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Regulation of DNA damage repair and lipid
uptake by CX3CR1 in epithelial ovarian
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Abstract
Failure of currently used cytotoxic chemotherapy is one of the main reasons behind high mortality from metastatic
high grade serous ovarian carcinoma. We found that high expression of a receptor for fractalkine (CX3CR1) significantly
correlated with shorter survival of patients with serous ovarian carcinoma treated with cytotoxic DNA damage
chemotherapies, and reduction of CX3CR1 expression resulted in sensitization to several DNA damaging modalities,
including x-ray radiation and cisplatin. Here, we show that CX3CR1 plays a role in double-strand DNA break response
and repair by regulating expression of RAD50 by a MYC-dependent mechanism. We demonstrate that downregulation
of CX3CR1 alone and in a combination with irradiation affects peritoneal metastasis in an organ-specific manner; we
show that CX3CR1 regulates lipid uptake which could control omental metastasis. This study identifies CX3CR1 as a
novel potential target for sensitization of ovarian carcinoma to DNA damage therapies and reduction of peritoneal
carcinomatosis.

Introduction
Cancer metastasis remains a largely unsolved health

problem worldwide1. Among all cancers affecting women
ovarian carcinoma is the deadliest gynecologic malig-
nancy1. Among all of its subtypes, high grade serous
ovarian carcinoma (HGSOC) is the most predominant
and lethal.
There are no effective therapeutic options to treat

recurrent chemotherapy-resistant metastatic HGSOC.
Patients with metastatic HGSOC undergo debulking
surgery and first-line cytotoxic chemotherapy with a
microtubule stabilizing taxane and a DNA damage-
inducing platinum agent. However, intrinsic and
acquired resistance to DNA damaging agents remains a
barrier for successful application of these powerful drugs2.
Novel approaches are urgently needed to restore and
maintain efficacy of DNA damage therapy to treat this
deadly malignancy.

Chemokine receptors are seven transmembrane G
protein-coupled receptors that are activated by their
ligands (chemokines) resulting in stimulation of the
downstream signaling pathways and changes in cell
behavior and function. Chemokine receptors serve as key
regulators of many disease states, thus, providing a strong
rationale for their development as drug targets for various
illnesses3. Chemokine receptors regulate the metastasis,
and, therefore they have been used as anti-cancer drug
targets in both pre-clinical and clinical studies4–6.
A receptor for fractalkine, CX3CR1 is activated by only

chemokine ligand fractalkine (CX3CL1), which could be
present in both secreted and membrane-tethered forms7,8.
Our previous studies demonstrated that interaction of
CX3CR1 expressed in ovarian carcinoma cells with
membrane-tethered CX3CL1 expressed in peritoneal
mesothelial cells mediates peritoneal adhesion of dis-
seminating cells9. We and others have shown that secre-
ted CX3CL1 facilitates ovarian cancer cell proliferation
and migration in vitro9,10. We have demonstrated that
ovarian cancer cell proliferation at metastatic sites is
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dependent on CX3CL1 expressed by parenchyma of
intraperitoneal organs and tissues11.
Here, we demonstrate that CX3CR1 can regulate

double-strand DNA break repair in HGSOC cells sub-
jected to therapeutic agents inducing DNA damage, such
as x-ray radiation and platinum-based agents. Our studies
also suggest that CX3CR1 facilitates fatty acid (FA)
uptake. Together, these mechanisms converge in pro-
moting omental metastasis in a xenograft mouse model of
the disease.

Results
Transient downregulation of CX3CR1 sensitizes HGSOC cell
lines to DNA damage inducing therapies
Expression of CX3CR1 predicts survival in patients treated
with platinum therapy, gemcitabine, and topotecan
We used Kaplan−Meier Plotter database for serous

ovarian cancer12,13 to analyze survival of patients treated
with the standard of care and second-line che-
motherapies, including platinum, gemcitabine, and topo-
tecan, as a function of CX3CR1 expression. We have
found that both overall (OS) and progression-free (PFS)
survivals were significantly shorter when CX3CR1
expression was high (Fig. 1). These data suggest that
CX3CR1 could be considered a biomarker of response to
these therapies. Platinum drugs, gemcitabine, and topo-
tecan kill proliferating cells by affecting DNA by different
mechanisms; however, one common feature is formation
of double-strand DNA breaks (DSBs), which, if not
repaired, lead to cell death14–17. Hence, these data suggest
that CX3CR1 may be involved in double-strand DNA
repair (DDR).

Downregulation of CX3CR1 synergizes with x-ray radiation in
reducing clonogenic ability of HGSOC
To determine the role of CX3CR1 in DDR, we used x-

ray radiation as a tool to induce DSBs in HGSOC cell
lines. Expression of CX3CR1 in cell lines OVCAR-4,
Caov-3, and SKOV-3 was transiently downregulated using
a pool of CX3CR1-specific siRNAs. The choice of these
cell lines as models of HGSOC was motivated by studies
demonstrating that the genomic and proteomic profiles of
ovarian carcinoma cell lines OVCAR-4 and Caov-3 bear
close resemblance to those of HGSOCs, while proteomic
profiling of SKOV-3 suggested that this cell line mimics a
more deadly mesenchymal subtype of HGSOC18,19.
Transient downregulation was given preference to the
stable downregulation to avoid reduction of proliferation
due to loss of the functional CX3CL1/CX3CR1 axis, as
reported before9,10, which would greatly impact the out-
comes of the clonogenic assay; instead, our goal was to
discern the role of CX3CR1 in cellular ability to tolerate
DNA damage. Downregulation of CX3CR1 in all tested
cell lines synergized with x-ray radiation in significantly

reducing their clonogenic ability (Fig. 2, Supplementary
Figure 1). While the parental cells were able to completely
recover from the relatively low doses of radiation (1 gray
for OVCAR-4 and Caov-3 and 3 gray for SKOV-3), those
with transiently downregulated CX3CR1 lost 40−50% of
their clonogenic ability. In fact, double dose of radiation (2
gray for OVCAR-4 and Caov-3 and 7 gray for SKOV-3)
was required to achieve this level of reduction of clono-
genic ability in the parental cells. These data further
suggested a potential role for CX3CR1 in DNA damage
response (DDR).

Reduction of CX3CR1 leads to formation of persistent γ-H2AX
foci and double-strand DNA damage in irradiated cells
To uncover a potential role of CX3CR1 in DDR, we

determined levels of a phosphorylated form of H2A his-
tone family, member X (γ-H2AX), a surrogate biomarker
for DSBs20, shortly after (20min) and 24 h following
exposure to x-ray using immunofluorescence staining to
define a role of CX3CR1 in double-strand DNA damage
following irradiation. Although immunoreactivity of
nuclear γ-H2AX in cells transfected with control siRNAs
was high 20 min post x-ray exposure, significantly fewer
γ-H2AX-immunoreactive foci were detected in irradiated
cells transfected with CX3CR1 siRNAs at the same time
point, indicating that detection of the DSBs in irradiated
cells with downregulated CX3CR1 may have been delayed.
In fact, 24 h following radiation exposure, γ-H2AX signal
in the nuclei of control cells was very low, indicating that
DSBs were successfully repaired. On the contrary, γ-
H2AX immunoreactivity was very strong in the nuclei of
cells with downregulated CX3CR1 (Fig. 3a, Supplementary
Figure 2 and 3A), suggesting delayed or impaired DNA
damage recognition or repair in these cells. It has been
previously suggested that retention of γ-H2AX foci indi-
cates lethal DNA damage21. To ascertain that down-
regulation of CX3CR1 coupled with radiation exposure
induced DSBs, we conducted a neutral comet assay and
found that downregulation of CX3CR1 resulted in sig-
nificant increase in DNA damage in comparison to con-
trols with intact CX3CR1 expression (Fig. 3b,
Supplementary Figure 3B).

Downregulation of CX3CR1 results in deactivation of DNA
damage repair-related kinases
It has been shown that downregulation of another

chemokine receptor, C-X-C motif chemokine receptor 2,
resulted in impairment of ataxia telangiectasia mutated
(ATM) kinase activation and decreased intensity of DNA
damage response foci in irradiated lung fibroblasts22.
Hence, we hypothesized that downregulation of CX3CR1
in epithelial ovarian carcinoma cells may lead to the same
response in irradiated cells. In fact, we found that the
number of phospho-ATM foci in irradiated cells with
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downregulated CX3CR1 was significantly lower than in
irradiated controls with intact CX3CR1 expression (Fig.
4a, Supplementary Figure 4A). Furthermore, addition of
an inhibitor of ATM, KU55933, to irradiated cells with
downregulated CX3CR1 nearly obliterated ATM activa-
tion and further radiosensitized cells (Supplementary
Figure 5).
As repair of the DSBs caused by ionizing radiation is

conducted via both non-homologous end joining (NHEJ)
and homologous recombination (HR)23–25, we tested
activation of DNA damage response kinases, including
ATM kinase, checkpoint kinases 1 and 2 (CHEK1 and
CHEK2), and DNA-dependent protein kinase, catalytic
subunit (DNA-PKcs or PRKDC), using western blot. All
of the examined kinases were activated in response to x-
ray radiation in the control cells (NT and Ctrl si); how-
ever, downregulation of CX3CR1 resulted in significantly
reduced activation of ATM, CHEK1, CHEK2, and PRKDC
in irradiated cells (Fig. 4b, Supplementary Figure 5B,C),
suggesting impairment of both NHEJ and HR. These data
indicated that irradiation of cells with reduced CX3CR1

expression did not activate DNA damage sensor and
mediator kinases at the same level as it did in the control
cells, suggesting a potential impairment of DNA damage
repair pathways along both HR and NHEJ mechanisms.

CX3CR1 regulates expression of RAD50
A protein complex consisting of MRE11 homolog A,

double-strand break repair nuclease (MRE11A), RAD50
double-strand break repair protein (RAD50), and nibrin
(NBN), or the MRN complex, is one of the complexes
responsible for sensing the double-strand DNA damage,
activation of ATM, and, ultimately, DNA repair by HR
and NHEJ26,27. Our data demonstrate that expression of
RAD50 was significantly reduced in cells with down-
regulated CX3CR1 expression (Fig. 5a), suggesting that
reduction of MRN could be the underlying reason for
impaired DDR and reduced clonogenic ability in
CX3CR1-deficient cells.
RAD50 mRNA expression strongly correlated with the

expression of its protein (Fig. 5b), suggesting that it is, at
least partially, regulated at the transcriptional level.

Fig. 1 Expression of CX3CR1 predicts survival of serous ovarian carcinoma patients treated with DNA damaging agents. High CX3CR1
expression predicts shorter overall (OS) and progression-free (PFS) survivals of serous ovarian carcinoma patients treated with platinum therapies (a),
gemcitabine (b), and topotecan (c). OS and PFS of serous ovarian carcinoma patients were analyzed using KM Plotter database. Red lines—high
CX3CR1, black lines—low CX3CR1. Numbers of specimens with high (red) and low (black) CX3CR1 for each analyzed group and their corresponding
average survival are shown in the tables. The best performing threshold was used to determine CX3CR1-low and CX3CR1-high groups of specimens
using KM Plotter software. Expression of CX3CR1 in examined specimens is plotted as beeswarm plots shown as inserts; red—high CX3CR1, black—
low CX3CR1. Survival was analyzed with Mantel−Cox log-rank test using KM Plotter software; hazard ratios (HR) and p-values are indicated on the
graphs

Fig. 2 Downregulation of CX3CR1 synergizes with x-ray radiation to reduce clone formation of HGSOC cell lines. OVCAR-4 was transiently
transfected with either CX3CR1-specific (designated “CX3CR1si”) or control (designated “Ctrl si”) si RNAs or vehicle (designated “NT”) and subjected to
0, 1, 2, or 3 gray x-ray radiation on the third day following transfection. Images of cells subjected to 0 or 1 gray and subsequently used in clonogenic
assay are shown. CX3CR1 expression was determined by western blot; ACTB was used as loading control, and normalized expression of CX3CR1 was
calculated using digital densitometry. Survival curves are the average of five independent experiments. *p < 0.05, two-way ANOVA test.
Radiosensitization shown in the table was determined for OVCAR-4, Caov-3, and SKOV-3 (cultured as monolayer and spheroid cultures) if both
SF2control/SF2CX3CR1 and D10control/D10CX3CR1 were >1.1
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Fig. 3 Combination of CX3CR1 downregulation and x-ray radiation induces double-strand DNA breaks in HGSOC cell lines. OVCAR-4 was
transiently transfected with either CX3CR1-specific (designated “CX3CR1si”), control (designated “Ctrl si”), or vehicle (designated “NT”) and subjected to
0 or 1 gray x-ray on the third day following transfection. a Cells were plated on glass cover slips either 20 min or 24 h after irradiation, as indicated,
and stained with γH2AX-specific antibodies. Nuclear DNA was stained with 4′,6-diamino-2-phenylindole (DAPI). Images were superimposed from red
and blue channels. Number of γH2AX-positive foci (red fluorescence) in three independent experiments was quantified using Zeiss Axiovert software
and plotted. *p < 0.05, Student’s t test. Bar, 50 μm. Nuclei outlined with dotted lines were enlarged and shown at corners of the corresponding
images. b Alkaline comet assay was performed as detailed in Methods. Mean tail DNA (%), mean tail length, mean tail moment, and mean olive tail
moment were quantified as an average from three independent experiments, plotted, and tabulated. *p < 0.05, one-way ANOVA and MANOVA tests.
Immunofluorescence images (in black&white) show typical nuclei of cells in all tested conditions subjected to comet assay. Bar, 10 μm
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CX3CR1 mRNA and MYC mRNA (c) were examined using gene expression data from cBioportal database for serous ovarian cystadenocarcinoma
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dataset (n= 603); correlation coefficients are indicated on the graphs. f Correlation between MYC mRNA expression and platinum response status
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= 557); the data were statistically analyzed using the Mann–Whitney U test. OS and PFS of serous ovarian carcinoma patients treated with platinum
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tables. The best performing threshold was used to determine MYC-low and MYC-high groups of specimens using KM Plotter software. Expression of
MYC in examined specimens is plotted as beeswarm plots shown as inserts; red—high MYC, black—low MYC. Survival was analyzed with Mantel
−Cox log-rank test using KM Plotter software; hazard ratios (HR) p values are indicated on the graphs
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Several molecules, including V-Myc avian myelocytoma-
tosis viral oncogene neuroblastoma derived homolog
(MYCN), myocyte enhancer factor 2C (MEF2C), and V-
Myc avian myelocytomatosis viral oncogene homolog A
(c-myc; MYC), were demonstrated to regulate expression
of RAD50 in different cell types28–30. We hypothesized
that these mechanisms could play a role in CX3CR1-
dependent downregulation of RAD50 in ovarian cancer
cells. Our studies suggest that MYCN, and MEF2C are
not involved in CX3CR1-dependent downregulation of
RAD50 or other proteins of MRN complex (Supplemen-
tary Results 1, Supplementary Figures 6 and 7). MYC was
demonstrated to associate with RAD50 gene promoter in
chromatin immunoprecipitation studies28; moreover, a
previous study indicated high nuclear MYC expression in
specimens of serous ovarian carcinoma31. Since our data
demonstrated downregulation of RAD50 expression in
cells with downregulated CX3CR1 expression (Fig. 5a), we
examined a putative role of MYC in CX3CR1-dependent
expression of RAD50. MYC mRNA expression correlated
with expression of CX3CR1 in specimens of serous
ovarian cystadenocarcinoma (Fig. 5c). Robust down-
regulation of MYC expression was also observed in cells
with downregulated CX3CR1 expression (Fig. 5d).
Expression of RAD50 (both mRNA and protein) strongly
correlated with expression of MYC in specimens of serous
ovarian cystadenocarcinoma32,33 (Fig. 5e), suggesting that
MYC is likely to regulate CX3CR1-dependent reduction of
RAD50 expression, leading to impairment of both MRN
formation and DNA damage sensing. In support, high
expression of MYC mRNA significantly correlated with
platinum resistance (Fig. 5f) and shorter PFS in platinum-
and gemcitabine-treated serous ovarian carcinoma
patients (Fig. 5g, h). Consistent with this, downregulation
of MYC with specific siRNAs alone and in combination
with cisplatin treatment resulted in reduction of cell
proliferation in vitro and tumor growth in a xenograft
mouse model34.

Downregulation of CX3CR1 synergizes with cisplatin
Cisplatin is one of the standard of care platinum-based

agents used to treat peritoneal metastases from HGSOC.
Our data analysis demonstrated that both OS and PFS for
patients with serous ovarian carcinoma expressing high
CX3CR1 is significantly shorter than that for patients with
low CX3CR1 (Fig. 1a). Hence, we characterized the role of
CX3CR1 in chemosensitization to cisplatin. Our data
show that transient downregulation of
CX3CR1 significantly reduced clonogenic ability of cells
subjected to cisplatin and induced moderate, but sig-
nificant, DNA damage in treated cells (Supplementary
Figure 8A−C). Similarly, carboplatin synergized with
CX3CR1 downregulation in reducing both cytotoxicity
and clonogenic ability (Supplementary Figure 8D, E).

Using effect-based approach and the Bliss independence
model35 we determined that combination index (CI)
values were <1, indicating that downregulation of
CX3CR1 synergized with platinum-based drugs in redu-
cing clone formation of treated cells. Analysis of post-
progression survival (PPS) of platinum-, gemcitabine-,
and topotecan-treated patients with serous ovarian car-
cinoma expressing high CX3CR1 using KM Plotter data-
base13 showed it was significantly lower compared to that
for patients with low CX3CR1 (Supplementary Figure 9).
These data indicate that CX3CR1 remained to be one of
the determinants of survival and chemotherapy response
even after the disease recurred, suggesting that impair-
ment of CX3CR1 could potentially re-sensitize recurrent
platinum-resistant disease cases.

Transient downregulation of CX3CR1 alone and in a
combination with x-ray radiation affects distribution of
metastatic lesions at secondary intra- and retro-peritoneal
sites in mice
Because x-ray radiation applied to cells with siRNA-

downregulated CX3CR1 induced long-term effect on cell
proliferation and clone formation, we tested whether
these effects could impair the ability of cells to develop
intraperitoneal tumors in vivo. We transiently down-
regulated CX3CR1 using a pool of specific siRNAs in
SKOV-3, a model for the deadliest mesenchymal subtype
of HGSOC22, which reproducibly forms peritoneal
tumors consistent with the pattern seen in patients.
Experimental groups included irradiated cells transfected
with CX3CR1 siRNAs (designated “3 gray CX3CR1si”),
irradiated cells transfected with control siRNAs (desig-
nated “3 gray CTRLsi”), and unirradiated cells transfected
with either CX3CR1-specific or control siRNAs (desig-
nated “0 gray CX3CR1si” and “0 gray CTRLsi”, respec-
tively) (Fig. 6a). Consistent with our previous observations
and expected pattern of metastatic spread of HGSOC in
patients, visible tumors had formed at omentum, perito-
neal wall, diaphragm, pancreas, liver, and spleen (Fig.
6b–g).
Irradiation and downregulation of CX3CR1, either alone

or in combination with each other, affected tumor for-
mation at intraperitoneal organs covered by visceral
peritoneum as well as at retroperitoneal organs. Both
irradiation and CX3CR1 downregulation resulted in sig-
nificantly reduced tumor burden at omentum; moreover,
a combined action of irradiation and downregulation of
CX3CR1 led to significant reduction of tumor burden as
well as the number of animals bearing omental metastasis
compared to irradiation alone (Fig. 6b). Transient down-
regulation of CX3CR1 alone significantly reduced tumor
burden, while irradiation alone almost completely oblit-
erated tumor burden at the liver (Fig. 6c). Tumor burden
at the spleen was not affected by downregulation of
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CX3CR1 alone. However, irradiation alone did sig-
nificantly reduce spleen tumor burden, while a combi-
nation of irradiation and downregulation of CX3CR1

resulted in significantly greater reduction of tumor bur-
den compared to radiation alone (Fig. 6d). Irradiation and
downregulation of CX3CR1 significantly reduced tumor
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burden at pancreas, while individually both factors did not
have any effect (Fig. 6e).
Together, these data indicate that transient down-

regulation of CX3CR1 and x-ray radiation alone as well as
their combination affect tumor formation in an organ-
specific manner.

Transient downregulation of CX3CR1 results in reduction
of fatty acid uptake by ovarian carcinoma cells
The omentum is the most commonly colonized site by

metastasizing ovarian carcinoma cells36,37. Previous stu-
dies have suggested that HGSOC cells use FAs from
omental adipocytes as energy for growth38. GPCRs are
known to play a role in FA uptake39; however, it is not yet
known whether chemokine receptors, including CX3CR1,
are involved in this process. In our in vivo data, tumor
burden at the omentum was significantly reduced by
downregulation of CX3CR1 and its combination with
radiation. We posited that regulation of FA uptake may be
one of the underlying reasons for reduced tumor burden
in groups with reduced CX3CR1.
Thus, we tested a role for CX3CR1 in FA uptake. We

downregulated CX3CR1 using a pool of CX3CR1-specific
siRNAs in OVCAR-4 and SKOV-3. FA uptake was
monitored using two approaches: (1) QBT FA uptake
assay, (2) incubation with linoleic acid, counterstaining
with Oil Red O dye, and fluorescence imaging. Transient
downregulation of CX3CR1 led to a significant reduction
in FA uptake (Fig. 7a−c), suggesting existence of a
CX3CR1-dependent mechanism of lipid uptake.
We hypothesized that CX3CR1 could regulate expres-

sion of one of the proteins playing a role in the processes
of FA uptake and metabolism. To identify possible part-
ners of CX3CR1 in this process, we analyzed co-
expression of CX3CR1 and genes related to FA uptake
and metabolism in patients with serous ovarian cystade-
nocarcinoma32,33. We found that upregulation of CX3CR1
mRNA expression significantly co-occurred with upre-
gulation of expression of several genes, including apoli-
poprotein C2 (APOC2), ATPase phospholipid
transporting 8B4 (ATP8B4), bridging integrator 2 (BIN2),
free fatty acid receptor 4 (FFAR4), G protein-coupled
receptor 65 (GPR65), macrophage scavenger receptor 1
(MSR1), and oxidized low density lipoprotein receptor 1
(OLR1) (Fig. 7d), which regulate FA uptake and meta-
bolism40–47. We further investigated regulation of GPR65
and FFAR4 expression by CX3CR1. In agreement with
data suggesting significant and strong co-expression of
CX3CR1 with GPR65 and FFAR4 in specimens, western
blot confirmed robust downregulation of GPR65 and
FFAR4 in ovarian carcinoma cell lines transfected with
CX3CR1-specific siRNAs (Fig. 7e, f). High expression of
both GPR65 and FFAR4 significantly correlated with
lower survival in patients with serous ovarian carcinoma

(Supplementary Figure 10). Collectively, these data sug-
gest that expression of genes responsible for FA uptake
and metabolism, including GPR65 and FFAR4, is, at least
in part, dependent on expression of CX3CR1. Reduction
of CX3CR1 expression leads to reduction in GPR65 and
FFAR4 expression, which may affect tumor cell’s ability to
uptake FAs, partially explaining reduced omental
metastasis.

Discussion
Our in vivo data indicate that transient downregulation

of CX3CR1 either alone or together with x-ray radiation
results in a measurable long-term effect, as it affects
organ-specific metastatic colonization of the abdomen.
Transient downregulation of CX3CR1 significantly redu-
ces formation of lesions at the liver and omentum. At the
same time, formation of lesions at the peritoneal wall,
pancreas, and spleen is not affected by transient reduction
of CX3CR1 alone, suggesting that neither attachment to
mesothelial monolayer, nor cell growth, nor cell migration
and invasion are affected, implying the existence of other
yet unknown organ-specific mechanisms supporting
metastatic dissemination to the liver and omentum that
are abrogated upon transient downregulation of CX3CR1.
Our studies can at least partially explain the mechanisms
involved in CX3CR1-dependent reduction of omental
metastasis. Our studies indicate that expression of
CX3CR1 correlates with that of several proteins respon-
sible for FA uptake, and, thus, might contribute to
reduced tumor growth. However, it remains to be inves-
tigated whether CX3CR1 can also participate in direct
lipid uptake or regulate other mechanisms leading to
reduced omental metastasis.
Interestingly, irradiation alone induced opposite effects

on organ-specific colonization. Irradiated cells were not
capable of forming tumors at the liver, and colonization of
the pancreas, spleen, and omentum was partially reduced,
suggesting that radiation treatment can affect formation
of recurrent tumors in an organ-specific manner. Toge-
ther, our data demonstrate that DNA damage induced by
irradiation is significant enough to either completely
prevent or reduce tumor formation at visceral and ret-
roperitoneal organs. Irradiation is currently used in pal-
liative care of terminally ill ovarian carcinoma patients;
hence, patients whose metastases are localized to visceral
and retroperitoneal sites may potentially draw benefits
from irradiation. Moreover, our studies suggest that
downregulation of CX3CR1 allows using significantly
lower doses of x-ray to achieve the same effects, which
may carry a promise of reducing radiation dose and
associated toxicities while maintaining the same efficacy
in killing tumor cells.
Finally, transient downregulation of CX3CR1 together

with irradiation brought about the most deleterious effect.
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Our studies show that dissemination to sites affected by
radiation, such as the pancreas, spleen, and omentum, was
further negatively affected by CX3CR1 downregulation,
suggesting that increased DNA damage in cells subjected
to both stimuli is the underlying reason for reduced
metastatic burden at these sites. Thus, the approach to
downregulate CX3CR1 together with administration of a
DNA damaging agent carries a promise to more effec-
tively kill metastatic cells. However, this approach has to
be extensively evaluated using multiple in vivo models
and different CX3CR1-specific targeting approaches to
find the most effective and safest combinations for various
patients cohorts. The major side effect of irradiation in
treatment of ovarian cancer is irradiation of normal cells,
which could be potentially lethal to the patient. Recent
studies demonstrated the efficacy of novel methods of
radiation delivery that spare normal tissues from radiation
damage. Downregulation of CX3CR1 expression in this
setting could allow reducing the radiation dose and
associated toxicities while keeping the efficacy of treat-
ment at the same high level.
Our in vitro studies provide mechanistic explanation for

some of the effects seen in the in vivo studies. We show
that CX3CR1 is instrumental in double-strand DNA
damage response and repair by regulating expression of
RAD50. Building on these mechanistic studies, one of the
most important messages taken from these findings is a
potential to use CX3CR1 as a target for sensitization to
DNA damage chemotherapies frequently used to treat
ovarian and other solid cancers. In support, our in vitro
studies indicated that cisplatin synergized with down-
regulation of CX3CR1 to reduce clone formation.
Importantly, our data indicate that even transient down-
regulation of CX3CR1 in combination with other tested
therapies brings about measurable DNA damage resulting
in long-term deleterious effects on tumor growth. As
CX3CR1 is a surface receptor, manipulating MRN

expression by targeting CX3CR1 could be a promising
approach in the future to increase sensitivity to DNA
damaging therapies. Hence, it would be important to
evaluate combinations of CX3CR1-targeting agents with
cisplatin and other platinum agents in their efficacy
against peritoneal metastasis in future studies.
Collectively, our data suggest that impairment of

CX3CR1 in ovarian carcinoma could be beneficial from
multiple standpoints: (1) it could disrupt FA uptake, fur-
ther depriving growth of rapidly proliferating metastatic
ovarian cancer cells, and, most importantly, (2) it could
increase efficacy of DNA damage agents, including x-ray
radiation and cisplatin.

Materials and methods
Cell lines
Human-derived ovarian carcinoma cell lines OVCAR-4

and SKOV-3 were obtained from National Cancer Insti-
tute Tumor Cell Repository (Detrick, MD). Human-
derived ovarian carcinoma cell line Caov-3 was obtained
from Dr. M.S. Stack (University of Notre Dame, IN). The
cell lines were maintained in minimal essential medium or
Roswell Park Memorial Institute medium supplemented
with 10% fetal bovine serum for no longer than 20 con-
secutive passages and were routinely assessed by cell
morphology and the average doubling time; identity of the
cell lines was confirmed using a short tandem repeat
analysis that indicated 100% match of cell line-specific
DNA loci reported in the ATCC database to the tested
samples. The cell lines were free from contamination by
Mycoplasma fermentans, as was routinely determined
using The LookOut Mycoplasma PCR Detection kit
(Sigma).

Mice
Athymic nude FOXN1nu mice were obtained from

Harlan Laboratories (Madison, WI). All experimental

Fig. 7 Downregulation of CX3CR1 affects fatty acid uptake in serous ovarian carcinoma cell lines. OVCAR-4 and SKOV-3 were transiently
transfected with either control (CTRLsi) or CX3CR1-specific (CX3CR1si) siRNAs and a subjected to QBT fatty acid uptake assay. Three independent
experiments were averaged and data plotted. *p < 0.05, two-way ANOVA. b On the third day after transfection, cells were treated with 500 μM of
linoleic acid for 24 h and stained with Oil red O dye and DAPI followed by fluorescence imaging (shown, OVCAR-4). Cells not incubated with linoleic
acid were used as controls to determine the baseline fatty acid contents. Bar, 50 μm. All images across the same experiment were imaged using the
same exposure time to enable quantitative comparison of immunofluorescence signals. Lipid contents in the cells in the entire field of view were
quantified with ImageJ (NIH) software and are shown as surface plots. c Images were superimposed from red and blue channels. Three independent
experiments were performed with each cell line, ten random fields for each condition and imaged. Fatty acid uptake was quantified by mean
fluorescence/cell using ImageJ software and plotted. *p < 0.05, Student’s t test. Bar, 20 μm. d Genes, as indicated (Gene B column), expression of
which strongly correlated with expression of CX3CR1 in specimens from patients, as determined using cBioportal database for serous ovarian
cystadenocarcinoma (TCGA, Nature 2011 dataset). Expression of GPR65 (e) and FFAR4 (f) mRNA as a function of CX3CR1 mRNA expression in
specimens of ovarian cystadenocarcinoma was determined using cBioportal database (left panels: TCGA, Nature 2011 dataset, n= 557; center panels:
TCGA, Provisional dataset, n= 603). Expression of GPR65 and FFAR4 in HGSOC cell lines (shown: SKOV-3) transiently transfected with either control
(CTRLsi) or CX3CR1-specific (CX3CR1si) siRNAs or transfected with vehicle (NT) was determined using western blot (left panels). ACTB was used as a
loading control. Data (an average of three experiments) were analyzed with digital densitometry using BIO-RAD Chemidoc software, averaged, and
plotted. *p < 0.05, Student’s t test
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procedures were performed according to the Institutional
Animal Care and Use Committee protocols approved by
the Animal Care Committee of University of Illinois at
Chicago. Animals were fed ad libitum and maintained in
Association for Assessment and Accreditation of
Laboratory Animal Care International-approved facilities
on a 12 h light−12 h dark cycle.

Antibodies
Anti-TUBB and anti-ACTB were purchased from

Developmental Studies Hybridoma Bank (Iowa City, IA).
Anti-rabbit IgG HRP-linked antibody, anti-phospho-
CHEK2, anti-phospho-CHEK1, and anti-CHEK1, anti-
bodies were obtained from Cell Signaling Technology
(Danvers, MA). Anti- CX3CR1, anti-phospho-ATM, anti-
phospho-PRKDC, anti-PRKDC, anti-ATM, and anti-
phospho-H2AX antibodies were obtained from Abcam
(Cambridge, MA). Anti-mouse IgG HRP-linked antibody,
anti-phospho-ATM, anti-CHEK2, anti-MYC, and anti-
phospho-H2AX were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Alexa Fluor 488 goat anti-
mouse IgG and Alexa Fluor 546 goat anti-rabbit IgG were
from ThermoFisher Scientific (Waltham, MA). Anti-
GPR65 and anti-FFAR4 antibodies were obtained from
One World Lab (San Diego, CA). Anti-RAD50 antibodies
were purchased from NeoBiolab (Cambridge, MA).

Materials and reagents
ECL reagent was purchased from Thermo Scientific

(Waltham, MA). Control siRNA, CX3CR1-specific siR-
NAs, and ATM kinase inhibitor were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Cisplatin was
obtained from Sigma-Aldrich (St. Louis, MO). Dharma-
fect reagent 1 was obtained from GE Dharmacon (Marl-
borough, MA). QBTTM Fatty Acid Uptake Assay Kit was
purchased from Molecular Devices (Sunnyvale, CA).

Spheroid formation
Plates were coated with 0.5% agarose and allowed to

solidify at room temperature for 30min. 1×106 cells were
resuspended in minimal essential media supplemented
with 2% fetal bovine serum, transferred on top of the
agarose, and incubated at 37 °C at 5% CO2 for 48 h.

Transient transfections
Cells were grown to 70−80% confluency and trans-

fected with siRNA as suggested by the manufacturer using
Dharmafect reagent I as a transfection reagent.

Radiation treatments
Transfected cells as well as controls plated in tissue

culture treated 6-well plates were subjected to a single
dose x-ray radiation at 0.8 gray/min using a linear

accelerator (UIC Radiation Oncology) 3 days following
transfection.

Clonogenic assay
After radiation 1–5% of the cells were replated on

100mm2 diameter tissue culture plates and allowed to
grow for up to 2 weeks until visible colonies of more than
50 cells formed. Cells were fixed with 4% para-
formaldehyde (PFA) and stained with 0.05% crystal vio-
let solution. Colonies were quantified and used to create
survival curves. Surviving fraction of cells was found by
detecting OD450 values and plotting using SigmaPlot
12.5 software (SigmaPlot, London, UK). Both quantifica-
tion methods produced similar results.

Determination of radiosensitivity
The parameters of the linear quadratic model were used

to compare radiosensitivity provided that the data were
statistically significant by one-way ANOVA test48.
Radiation enhancement factor (REF) and dose modifying
factor (DMF) were used to compare radiosensitivity
between the control and the treatment groups. REF is
defined by the surviving fraction of the control group
compared to that of the treatment groups at 2 gray
(SF2control/SF2treatment). DMF is defined as the dose
that is required to kill 90% of the population in the control
group compared to that in the treatment group
(DMF10control/DMF10treatment). When both REF2 and
DMF10 were larger than 1.1, the treatment group was
considered to be radiosensitized.

Immunofluorescence staining
The procedures were performed as we described

before9,11,49,50. Primary antibodies at 1:50 dilution in 2%
goat serum were incubated with cells for 2 h at room
temperature. All images across the same experiment were
obtained using the same exposure time to enable quan-
titative comparison of immunofluorescence signals using
ImageJ software (NIH).

Western blot
The procedures were performed as we described

before9,11,49,50. Anti-CX3CR1 and anti-ATM antibodies
were used at 1:2000, anti-phospho-ATM was used at
1:5000, anti-FFAR4, anti-RAD50, anti-phospho-CHEK1,
anti-phospho-CHEK2, and anti-PRKDC were used at
1:1000, anti-phospho-PRKDC was used at 1:500, anti-
CHEK1, anti-CHEK2, anti-TUBB and anti-ACTB were
used at 1:200 dilutions.

Comet assay
Transfected cells and their controls subjected to radia-

tion, or not, were placed on ice immediately after x-ray
exposure. Cells were collected, counted, and 2×104 cells
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were mixed with 1% solution of molten low melting
agarose at 1:10 ratio. Cell-agarose complexes were
transferred onto agarose-coated glass slides, allowed to
solidify, kept at 4 °C for 15min, and submerged into pre-
chilled neutral lysis solution for DSB detection containing
2% sarkosyl, 0.5M disodium ethylenediaminetetraacetate
dihydrate (Na2EDTA-2H2O), 0.5 mg/ml proteinase K (pH
8.0) for 18 h at 37 °C. Agarose slides were submerged into
running buffer containing 90mM Tris, pH 8.5, 90 mM
boric acid, 2 mM Na2EDTA-2H2O for 30min with two
additional washes followed by DNA electrophoresis at 1 V
per cm, wash in deionized H2O and ice-cold 70% ethanol,
air dried and stained with 1:10,000 dilution of Vista Green
DNA Dye (Cell Biolabs, San Diego, CA) for 15min. Slides
were imaged using Zeiss Axiovert fluorescence micro-
scope. At least ten random fields were imaged per each
slide. Fifty comets per slide were analyzed using CaspLab.
com software.

Tumor formation
For generation of intraperitoneal tumors 3×106 cells/

mouse were injected intraperitoneally (i.p.) into 6−8
week-old female athymic nude mice (n= 6). Animals
were monitored three times weekly for tumor formation,
ascites development, and survival up to 40 days. At the
end of the experiments animals were sacrificed and dis-
sected. Two co-authors (H.G.M. and J.X.) conducted the
animal experiments, but did not analyze the outcomes.
The co-author (M.V.B.) who did not directly conduct
animal experiments and did not have information on the
conditions pertaining to each experimental group has
analyzed the outcomes. Tumors formed in the abdominal
region were collected, paraffin-embedded, and analyzed
with hematoxylin & eosin staining as we described
before11,49,50.

Lipid uptake
Lipid uptake was assessed using two methods. QBT FA

uptake assay was used as suggested by the manufacturer;
fluorescence signal was detected using GloMax Multi
Detection System (Promega) and plotted. FA uptake was
also monitored by incubating cells in the presence of 500
μM linoleic acid for 24 h, fixing with 4% PFA, and staining
with Oil red O solution for 30min followed by red
fluorescence imaging.

Statistics
For analysis of survival a non-parametric test, the log-

rank (Mantel−Cox) test, was employed using cBioportal
and KM Plotter software. Comet assay parameters,
including percent of tail DNA, tail length, tail moment,
and olive tail moment, were analyzed using one-way
ANOVA and MANOVA and GraphPad Prism software.
Comparisons between two datasets with normal

distribution were conducted using Student’s t test and
Microsoft Excel software. A series of non-parametric
tests, including Tukey HSD, Scheffe, Bonferroni and
Holm, and Mann−Whitney U tests were used to compare
two datasets with abnormal distribution. Data belonging
to three or more independent groups were analyzed using
one-way ANOVA and GraphPad Prism software. The
findings were considered statistically significant at p <
0.05.
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