)

Fig. 6 Western blotting analysis of SKOV3 cells treated with linifanib. (A) Cells were treated with linifanib for 24 h and the expression

levels of PARP1, cleaved PARP1, caspase-3, cleaved caspase-3, FOXO3, p27, bax, bim, and bcl-2 were evaluated. b-actin was used as a

loading control. (B) Additionally, SKOV3 cells were treated with linifanib for 48 h and cytosol/nucleus fractionation was performed.

Translocation of FOXO3 and p27 was observed. GAPDH and Lamin A/C were used as a loading control.

12 C.M. Lee et al.
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tion of mito-potential, activation of apoptotic signaling path-
way, induction of intracellular ROS, and DNA damage. Inter-

estingly, linifanib induced translocation of FOXO3 from
cytosol to nucleus, which suggested that FOXO3 was trans-
ferred into the nucleus and it can act as transcription factor,
which activates apoptotic signaling pathway and induces cell
cycle arrest. Taken together, linifanib induced apoptosis and

suppressed proliferation in human ovarian cancer SKOV3
cells, which suggested that linifanib might be a future thera-
peutic reagent for ovarian cancer treatment.



Fig. 7 Induction of ROS by linifanib on SKOV3 cells. (A) Intracellular ROS induced by linifanib. SKOV3 cells were treated with

linifanib for 24 h and 48 h. SKOV3 cells were treated with linifanib for 24 h and 48 h and analyzed. The percentages of ROS-positive cells

(red) were measured and analyzed statistically. Each bar represents the mean ± SD of at least three independent experiments and

*p < 0.05. Additionally, SKOV3 cells were treated with linifanib for 48 h and expression levels of thioredoxin-1 and peroxiredoxin-1 were

evaluated through western blotting. b-actin was used as a loading control. (B) Evaluation of DNA-damage using the Muse Cell Analyzer.

SKOV3 cells were treated with linifanib for 24 h and 48 h and analyzed. The percentages of total DNA-damaged cells (pATM-positive,

pH2A.X-positive, and pATM/pH2A.X-positive cells) were measured and analyzed statistically. Each bar represents the mean ± SD of at

least three independent experiments and *p < 0.05. (C) Visualization of DNA damage induced by linifanib in SKOV3 cells through comet

assay. The cells were treated with linifanib for 24 h and 48 h and comet assay was performed following manufacturer’s instruction. Comet

length was measured and analyzed statistically. Each bar represents the mean ± SD of at least three independent experiments and

*p < 0.05.

3

14 C.M. Lee et al.
Declaration of Competing Interest

The authors declare that they have no known competing

financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This research was supported by the Basic Science Research

Program (NRF-2014R1A6A3A04054307) through the
National Research Foundation of Korea (NRF) funded by
the Ministry of Science and ICT (MSIP). This research was

supported by the Medical Research Center Program (NRF-
2017R1A5A2015061) through the National Research Founda-
tion of Korea (NRF) funded by the Ministry of Science and

ICT (MSIP).
References

Aversa, C., Leone, F., Zucchini, G., et al, 2015. Linifanib: current

status and future potential in cancer therapy. Expert Rev.

Anticancer Ther. 15, 677–687. https://doi.org/10.1586/

14737140.2015.1042369.

Cainap, C., Qin, S., Huang, W.-T., et al, 2015. Linifanib versus

Sorafenib in patients with advanced hepatocellular carcinoma:

results of a randomized phase III trial. J. Clin. Oncol. 33, 172–179.

https://doi.org/10.1200/JCO.2013.54.3298.

Chan, E., Goff, L.W., Cardin, D.B., et al, 2017. Phase II study of the

Multikinase inhibitor of angiogenesis, Linifanib, in patients with

metastatic and refractory colorectal cancer expressing mutated

KRAS. Invest. New Drugs 35, 491–498. https://doi.org/10.1007/

s10637-017-0458-8.

Chen, J., Guo, J., Chen, Z., et al, 2016. Linifanib (ABT-869)

Potentiates the Efficacy of Chemotherapeutic Agents through the

Suppression of Receptor Tyrosine Kinase-Mediated AKT/mTOR

Signaling Pathways in Gastric Cancer. Sci. Rep. 6, 29382. https://

doi.org/10.1038/srep29382.

Chiang, T.-Y., Hsu, H.-C., Jane, S.-W., et al, 2020. EGFRI-associated

health-related quality of life by severity of skin toxicity in

metastatic colorectal cancer patients receiving epidermal growth

factor receptor inhibitor target therapy. Support. Care Cancer 28,

4771–4779. https://doi.org/10.1007/s00520-020-05321-3.

Cortez, A.J., Tudrej, P., Kujawa, K.A., et al, 2018. Advances in

ovarian cancer therapy. Cancer Chemother. Pharmacol. 81, 17–38.

https://doi.org/10.1007/s00280-017-3501-8.

Dabrowska, A., Kim, N., Aldovini, A., 2008. Tat-induced FOXO3a is

a key mediator of apoptosis in HIV-1-infected human CD4+ T

lymphocytes. J. Immunol. (Baltimore, Md. 1950) 181, 8460–8477.

https://doi.org/10.4049/jimmunol.181.12.8460.
Das, T.P., Suman, S., Alatassi, H., et al, 2016. Inhibition of AKT

promotes FOXO3a-dependent apoptosis in prostate cancer. Cell

Death Dis. 7, e2111–e. https://doi.org/10.1038/cddis.2015.403.

Fu, Z., Tindall, D.J., 2008. FOXOs, cancer and regulation of

apoptosis. Oncogene 27, 2312–2319. https://doi.org/10.1038/

onc.2008.24.

Hsu, H.-W., Gridley, D.S., Kim, P.D., et al, 2013. Linifanib (ABT-

869) enhances radiosensitivity of head and neck squamous cell

carcinoma cells. Oral Oncol. 49, 591–597. https://doi.org/10.1016/j.

oraloncology.2013.02.009.

Kang, M., Lee, J., Ha, S.H., et al, 2019. Interleukin4Ra (IL4Ra) and
IL13Ra1 Are Associated with the Progress of Renal Cell Carci-

noma through Janus Kinase 2 (JAK2)/Forkhead Box O3 (FOXO3)

Pathways. Cancers. 11, 1394.

Li, J., Ma, W., Cheng, X., et al, 2020b. Activation of FOXO3 pathway

is involved in polyphyllin I-induced apoptosis and cell cycle arrest

in human bladder cancer cells. Arch. Biochem. Biophys. 687,.

https://doi.org/10.1016/j.abb.2020.108363 108363.

Li, H., Yang, Y., Hong, W., et al, 2020a. Applications of genome

editing technology in the targeted therapy of human diseases:

mechanisms, advances and prospects. Signal Transduction Tar-

geted Therapy 5, 1. https://doi.org/10.1038/s41392-019-0089-y.

Liou, G.Y., Storz, P., 2010. Reactive oxygen species in cancer. Free

Radical Res. 44, 479–496. https://doi.org/10.3109/

10715761003667554.

Liu, Y., Ao, X., Ding, W., et al, 2018. Critical role of FOXO3a in

carcinogenesis. Mol. Cancer 17, 104. https://doi.org/10.1186/

s12943-018-0856-3.

Liu, R., Liu, F., Li, L., et al, 2015. MiR-498 regulated FOXO3

expression and inhibited the proliferation of human ovarian cancer

cells. Biomed. Pharmacother. 72, 52–57. https://doi.org/10.1016/j.

biopha.2015.04.005.

Loebel, M., Holzhauser, L., Hartwig, J.A., et al, 2018. The forkhead

transcription factor Foxo3 negatively regulates natural killer cell

function and viral clearance in myocarditis. Eur. Heart J. 39, 876–

887. https://doi.org/10.1093/eurheartj/ehx624.

Luo, Y., Jiang, F., Cole, T.B., et al, 2012. A novel multi-targeted

tyrosine kinase inhibitor, linifanib (ABT-869), produces functional

and structural changes in tumor vasculature in an orthotopic rat

glioma model. Cancer Chemother. Pharmacol. 69, 911–921. https://

doi.org/10.1007/s00280-011-1740-7.

Momenimovahed, Z., Tiznobaik, A., Taheri, S., et al, 2019. Ovarian

cancer in the world: epidemiology and risk factors. Int J Womens

Health. 11, 287–299. https://doi.org/10.2147/IJWH.S197604.

Pokhriyal, R., Hariprasad, R., Kumar, L., et al, 2019. Chemotherapy

Resistance in Advanced Ovarian Cancer Patients

1179299X19860815 Biomarkers Cancer 11. https://doi.org/

10.1177/1179299X19860815.

Rowe, L.A., Degtyareva, N., Doetsch, P.W., 2008. DNA damage-

induced reactive oxygen species (ROS) stress response in Saccha-

romyces cerevisiae. Free Radical Biol. Med. 45, 1167–1177. https://

doi.org/10.1016/j.freeradbiomed.2008.07.018.

https://doi.org/10.1586/14737140.2015.1042369
https://doi.org/10.1586/14737140.2015.1042369
https://doi.org/10.1200/JCO.2013.54.3298
https://doi.org/10.1007/s10637-017-0458-8
https://doi.org/10.1007/s10637-017-0458-8
https://doi.org/10.1038/srep29382
https://doi.org/10.1038/srep29382
https://doi.org/10.1007/s00520-020-05321-3
https://doi.org/10.1007/s00280-017-3501-8
https://doi.org/10.4049/jimmunol.181.12.8460
https://doi.org/10.1038/cddis.2015.403
https://doi.org/10.1038/onc.2008.24
https://doi.org/10.1038/onc.2008.24
https://doi.org/10.1016/j.oraloncology.2013.02.009
https://doi.org/10.1016/j.oraloncology.2013.02.009
http://refhub.elsevier.com/S1878-5352(22)00637-2/h0055
http://refhub.elsevier.com/S1878-5352(22)00637-2/h0055
http://refhub.elsevier.com/S1878-5352(22)00637-2/h0055
http://refhub.elsevier.com/S1878-5352(22)00637-2/h0055
https://doi.org/10.1016/j.abb.2020.108363
https://doi.org/10.1038/s41392-019-0089-y
https://doi.org/10.3109/10715761003667554
https://doi.org/10.3109/10715761003667554
https://doi.org/10.1186/s12943-018-0856-3
https://doi.org/10.1186/s12943-018-0856-3
https://doi.org/10.1016/j.biopha.2015.04.005
https://doi.org/10.1016/j.biopha.2015.04.005
https://doi.org/10.1093/eurheartj/ehx624
https://doi.org/10.1007/s00280-011-1740-7
https://doi.org/10.1007/s00280-011-1740-7
https://doi.org/10.2147/IJWH.S197604
https://doi.org/10.1177/1179299X19860815
https://doi.org/10.1177/1179299X19860815
https://doi.org/10.1016/j.freeradbiomed.2008.07.018
https://doi.org/10.1016/j.freeradbiomed.2008.07.018


Linifanib induces apoptosis in human ovarian cancer cells via activation of FOXO3 and reactive oxygen species 15
Srinivas, U.S., Tan, B.W.Q., Vellayappan, B.A., et al, 2019. ROS and

the DNA damage response in cancer. Redox Biol. 25,. https://doi.

org/10.1016/j.redox.2018.101084 101084.

Tan, E.-H., Goss, G.D., Salgia, R., et al, 2011. Phase 2 Trial of

Linifanib (ABT-869) in Patients with Advanced Non-small Cell

Lung Cancer. J. Thoracic Oncol. 6, 1418–1425. https://doi.org/

10.1097/JTO.0b013e318220c93e.

Tezil, T., Bodur, C., Kutuk, O., et al, 2012. IKK-b mediates

chemoresistance by sequestering FOXO3; A critical factor for cell

survival and death. Cell. Signal. 24, 1361–1368. https://doi.org/

10.1016/j.cellsig.2012.01.012.

Tia, N., Singh, A.K., Pandey, P., et al, 2018. Role of Forkhead Box O

(FOXO) transcription factor in aging and diseases. Gene 648, 97–

105. https://doi.org/10.1016/j.gene.2018.01.051.

Toh, H.C., Chen, P.-J., Carr, B.I., et al, 2013. Phase 2 trial of linifanib

(ABT-869) in patients with unresectable or metastatic hepatocel-

lular carcinoma. Cancer 119, 380–387. https://doi.org/10.1002/

cncr.27758.

Trinidad, C.V., Tetlow, A.L., Bantis, L.E., et al, 2020. Reducing

Ovarian Cancer Mortality Through Early Detection: Approaches
Using Circulating Biomarkers. Cancer Prevent. Res. (Philadelphia,

Pa.) 13, 241–252. https://doi.org/10.1158/1940-6207.Capr-19-0184.

Tzivion, G., Dobson, M., Ramakrishnan, G., 2011. FoxO transcrip-

tion factors; Regulation by AKT and 14–3-3 proteins. Biochim.

Biophys. Acta (BBA) – Mol. Cell Res. 1813, 1938–1945. https://doi.

org/10.1016/j.bbamcr.2011.06.002.

Wani, T.A., Bakheit, A.H., Zargar, S., et al, 2017. Spectrophotometric

and molecular modelling studies on in vitro interaction of tyrosine

kinase inhibitor linifanib with bovine serum albumin. PLoS ONE

12, e0176015.

Wei, Z., Liu, Y., Wang, Y., et al, 2016. Downregulation of Foxo3 and

TRIM31 by miR-551b in side population promotes cell prolifer-

ation, invasion, and drug resistance of ovarian cancer. Med. Oncol.

33, 126. https://doi.org/10.1007/s12032-016-0842-9.

Zhang, Y., Chen, S., Wei, C., et al, 2018. Flavonoids from Chinese

bayberry leaves induced apoptosis and G1 cell cycle arrest via Erk

pathway in ovarian cancer cells. Eur. J. Med. Chem. 147, 218–226.

https://doi.org/10.1016/j.ejmech.2018.01.084.

Zhang, M., Zhang, X., 2019. The role of PI3K/AKT/FOXO signaling

in psoriasis. Arch. Dermatol. Res. 311, 83–91. https://doi.org/

10.1007/s00403-018-1879-8.

https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1016/j.redox.2018.101084
https://doi.org/10.1097/JTO.0b013e318220c93e
https://doi.org/10.1097/JTO.0b013e318220c93e
https://doi.org/10.1016/j.cellsig.2012.01.012
https://doi.org/10.1016/j.cellsig.2012.01.012
https://doi.org/10.1016/j.gene.2018.01.051
https://doi.org/10.1002/cncr.27758
https://doi.org/10.1002/cncr.27758
https://doi.org/10.1158/1940-6207.Capr-19-0184
https://doi.org/10.1016/j.bbamcr.2011.06.002
https://doi.org/10.1016/j.bbamcr.2011.06.002
http://refhub.elsevier.com/S1878-5352(22)00637-2/h0145
http://refhub.elsevier.com/S1878-5352(22)00637-2/h0145
http://refhub.elsevier.com/S1878-5352(22)00637-2/h0145
http://refhub.elsevier.com/S1878-5352(22)00637-2/h0145
https://doi.org/10.1007/s12032-016-0842-9
https://doi.org/10.1016/j.ejmech.2018.01.084
https://doi.org/10.1007/s00403-018-1879-8
https://doi.org/10.1007/s00403-018-1879-8

	Linifanib induces apoptosis in human ovarian cancer cells via activation of FOXO3 and reactive oxygen species
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Cell lines and cell culture
	2.3 WST-1 assay
	2.4 Observation of morphological changes
	2.5 Cell counting assay
	2.6 Colony formation assay
	2.7 Cell viability assay
	2.8 Apoptosis assay
	2.9 Caspase-3/7 activity assay
	2.10 Multi-caspase activity assay
	2.11 ATM and H2A.X phosphorylation assay
	2.12 Mitochondria depolarization assay
	2.13 Ki67 assay
	2.14 Cell cycle arrest assay
	2.15 Bcl-2 phosphorylation assay
	2.16 Reactive oxygen species assay
	2.17 ATP assay
	2.18 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
	2.19 Comet assay
	2.20 Nuclear fractional western blot analysis
	2.21 Western blotting analysis
	2.22 Wound healing assay
	2.23 Invasion assay
	2.24 Zymography
	2.25 Statistical analysis

	3 Results
	3.1 Linifanib inhibits proliferation of SKOV3 cells.
	3.2 Linifanib inhibits migration and invasion of SKOV3 cells.
	3.3 Linifanib induces apoptosis in SKOV3 cells.
	3.4 Linifanib induces intracellular ROS generation and DNA damage in SKOV3 cells.

	4 Discussion
	Declaration of Competing Interest
	Acknowledgements
	References


