EXPERIMENTAL AND THERAPEUTIC MEDICINE 26: 448, 2023

Triple-negative breast cancer cells that survive ionizing radiation
exhibit an Axl-dependent aggressive radioresistant phenotype
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Abstract. This study aimed to investigate the aggressive
behavior of triple-negative breast cancer (TNBC) cells that
had survived ionizing radiation and explore the potential
targets of TNBC combination treatment. Consistent with the
previous literature, Axl was highly expressed in TNBC and
closely associated with the degree of malignancy based on
immunohistochemical staining. Using a gradient irradiation
method, the ionizing radiation-resistant mouse TNBC cell line
4T-1/IRR was established. It was found that AxI expression
was upregulated in 4T-1/IRR cells. After irradiation by X-ray,
the cell viability and colony formation ability of 4T-1/IRR cells
were significantly increased when compared with the 4T-1
cells. Combined radiotherapy with Axl inhibition by treatment
with R428 and small interfering RNA lentivirus targeting Axl
infection significantly reduced cell viability, colony formation
ability, DNA double-stranded break repair, and the invasive
and migratory ability of 4T-1/IRR cells. In vivo, the small
animal radiation research platform was applied to precisely
administer radiotherapy of the tumor-bearing mice. R428
treatment combined with 6 Gy X-ray significantly inhibited
the growth of 4T-1/IRR cells-derived xenograft tumors in the
BALB/c mouse. The results of western blotting showed that the
critical molecular mechanism involved in the radioresistance
of TNBC cells was the PI3K/Akt/mTOR signaling pathway
induced by Axl activation. Thus, it is hypothesized that
targeted Axl therapy combined with radiotherapy may have
significant potential for the treatment of TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is an aggressive
disease with a high incidence of recurrence and metastasis,
which often exhibits therapeutic resistance, and is associ-
ated with poor survival outcomes. Tumor recurrence is one
of the primary causes of failure of radiotherapy, and cells
that survive radiotherapy often exhibit rapid proliferative
rates (1-3). A series of genetic and epigenetic disturbances
are reported to be involved in the radioresistance mecha-
nisms of tumor cells (4,5). Therefore, research on specific
molecular targets and the tumor immune microenvironment is
gradually resulting in advances in malignant tumor treatment
regimens (6,7). Combination therapy of traditional therapies
with targeted drugs or immune checkpoint inhibitors has seen
increased popularity for the management of malignant tumors.

Receptor tyrosine kinases (RTKSs) are the most widespread
type of enzyme-linked receptors in humans and include the
EGFR family and the VEGFR family, which are widely
targeted in clinical practice. By binding to ligands, RTKs
induce the phosphorylation of tyrosine residues of downstream
target proteins, causing downstream intracellular effects, and
play an important role in the occurrence and development of
various types of malignant tumors (8). Axl is a transmembrane
protein belonging to the TAM (TYRO3, AXL, and MERTK)
family of RTKSs. Following the binding and activation by
extracellular ligands, the conformation of AxI is altered
to form homodimers or heterodimers. Phosphorylation of
tyrosine residues in the intracellular domain activates the
kinase activity and induces signaling cascades, including the
JAK/STAT, PI3K/Akt, RAS/RAF/MEK/ERK, and NF-xB
signaling pathways, which are widely involved in various
biological processes such as tissue generation, cell prolifera-
tion, cellular adhesion and recognition, inhibition of apoptosis,
malignant transformation, and treatment resistance (9).

In recent years, various studies have shown that AxI
overexpression is closely associated with drug resistance to
targeted therapy, chemotherapy, and immunotherapy. Previous
studies have found that mouse breast cancer tumors with high
AxI expression exhibit resistance to combination therapy
consisting of ionizing radiation and immune checkpoint
inhibitors. Inhibition of Axl expression enhances antigen
presentation, affects cytokine secretion, regulates immune
response in tumors, and ultimately increases the lethality of
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radiotherapy (10). When drugs target malignant tumors, the
phosphorylation of Axl is also upregulated, followed by the
activation of the downstream cell survival signaling path-
ways, and this eventually leads to treatment resistance (11).
Inhibition of AxIl expression or its phosphorylation reduces
cell proliferation and migration while maintaining therapeutic
drug sensitivity (12-15).

Previous studies have shown that Axl activation promotes
the expression of anti-apoptotic proteins, inhibits the expres-
sion of pro-apoptotic proteins, and ultimately promotes cell
survival by activating the downstream PI3K/Akt signaling
pathway (16,17). It can also induce the expression of
matrix metalloproteins (MMPs), degrade the extracellular
matrix, and promote the invasion and migration of tumor
cells (16,18-20). The activation of the PI3K pathway induces
the phosphorylation of Akt and mTOR, leading to an increase
in the proliferation of breast cancer cells and the occurrence of
distant metastasis (21).

Ionizing radiation induces a series of survival-promoting
signaling pathways whilst destroying a tumor. The activation of
the PI3K/Akt signaling pathway following exposure of malig-
nant tumors to ionizing radiation is often observed (22). The
activation of the PI3K/Akt signaling pathway usually indicates
the resistance of tumor cells to ionizing radiation. Inhibiting
the activation of the PI3K/Akt signaling pathway increases
the radiosensitivity of various malignant tumor cells, and the
potential mechanism may be associated with the inhibition of
DNA damage repair and increased cell apoptosis (23).

In the present study, the radioresistance of the TNBC cells
that had survived ionizing radiation was investigated, and the
potential value of targeting Axl combined with radiotherapy in
the treatment of TNBC is discussed.

Materials and methods

Tumor tissues and immunohistochemistry. A total of 45
surgical resection specimens (including cancer tissue and
paracancerous tissue) of primary TNBC were collected from
the biological sample bank of Zhejiang Cancer Hospital
(Zhejiang, China). The median age (range) at diagnosis was
56 years (37 to 69). The paracancerous tissue was at least 2 cm
away from the edge of the tumor tissue. The clinical data of
the specimens were obtained from the medical records of
the hospital. Immunohistochemistry was used to detect the
expression of Axlin TNBC tissues and adjacent paracancerous
tissues, as well as the expression of pAkt in cancerous tissues.
The study protocol was approved by the Ethics Committee
of Zhejiang cancer hospital (approval no, IRB-2020-367).
For statistical analysis, the degree of positive staining was
classified as negative (0), weakly positive (+), moderately
positive (++), and strongly positive (+++), corresponding to the
tissues with <10%, 10-25%, 25-75% and >75% of the tissue
stained positive, respectively.

Cell culture and treatment. The mouse TNBC cell line
4T-1 was purchased from the ATCC cell bank represented
by the Beijing Beina Chuanglian Institute of Biotechnology
(cat. no. BNCC273810). Cells were maintained in RPMI-1640
Medium (HyClone; Cytiva), supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml

penicillin, and 100 pg/ml streptomycin (Biosharp, Inc.) and
maintained in a humidified incubator at 37°C supplied with
5% CO, air. R428 was purchased from APExBIO Technology
and dissolved in PBS (HyClone; Cytiva).

Establishment of the ionizing radiation-resistant cell line. The
4T-1 cells resistant to ionizing radiation (henceforth referred
to as 4T-1/IRR) were established using a gradient irradiation
method. 4T-1 cells in the logarithmic growth phase were
cultured in a 25 cm? culture flask and irradiated using a 2 Gy
X-ray initially. Cells were passaged and irradiated again with
2 Gy X-ray when the cell density reached 80-90%. The afore-
mentioned 4T-1 cells were irradiated by gradually increasing
doses to 4, 6, 8, and finally 10 Gy, with cells being irradiated
with each dose twice, such that the total irradiation dose was
60 Gy. After continued culturing and passaging for 15 days
after each irradiation treatment, a few of the cells survived and
proliferated stably. An MTT assay and colony formation assay
were used to identify ionizing radiation-resistant cell lines.

Lentiviral infection. Cell suspension with a density of
3-5x10* cells/ml was prepared by RPMI-1640 complete
medium. Then 6-10x10* cells in 2 ml cell suspension were
inoculated into each well of 6-well plates and incubated for
16-24 h to 20-30% confluency as above. The small interfering
RNA (siRNA) sequences used were as follows: siAxl, TGT
CTGCATGAAGGAATTT and NC, TTCTCCGAACGTGTC
ACGT. During lentiviral infection, the volume of serum-free
medium in each well of the six-well plate was 1 ml; 40 ul
HiTransG A infection reagent (Shanghai GeneChem, Co.,
Ltd.) and the appropriate amount of lentivirus (Shanghai
GeneChem, Co., Ltd.) were added to 1 ml serum-free
RPMI-1640 medium. The amount of lentivirus added to each
well (ul) was calculated as follows; multiplicity of infection
(MOI) x number of cells/titer (TU/ml) x1,000, where the MOI
value was set to 10. The infection medium was replaced with
fresh supplemented RPMI-1640 medium following culturing
for 12 h. The cells were further cultured for 48 h, after which
the cells were observed under a fluorescence microscope. The
infection efficiency was >95%.

MTT assay. The cells were digested, and a 5x103-1x10* cells/ml
cell suspension was prepared, of which, 100 pl was added to
each well of the 96-well cell culture plate. The seeded cells
were cultured for 24 h. 4T-1/IRR cells were treated with
different concentrations of R428, and then the lethal ICs, dose
was calculated. To investigate the role of Axl played in the
radioresistance of TNBC cells, the 4T-1/IRR cells were treated
with R428, infected with NC or Axl siRNA lentivirus, respec-
tively, and then irradiated with O or 4 Gy X-rays; 4 Gy X-ray
was regarded as the most suitable dose for the viability test, as
it brought about a decrease in cell viability while minimizing
the impact of ionizing radiation damage on experimental
results. The cell viability was measured using MTT assays
after 24 and 48 h. In the dark, 20 yl MTT solution (5 mg/ml)
(Beijing Solarbio Science & Technology Co., Ltd.) was added
to each well, and the cells were incubated for 4 h. The super-
natant in each well was discarded and replaced with 150 ul
DMSO (Beijing Solarbio Science & Technology Co., Ltd.) to
dissolve the formazan. The optical density (OD) values were
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measured at 492 nm on a microplate reader. The cell viability
was calculated using the following formula: Cell viability
(%)=(0D492 value of experimental group/OD492 value of
control group) x100%.

Colony formation assay. The cells in the logarithmic
growth phase were digested and seeded into six-well plates
with gradient densities of 500, 1,000, 2,000, 3,000, and
4,000 cells/well. The detection of the colony formation
ability of 4T-1/IRR cells needs to fit the dose-survival curve,
which was derived from a multi-target single-hit model
as follows: survival fraction (SF)=1-(1-exp™'P%" (24,25).
The numbers of colonies formed after 0, 2, 4, 6, or 8 Gy
X-ray irradiation are usually used to fit the dose-survival
curve. This is a routine operation method for radiobiology
tests (24,25). The plates were irradiated with 2, 4, 6, or
8 Gy X-rays, respectively, and subsequently incubated for
10-14 days. Following incubation, the culture supernatant
was discarded, and the cells were fixed at room temperature
for 20 min with methanol and stained at room temperature
for 30 min with crystal violet staining solution. The SF was
calculated according to the following formula: SF=number
of colonies/(number of inoculated cells x plating efficiency).
The number of colonies with >50 cells was counted under
a inverted microscope (Olympus Corporation; magnifica-
tion, x40). The dose-survival curve was derived from a
multi-target single-hit model as follows:

SF=1-(1-exp™P%"; where D is the radiation dose (Gy), D,
is the average lethal dose, Dq is the quasi-domain dose, and N
is the extrapolation. The sensitization enhancing ratio (SER)
was calculated as follows: D, of the treatment group/D,, of the
control group.

Mouse TNBC 4T-1/IRR cell xenografts. The female
5-week-old BALB/c mice were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd. The mice were housed
under standard laboratory conditions (25+1°C with 12-h
light-dark cycle) and given access to sterilized food and
water. The mice were treated in accordance with the ARRIVE
guidelines, the UK Animals (Scientific Procedures) Act,
1986, and associated guidelines (26). The cells in each
group were inoculated subcutaneously into the right poste-
rior flank of BALB/c mice. A total of 1x10° cells suspended
in 200 ul PBS were subcutaneously injected into the right
posterior flank of the BALB/c mice. Each group consisted of
five mice. The length and width of the transplanted tumors
were measured every 5 days, and then the tumor volume
was calculated using the formula: Volume (mm?®)=length x
width? (mm?)/2. The maximum diameter of the tumor did
not exceed 15 mm. The Small Animal Radiation Research
Platform (SARRP; Xstrahl) was used to provide a single
dose of 6 Gy 220 KV X-ray irradiation. Intratumoral injec-
tion with R428 was used to inhibit the Ax] expression of the
transplanted tumors. The volume of the transplanted tumor
was calculated to generate the growth curve. The mice were
sacrificed 20 days after irradiation, and the transplanted
tumor was completely removed. Mice were anesthetized
with 1% sodium pentobarbital (50 mg/kg) by intraperitoneal
injection prior to radiotherapy. The mice were euthanized
by cervical dislocation after anesthetization with 1% sodium

pentobarbital (50 mg/kg) through intraperitoneal injection.
The death of animals was confirmed by a lack of heartbeat,
breathing, dilation of the pupils, and nerve reflexes.

Wound healing assay. Wound healing assays were used to
assess the migratory ability of tumor cells. Cells were seeded
into 6-well plates, treated as described above, and cultured
to 80-90% confluency, typically 24 h. The monolayers were
scratched using a 200 ul sterile pipette tip and washed with
PBS to discard the floating and detached cells. Then, fresh
serum-free RPMI-1640 medium was added, and the cells
were further cultured. The cells were observed, and images
were taken at O and 48 h to measure the wound closure
distance. The wound closure rates were calculated as follows:
(Wound distance of cells after 48 h/wound distance of initial
scratch) x100.

Transwell invasion assay. The invasive ability of the cells
was assessed using 24-well Matrigel-coated Transwell
chambers with 8 ym pore-size membranes (Corning Inc.).
A total of 5x10%/ml cells from each group in serum-free
medium were added to the upper chamber. The inserts were
pre-coated with 50 ul Matrigel (BD Biosciences) diluted
with serum-free RPMI-1640 medium at a ratio of 1:8. In the
bottom chamber, 500 x1 medium supplemented with 20%
FBS was added. After incubation for 48 h, the Matrigel
and cells in the upper chambers were removed. The cells
that had invaded to the lower chambers were fixed at room
temperature for 20 min with 4% paraformaldehyde, stained
at room temperature for 30 min with crystal violet, and
imaged under a light microscope (Olympus Corporation;
magnification, x200).

Immunofluorescence analysis. The rapid phosphorylation
of histone H2AX at serine 139 (YH2AX) can be detected
by immunofluorescence as DNA double-stranded breaks
(DSBs) induced by ionizing radiation. Cells cultured and
treated on sterile cell culture slides in 24-well plates, were
fixed with 3.7% paraformaldehyde at room temperature for
20 mins, permeabilized with 0.5% Triton X-100, blocked
with 1% BSA at room temperature for 2 h, and incubated
with an anti-yH2AX antibody (cat. no. ab22551; 1:1,000;
Abcam) at 4°C overnight. Subsequently, the cells were
washed and incubated with a TRITC-conjugated anti-rabbit
secondary antibody (cat. no. ab6786; 1:1,000; Abcam),
followed by counterstaining with DAPI (Beyotime Institute
of Biotechnology) at room temperature for 5 mins to mark
the nucleus. The immunofluorescence-stained slices were
observed and imaged using a fluorescence microscope. The
mean number of YH2AX foci per nucleus was quantified in
each group.

Western blotting. Cells were lysed in lysis buffer (Thermo
Fisher Scientific, Inc.) containing phosphatase inhibitors
(Thermo Fisher Scientific Inc.) and PMSF (Thermo Fisher
Scientific Inc.). The proteins were loaded on an 10% SDS
gel, resolved using SDS-PAGE, and transferred to PVDF
membranes (MilliporeSigma). Subsequently, the membranes
were blocked with 5% skimmed milk, incubated with primary
antibodies against pPI3K (cat. no. ab182651; 1:200; Abcam),
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Figure 1. Immunohistochemical analysis of tumor tissues in TNBC patients. (A) Axl expression in TNBC and adjacent tissues. Scale bars, 50 and 100 pm.
(B) Correlation analysis between Axl expression and lymph node metastasis. (C) Ax] and pAkt expression in TNBC tissues. Scale bar, 100 gm. "P<0.05,

P

P<0.0001. TNBC, triple-negative breast cancer.

PI3K (cat. no. ab191606; 1:1,000; Abcam), pAxI (cat. no. 96453;
1:1,000; Cell Signaling Technology, Inc.), Axl (cat. no. ab215205;
1:1,000; Abcam), pAkt (cat. no. ab81283; 1:2,000; Abcam), Akt
(cat. no. ab38499; 1:1,000; Abcam), mTOR (cat. no. ab2732;
1:2,000; Abcam), PTEN (cat. no. ab32199; 1:5,000; Abcam),
or GAPDH (cat. no. ab8245; 1:2,000; Abcam), followed by
incubation with the relevant horseradish peroxidase-conjugated
secondary antibody (anti-Rabbit; cat. no. ab205718; anti-Mouse:
cat. no. ab6789; Abcam). GAPDH was used as the internal
control. Signals were visualized using a Laser Holographic
imager (Azure Biosystems).

Statistical analysis. Graph Pad Prism version 5.0 (GraphPad
Software, Inc.) and SPSS version 20.0 (IBM Corp.) were
used to analyze the data. A Mann-Whitney U test was
applied to analyze the clinical data of the TNBC patients.
A one-way ANOVA with post hoc Bonferroni's multiple
comparison corrections was used to compare the differences
between groups in vitro or in vivo. Data are presented as
the mean + standard deviation. “P<0.05 was considered to
indicate a statistically significant difference. The multi-target
single-hit model was used to fit the dose-survival curves. The
ability of a radiation sensitizer is represented by the SER. SER
is the ratio between the radiation dose that achieves a certain
effect in the absence of the sensitizer and the radiation dose
that achieves the same effect in the presence of the sensitizer.
SER >1 was considered to be indicative of a radiation sensiti-
zation effect, whereas an SER <1 was considered to indicate a
radiation-resistant effect.

Results

Axl and pAkt expression in TNBC tissues. The results of
immunohistochemical staining showed that the AxI protein
was primarily expressed in the cytoplasm of TNBC cells,
although some expression was seen in the nucleus (Fig. 1A).
The positive expression rate of Axl in 45 TNBC cases was
88.9% (40/45), of which 26 cases were ++ - +++, while that in
the adjacent tissues was 0%. It was thus hypothesized that Axl1
may play an important role in the occurrence and development
of TNBC.

As shown in Fig. 1B, further analysis of the patients'
clinicopathological characteristics showed that 16 (35.56%) of
45 TNBC patients had positive axillary lymph node (ALN)
metastasis, and Axl expression in the TNBC cases with ALN
metastasis was significantly higher than that without lymph
node metastasis (P<0.05). pAkt expression was found to be
widely distributed in the cytoplasm of tumor cells (Fig. 1C),
and the positive expression rate was 100% (45/45). Therefore,
it was concluded that the expression of Axl was upregulated in
the majority of TNBC patients, and the PI3K/pAkt signaling
pathway was an important molecular signaling pathway that
modulated the biological processes in TNBC.

Influence of ionizing radiation on the expression of pAxl
and its downstream signaling molecules in 4T-1 cells. The
expression levels of pAxl, Axl, and the downstream signaling
pathway molecules including pPI3K, PI3K, pAkt, Akt, mTOR,
and PTEN in 4T-1 cells were detected after 0, 24, 48 ,and
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Figure 2. Establishment and identification of ionizing radiation-resistant mouse TNBC 4T-1/IRR cells. (A) pAxl, Axl, pPI3K, PI3K, pAkt, Akt, mTOR, and
PTEN expression in 4T-1 cells at different times following irradiation. (B) The construction process of 4T-1/IRR cells using a gradient irradiation method.
The (C) colony formation rate and (D) viability of 4T-1/IRR cells was increased. (E) pAxl and Ax1 expression in 4T-1/IRR cells. “P<0.05, ““P<0.01, "“P<0.001,
"P<0.0001. NS, not significant; IRR, ionizing radiation resistance; TNBC, triple-negative breast cancer.

72 h after 2 Gy X-ray irradiation (Fig. 2A), respectively. The
results showed that the protein expression levels of pAxl, Axl,
pPI3K, pAkt,and mTOR increased gradually as the irradiation
time increased. This suggested that in 4T-1 cells, a series of
signaling cascades were initiated after irradiation to protect
against and gradually repair ionizing radiation damage.

Verification of ionizing radiation-resistant ability for
4T-1/IRR cells. The method used to establish 4T-1/IRR cells
is shown in Fig. 2B. Following irradiation with different doses
of X-rays, the colony formation rate of 4T-1/IRR cells was
notably higher than that of 4T-1 cells (SER=0.8719; Fig. 2C).
As shown in Fig. 2D, 24 h after 4 Gy X-ray irradiation, the
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Figure 3. Effects of Axl inhibition and irradiation on 4T-1/IRR cell growth. (A) pAx] and Axl expression was downregulated by siRNA lentivirus infection.
(B) Growth curve of 4T-1/IRR cells treated with different concentrations of R428. The effect of combined irradiation with AxI inhibition by R428 treatment
and AxI siRNA lentivirus infection on (C) cell viability and (D) colony formation ability of TNBC cells. “P<0.05, “P<0.01, “*P<0.001, **P<0.0001. NS, Not

Significant; NC, negative control; TNBC, triple-negative breast cancer.

viability of 4T-1/IRR cells was significantly higher than that
of 4T-1 cells (97.00+7.03% vs. 72.70+8.02%, P<0.05). After
48 h of cell culture, it was found that in the non-irradiation
group, the viability of 4T-1/IRR cells was higher than that
of 4T-1 cells (175.97+8.28% vs. 154.00+8.19%, P<0.05). A
total of 48 h after X-ray irradiation, the difference between
the two groups became more significant (154.67+6.76% vs.
101.67+11.24%, P<0.01). The above results confirmed that the
colony formation and proliferative ability of 4T-1/IRR cells
were significantly higher than that of 4T-1 cells, and it was
confirmed that 4T-1/IRR cells had acquired radioresistance.
The expression levels of pAxl and Axl in 4T-1/IRR cells were
higher than those in 4T-1 cells, particularly for pAxl, suggesting
that AxI activation likely participated in the acquisition of
radioresistance in TNBC cells (Fig. 2E).

Axl inhibition combined with irradiation significantly reduces
the viability of 4T-1/IRR cells. As shown in Fig. 3A, the expres-
sion of pAxl and AxI was significantly decreased following
Axl siRNA lentiviral infection. In Fig. 3B, the growth curve
showed that the median lethal dose (ICs,) of R428 for inhib-
iting 4T-1/IRR cell growth was 0.3039 uM, thus R428 with a
drug concentration of 0.3 yM was chosen for the subsequent
experiments. As shown in Fig. 3C and Table I, in the unirradi-
ated group, the viability of R428-treated 4T-1/IRR cells after
24 and 48 h was significantly reduced to 62.03 and 59.56%
of the 4T-1/IRR cells without R428 treatment. The viability
of 4T-1/IRR cells infected with siAxl lentivirus after 24 and
48 h was also significantly decreased to 69.96 and 72.11% of
the empty vector infected 4T-1/IRR cells. In the combina-
tion treatment groups, the viability of R428 treated 4T-1/IRR
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Table I. Cell viability of 4T-1/IRR cells following AxI inhibition®.

24 h 48 h
Group 0 Gy 4 Gy 0 Gy 4 Gy
4T-1 100.00+3.00 88.57+5.03 151.67+8.08 95.67+£3.51
4T-1/IRR 106.40+4.54 102.46+5.23° 170.80+7.79* 152.53+4.57°
4T-1/IRR+R428 66.00+4.33¢ 56.57+4.21¢ 101.73+4.28¢ 60.67+5.86°
4T-1/IRR+NC 105.20+4.21 99.89+5 .41 165.67+8.20 139.10+5.2
4T-1/IRR+siAxl 73.60+5.41¢ 62.97+3.02¢ 119.47+9.53¢ 64.57+4.18¢

1P<0.05,°P<0.01 vs. 4T-1; °P<0.01 vs. 4T-1/IRR; ‘P<0.01 vs. 4T-1/IRR + NC. ®Data are presented as the mean % (relative to 4T-1 cells treated

with 0 Gy radiation) + SD. NC, negative control; si, small interfering.

Table II. Colony formation ability of 4T-1/IRR cells following Axl inhibition®.

Group 0 Gy 2 Gy 4 Gy 6 Gy 8 Gy

4T-1 100.00+7.16 61.46x1.85 20.15+6.92 6.41+0.31 1.62+0.23
4T-1/IRR 100.00+7.33 75.69+1.98 30.25+1.74 13.19+1.13 3.76+0.35
4T-1/IRR+R428 100.00+11.65 54.21+1.56 12.86+1.94 3.45+0.34 0.52+0.25
4T-1/IRR+NC 100.00+8.10 74.54+1.21 29.10+4.15 12.46+1.03 3.49+0.37
4T-1/IRR+siAxl 100.00+8.34 47.58+4.87 15.24+1.11 3.44+0.57 0.73+0.32

“Data are presented as the mean % (relative to respective 0 Gy radiation treated cells) + SD. 4T-1/IRR vs. 4T-1, SER=0.8787; 4T-1/IRR + R428
vs. 4T-1/IRR, SER=1.4104; 4T-1/IRR + siAxl vs. 4T-1/IRR + NC, SER=1.1053. NC, negative control; si, small interfering; SER, sensitization

enhancing ratio.

cells after 24 and 48 h was significantly reduced to 53.16 and
35.52% of the 4T-1/IRR cells without any treatment. The
viability of 4T-1/IRR cells infected with siAxI lentivirus after
24 and 48 h was significantly decreased to 59.86 and 38.98%
of the empty vector infected 4T-1/IRR cells. The above results
suggested that ionizing radiation combined with Axl inhibition
exhibited an enhanced inhibitory role on the proliferation of
radiation-resistant TNBC cells.

Axl inhibition combined with irradiation reduces the colony
formation ability of 4T-1/IRR cells. As shown in Fig. 3D
and Table II, the colony formation rate of 4T-1/IRR cells
was significantly increased when compared with the 4T-1
cells (SER=0.8787). R428-treated 4T-1/IRR cells exhib-
ited a decreased colony formation rate compared with the
4T-1/IRR cells not treated with R428 (SER=1.4104). The
colony formation rate of 4T-1/IRR cells was also reduced
by siAxl lentivirus infection when compared with the NC
lentivirus-infected 4T-1/IRR cells (SER=1.1053). The above
results showed that the colony formation ability of 4T-1/IRR
cells was promoted when compared with 4T-1 cells, and it
could be significantly reduced by Axl inhibition, suggesting
that AxI played an important role in the radiation resistance
of TNBC cells.

R428 treatment combined with radiotherapy inhibits the rapid
growth of 4T-1/IRR cell xenografts. As shown in Fig. 4A, the
xenografted mice were fixed in the prone position on the

treatment bed, and the analog positioning machine of the
SARRP collected the images in 3D. After the planned target
area (PTV) was outlined, a vertical X-ray irradiation field
above the transplanted tumor on the right hind leg root of the
mouse was set up. The center point of the PTV was located
at the center of the transplanted tumor. The dose-volume
histograms were generated from the treatment planning
system of the SARRP, and it was determined that >95% of
xenografts achieved 6 Gy X-ray exposure. The subcutaneous
xenografts of 4T-1/IRR cells that had not been irradiated grew
most rapidly, and this growth was inhibited by R428 treatment
(Fig. 4B). In the ionizing radiation treated groups, xenografts
were locally irradiated with 6 Gy X-rays, the xenografts of the
4T-1/IRR cells were found to be resistant to ionizing radia-
tion compared with that of 4T-1 cells. R428 treatment could
also interrupt the radioresistance of 4T-1/IRR cell xenografts
(P<0.01). The tumor volumes of xenografts in the combination
treatment group were slightly smaller than that of the tumors
treated with R428 alone, but the difference was not significant
(P=0.1366).

Axl inhibition combined with irradiation reverses the increase
inthe migratory capacity of4T-1/IRR cells. As shown in Fig. 5A,
the wound closure rate of 4T-1/IRR cells was 64.77+1.29%,
while that of the 4T-1 cells was 48.44+0.83% (P<0.0001). After
treatment with R428, the wound closure rate of 4T-1/IRR cells
decreased to 31.88+2.91%. The wound closure rate of the 4 Gy
X-ray irradiated 4T-1 cells was 13.78+0.43%, while that of
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Figure 4. 4T-1/IRR cell xenograft growth is inhibited by R428 treatment combined with SARRP radiotherapy. (A) Irradiation fields and dose-volume histo-
grams for TNBC xenografts in mice. (B) The effect of R428 on the xenograft growth of 4T-1/IRR cells. “P<0.01. NS, Not Significant; TNBC, triple-negative

breast cancer; SARRP, small animal radiation research platform.

irradiated 4T-1/IRR cells was 54.30+0.92%. The R428 treat-
ment reduced the wound closure rate of irradiated 4T-1/IRR
cells to 16.15+£2.09% (P<0.0001). The wound closure rate was
58.98+3.22% in NC lentivirus-infected 4T-1/IRR cells, while
it was 26.66x1.65% in siAxI lentivirus-infected 4T-1/IRR cells
(P<0.001). After 4 Gy X-ray irradiation, the wound closure rate
of 4T-1/IRR cells infected with the empty vector lentivirus was
51.41+1.75%, and it was reduced to 22.45+0.60% after siAxl
lentivirus infection (P<0.0001). The above results indicated
that the 4T-1/IRR cells exhibited increased migratory capacity,
and this increase migratory capacity was dependent on AxI.

Axl inhibition combined with irradiation reverses the increase
in the invasive ability of 4T-1/IRR cells. The number of cells
that invaded through Matrigel and reached the lower chamber
of the chamber was counted to evaluate the invasive ability
of tumor cells. As shown in Fig. 5B, the number of invasive
4T-1/IRR cells per field increased to 1.86x that of the 4T-1
cells, and this was decreased to 47.55% in 4T-1/IRR cells
treated with R428 compared with the untreated 4T-1/IRR cells
(P<0.01). After 4 Gy X-ray irradiation, the invasion of 4T-1/IRR
cells was 2.02x that of the 4T-1 cells, and this was decreased
to 19.28% in 4T-1/IRR cells treated with R428 compared with
the untreated 4T-1/IRR cells (P<0.01). The invasion of siAxl
lentivirus-infected 4T-1/IRR cells was reduced to 37.42% of
the NC lentivirus-infected 4T-1/IRR cells. After 4 Gy X-ray
irradiation, the invasive potential of siAxl lentivirus-infected
4T-1/IRR cells per field was reduced to 20.99% of the NC
lentivirus-infected 4T-1/IRR cells (P<0.01). These results
indicated that the ability of 4T-1/IRR cells to invade and

metastasize from the primary site to distant organs and tissues
was also significantly increased, which was associated with
the increased expression of Axl.

Axl inhibition reduces ionizing radiation-induced DSBs in
4T-1/IRR cells. The number of YH2AX foci in each group
of cells was found to reach a peak 1 h after 2 Gy X-ray
irradiation (Fig. 5C), and in 4T-1/IRR cells, the number
of foci was notably reduced compared with the 4T-1 cells
(54.67+11.23 vs. 95.33+6.51, P<0.01), suggesting that DNA
damage in 4T-1/IRR cells was notably reduced. Following
treatment of 4T-1/IRR with R428, the degree of ionizing radi-
ation-induced DSBs increased (81.00+7.55 vs. 54.67+11.23,
P<0.01). The number of YH2AX foci also increased in siAxl
lentivirus-infected 4T-1/IRR cells when compared with that
of the NC lentivirus-infected 4T-1/IRR cells (74.33+6.11 vs.
55.0£7.55, P<0.01). The above results demonstrated that the
4T-1/IRR cells exhibited significantly less DNA damage than
the 4T-1 cells following irradiation, and the activation of Axl
likely protected cells from ionizing radiation-induced DNA
damage. That is, the downregulation of AxI expression/activity
aggravated DNA damage in 4T-1/IRR cells.

PI3K/pAkt/mTOR pathway activation by Axl phosphorylation
is involved in the radioresistance of 4T-1/IRR cells. siAxI
lentivirus infection of 4T-1/IRR cells resulted in a significant
reduction in pAxl and Ax] expression. The expression levels of
the downstream signaling molecules pPI3K, pAkt, and mTOR
were also decreased, although PTEN expression was not
altered (Fig. 6). These results indicated that pAxl modulated
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Figure 5. The metastatic ability and DNA repair ability of 4T-1/IRR cells were significantly reduced by combination therapy with Ax1 inhibition and radio-
therapy. (A) migratory capability (scale bar, 400 ym), (B) invasive capability (scale bar, 50 #m), and (C) DNA double-stranded breaks following Ax1 inhibition
in 4T-1/IRR cells and irradiation. “P<0.05, “P<0.01, ““P<0.001, “*"P<0.0001. NC, negative control; si, small interfering.

various biological functions of tumor cells through the activa-
tion of the downstream PI3K/pAkt/mTOR signaling pathway.
R428 also suppressed the expression levels of pAxl, Axl, and
the downstream signaling molecules pPI3K, pAkt, and mTOR
in 4T-1/IRR cells (Fig. 7). Ionizing radiation-induced the
upregulation of pAxl expression in 4T-1 cells, and 4T-1/IRR
cells exhibited higher pAxl expression levels. The expression
levels of the downstream signaling molecules pPI3K, pAkt, and
mTOR were accordingly upregulated, which may be a defense
mechanism of tumor cells against ionizing radiation damage.
Blocking pAxl activity by R428 or siRNA lentivirus infection
enhanced the radiosensitivity of 4T-1/IRR cells, likely through
intercepting the PI3K/pAkt/mTOR signal cascade.

Discussion

RTKSs are important growth factor receptors present on the
cell surface, and they play critical roles in the survival and
proliferation of breast and other epithelial cells. The dysregu-
lation of RTKs was found to be closely associated with the
occurrence of breast cancer, and the increased expression
of RTKs was associated with the enhanced invasiveness of
breast cancer, as well as decreased overall survival (OS) and
disease-free survival (DFS) (27,28). Currently, the prognosis
of TNBC is still poor due to the lack of targeted therapeutic
drugs; RTK inhibition may thus have significant potential for
the treatment of TNBC.
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Figure 6. The protein expression levels of pAxl, Axl, pPI3K, PI3K, pAkt, Akt, n-TOR, and PTEN in TNBC cells with Axl siRNA lentivirus infection and

radiotherapy combination therapy. ‘P<0.05, “P<0.01, “P<0.001, “*“P<0.0001. TNBC, triple-negative breast cancer.

including cell survival, proliferation, autophagy, migration,
angiogenesis, platelet aggregation, and natural killer cell

Axl is a member of the Tyro-Axl-MER (TAM) family of

Figure 7. The protein expression levels of pAxl, Axl, pPI3K, PI3K, pAkt, Akt, nTOR, and PTEN in TNBC cells following a combination of R428 treatment
RTKs, which regulate a variety of cellular biological processes,

and radiotherapy. “P<0.01, ““P<0.001, “*P<0.0001. TNBC, triple-negative breast cancer.
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differentiation. A meta-analysis performed by Zhang et al (29)
demonstrated that high expression of Axl was associated with
apoorer OS in patients with hepatocellular carcinoma, esopha-
geal cancer, and non-small cell lung cancer. Tanaka et al (30)
reported that the co-expression of Axl and Vimentin in
breast cancer tissues indicated the shortened OS of patients.
Bottai er al (15) found that the expression of Axl was elevated
in the tumor tissues of breast cancer patients with lymph node
metastasis or distant metastasis; however, it was not associated
with tumor size or clinical stage. Gjerdrum et al (31) reported
that AxI expression, tumor diameter, histological grade, and
Ilymph node status were negative independent prognostic
factors for breast cancer. Axl expression in the metastatic
tissues was significantly increased when compared with the
primary tumor tissues, indicating that Axl expression was
closely associated with distant metastasis of breast cancer. In
the present study, it was found that the expression levels of Axl
in TNBC tissues were significantly higher than that in adjacent
tissues, and Axl expression in the tumor tissues of patients
with lymph node metastasis was significantly higher than that
of patients without lymph node metastases. The above results
indicated that AxI expression may be closely associated with
the occurrence and metastasis of TNBC.

According to previous studies, Axl expression was
upregulated in TNBC cell lines and was associated with a
poor clinical prognosis of breast cancer (32). Downregulation
of Axl can effectively prevent the highly metastatic pheno-
type breast cancer cells migrating from the primary tumor
to distant organs and tissues in animal models of breast
cancer while improving the OS rate of the animals (33).
Abdel-Rahman et al (34) found that the upregulation of
Axl in breast cancer cells was negatively associated with
the expression of the epithelial cell marker E-cadherin.
Downregulation of Axl reduced the invasion and migration
ability of breast cancer cells. Another study confirmed that
Axl activation was able to induce the activation of the NF-«xB
signaling pathway, promote the expression of MMP-9, and
then led to the enhancement of the invasion and migration of
breast cancer cells (19). A study by Holland et al (35) demon-
strated that the downregulation of AxI significantly inhibited
the growth of tumors in a nude mouse xenograft model,
indicating that Axl also participated in the proliferation and
viability of breast cancer cells. Therefore, the detection and
targeted therapy of Axl may serve as an important direction
for breast cancer treatment.

In the present study, the 4T-1/IRR cells exhibited signifi-
cantly enhanced cell viability, colony formation ability, DNA
injury repair capacity, and invasive and migratory ability.
AxI expression was found to be increased in 4T-1/IRR cells,
suggesting the possibility that Ax] plays an important role in
the resistance to ionizing radiation. AxI inhibition reversed
the radioresistance of 4T-1/IRR cells, as shown by the attenu-
ated cell viability and colony formation ability, the increase
in DNA damage, and the reduction of cell invasion and
migration. In vivo, it was observed that the growth rate of the
transplanted tumor in the mice implanted with 4T-1/IRR cells
was notably faster than that of the 4T-1 cells. Combination
treatment with R428 and radiotherapy significantly reduced
the growth rate of the 4T-1/IRR cell-formed tumors in the
mouse model, consistent with the results in vitro. The toxicity

of combination treatment to animal models exhibits no differ-
ence when compared to other groups. The main reasons
include: i) The small animal radiation research platform
(SARRP) was applied to precisely administer radiotherapy of
the tumor-bearing mice; ii) the tumor was implanted in the
right posterior flank of BALB/c mice; and iii) the intra-tumoral
injection with R428 was the administration pathway. There
was relatively little impact on important tissues and organs
of the animals. There was no significant difference in weight
among groups. The above results showed that Axl played a
crucial role in the radioresistance of TNBC. Targeting Axl
combined with radiotherapy may thus serve as a potential
novel direction for TNBC treatment. However, in the present
study, the inhibitory effect of the combination treatment on
tumor xenografts did not differ significantly when compared
to treatment with R428 alone. This may be explained by the
fact the challenges in comparing in vivo and in vitro experi-
ments; thus, there is a need for further exploration of radiation
doses and segmentation of the xenografts; and for improve-
ments in R428 administration methods. In animal experiments
and clinical applications, the method of combination therapy
also requires further exploration.

According to previous studies, Axl activation in breast
cancer induces the activation of multiple downstream
signaling transduction pathways, including PI3K/Akt, MAPK,
and NF-«xB, and thus accelerates various tumor-promoting
processes, including cell proliferation, survival, invasion,
and angiogenesis (36,37). The PI3K/Akt signaling pathway
was involved in the regulation of tumor cell proliferation,
survival, metastasis, and EMT in various human malignan-
cies, and it was considered a crucial therapeutic target (38). It
has been reported that the activation of the PI3K/Akt signaling
pathway led to the overexpression and reduced degradation
of Snail, which was an important transcription factor in the
EMT process, and ultimately promoted the radioresistance of
tumor cells (39). The PI3K/Akt signaling pathway activated by
miR-410/PTEN led to the occurrence of EMT and radioresis-
tance of non-small cell lung cancer cells (40). PF-05212384,
an inhibitor of PI3K/mTOR, could effectively suppress the
PI3K/mTOR signaling pathway and lead to increased sensi-
tivity of head and neck squamous cell carcinoma to ionizing
radiation (41). The Akt/mTOR inhibitor everolimus (RADO0O1)
is currently undergoing clinical trials in combination with
radiotherapy for the treatment of various malignant tumors,
and it may become an effective radiosensitizer (42). The present
study showed that Axl expression was notably increased
in the 4T-1/IRR cells. The expression of the downstream
signaling pathway molecules pAkt and mTOR was simulta-
neously increased, and significantly downregulated by R428
treatment or siRNA lentivirus infection, indicating that the
PI3K/Akt/mTOR signaling pathway was a critical molecular
mechanism of TNBC cells resistant to ionizing radiation.

In conclusion, a TNBC cell line resistant to ionizing
radiation was established using a gradient irradiation method.
In vitro, the 4T-1/IRR cells exhibited significantly enhanced
radioresistance, and AxI inhibition resulted in increased radio-
sensitivity in these cells; in vivo experiments further confirmed
the above results. The PI3K/Akt/mTOR signaling pathway
activated by Axl phosphorylation was a critical molecular
mechanism of TNBC radioresistance. AxI-targeting therapy
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combined with radiotherapy may thus have potential for the
management of TNBC.
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