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CXCR4 confers stemness and radioresistance in chordoma cells
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ABSTRACT

CXC Chemokine receptor type 4 (CXCR4) is commonly considered a potential marker for cancer stem cells
(CSCs). Dedifferentiated-type chordoma (DTC) cells derived from a patient with recurrent chordoma
exhibit high CXCR4 expression and demonstrate increased resistance to chemotherapeutic drugs and
ionizing radiation (IR) compared to the conventional-type chordoma cell line, U-CH1. However, the
precise role of CXCR4 in the stemness and IR resistance of DTC remains unclear. Therefore, this study
aims to elucidate the correlation between the expression of CXCR4 and stemness and radioresistance in
chordoma. DTC cells expressing CXCR4 (CXCR4" DTC cells), isolated by magnetic-activated cell sorting,
exhibited increased self-renewal activity, tumorigenicity, and IR resistance, accompanied by elevated
Sox2 expression. Knockdown of CXCR4 expression using short hairpin RNA, inhibition of CXCR4 signaling
with AMD3100, and targeting of STAT3, a downstream effector of CXCR4, with WP1066 in DTC cells
significantly diminished their self-renewal ability, tumorigenic potential, IR resistance, and Sox2 expres-
sion. Additionally, transfection with a small interfering Sox2 RNA suppressed self-renewal activity,
tumorigenicity, and IR resistance in DTC cells, whereas overexpression of CXCR4 reversed these effects
in U-CH1 cells. Furthermore, DTC cells infected with shCXCR4 exhibited substantial tumor suppression,
and the combination of IR and AMD3100 significantly reduced DTC tumor growth in a mouse xenograft
model. These findings underscore the functional significance of CXCR4 as a CSC marker, highlighting its
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potential as a therapeutic target for malignant chordomas.

Introduction

Chordomas are rare primary bone tumors that develop from
notochord remnants."”> They are typically low-grade, poorly
differentiated, and locally invasive, possibly because they ori-
ginate from embryonic notochord remnants in the axial
skeleton.” Chordomas are classified into three types according
to their histological variants: conventional (classic), chon-
droid, and dedifferentiated. Although rare, chordomas are life-
threatening because of their local aggressiveness and progres-
sive nature.*® The standard treatment involves adjuvant radio-
therapy after surgery. However, this approach is ineffective,
possibly because of recurrence following local invasion.
Recent evidence suggests that cancer stem cells (CSCs) are
associated with tumor development, growth, recurrence, and
resistance to radiotherapy and chemotherapy.*” Therefore, the
efficient elimination of CSCs could significantly improve antic-
ancer treatment strategies. In chordomas, CSCs were first identi-
fied by Aydemir et al., who reported CD133-positive and CD15-
positive tumor-propagating cells.® In a previous study, we estab-
lished a dedifferentiated chordoma (DTC) cell line from patients
with recurrent chordomas.” This DTC line displayed increased
resistance to anticancer drugs and radiation compared to the
conventional-type chordoma cell line, U-CHI, indicating its
robust tumorigenic ability. Intriguingly, the molecular expression
patterns of DTC were different from those of U-CH1. DTC

exhibited distinct molecular expression patterns, particularly ele-
vated stemness-related factors such as Oct4, c-Myc, CD133,
Musashi, FoxM1, and CXC chemokine receptor type 4 (CXCR4).

CXCR4 (CD184) is a seven-transmembrane chemokine
receptor typically expressed on immune cells, embryonic
stem cells, and mesenchymal stem cells. This receptor plays
a significant role in tumor growth, angiogenesis, and metasta-
sis of various cancer cells via CXCR4-SDF1 signaling.'® While
the presence of CXCR4 in hematopoietic malignancies is not
surprising because of its vital role in developing these cells, its
heightened expression in several cancers compared with that
in adjacent normal tissues is noteworthy."' > On the cell sur-
face, CXCR4 is a potential marker of CSCs in diverse cancers
such as glioma, prostate cancer, lung cancer, and
osteosarcoma.'*'” Recent studies have suggested that
CXCR4 is a surface marker of CSCs in synovial sarcoma-
initiating cells.'"® Using a sphere-forming culture method,
researchers successfully isolated a subpopulation of CSCs
with high CXCR4 expression. These cells exhibited increased
tumorigenic activity compared with CXCR4™ cells when seri-
ally transplanted into NOD/SCID mice, replicating the phe-
notype observed in the original tumor. High CXCR4 surface
expression has also been identified in alveolar rhabdomyosar-
coma cells and is correlated with poor patient prognosis.'® It
also serves as a prognostic marker for various soft tissue
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sarcomas, including malignant peripheral nerve sheath
tumors, leiomyosarcoma, liposarcoma, and fibrosarcoma.*’

The relationship between CXCR4 expression and the CSC
phenotype in chordomas remains unexplored. Therefore, the
purpose of this study is to elucidate the correlation between
CXCR4 expression and stemness as well as radioresistance in
chordoma cells. We hypothesized that elevated CXCR4 surface
expression is linked to the CSC phenotype in DTC cells. To test
this hypothesis, we examined the role of CXCR4 in the self-
renewal activity, expression of stemness-related molecules,
tumorigenicity, and resistance to ionizing radiation (IR) in
DTC and conventional chordoma cells. As a result, the sup-
pression of CXCR4 expression in DTC cells led to a decrease in
stemness and increased sensitivity to radiation therapy,
whereas overexpression of CXCR4 in the conventional chor-
doma cell line U-CHI resulted in increased stemness and
radioresistance. These findings emphasize the critical role of
CXCR4 as a cancer stem cell marker and its potential as
a therapeutic target for treating malignant chordomas.

Results

CXCR4* DTC cells demonstrated a robust potential for
self-renewal, tumor-initiating capacity, and resistance
to IR in vitro

Previous studies have suggested a correlation between CXCR4
expression and CSC phenotype in various sarcomas.''™"?
However, this association remains unclear in chordomas.
Our previous study found significantly higher CXCR4 expres-
sion in DTC than in U-CH]1, the conventional chordoma cell
line.” In the present study, we explored the role of CXCR4 in
DTC stemness. To confirm this, we investigated whether
CXCR4" DTC cells are CSCs with self-renewal and tumori-
genic capacity. CXCR4" and CXCR4™ DTC cells were isolated
by magnetic-activated cell sorting (Fig. S1) and tested for self-
renewal capacity, tumorigenicity, and IR resistance in vitro.
CXCR4" DTC cells exhibited enhanced proliferation com-
pared with CXCR4™ DTC cells (Figure la). Additionally,
CXCR4" DTC cells demonstrated a higher self-renewal capa-
city, as evidenced by the sphere-forming and limiting-dilution
assays (Figure 1b,c). In soft-agar assays, CXCR4™ DTC cells
displayed superior colony-forming ability, indicating an
increased in vitro tumorigenic potential (Figure 1d).
Furthermore, CXCR4" DTC cells exhibited elevated resistance
to IR compared with CXCR4™ DTC cells (Figure le). Western
blotting and reverse transcription-PCR (RT-PCR) analyses
revealed significantly higher expression of the stemness-
related gene Sox2 in CXCR4™ DTC cells than in CXCR4~
DTC cells (Figure 1f). These findings suggest that CXCR4"
DTC cells possess heightened stemness activity, tumorigenic
potential, and IR resistance compared to their CXCR4~
counterparts.

CXCR4 plays a functional role in self-renewal and
tumor-initiating capacity and IR resistance in DTC cells

To further examine the role of CXCR4 in DTC cells, we used
short hairpin RNA targeting CXCR4 (shCXCR4) to knock

down CXCR4 expression. The introduction of shCXCR4 led
to reduced cell growth (Figure 2a) and suppressed the self-
renewal capacity, as indicated by sphere-forming and limiting-
dilution assays (Figure 2b,c). In soft-agar colony-forming
assays, sShCXCR4 DTC cells exhibited decreased in vitro
tumorigenicity (Figure 2d). Additionally, these cells displayed
increased sensitivity to IR upon CXCR4 knockdown
(Figure 2e). Western blotting, RT-PCR, and immunofluores-
cence analyses demonstrated that CXCR4 knockdown down-
regulated Sox2 expression and phosphorylation of STAT3,
a downstream target of CXCR4 (Figure 2f,g). These results
suggest that CXCR4 signaling is crucial for DTC cells’ self-
renewal activity, tumorigenicity, and IR resistance.

To validate the effect of CXCR4 inhibition on DTC cells, we
treated cells with AMD3100, a specific CXCR4 inhibitor. In
this study, we used 10 and 30 uM of AMD?3100, as these are the
minimal and maximal concentrations that can be effective
without causing severe toxicity to the DTC cells. AMD3100
treatment resulted in a slight but significant reduction in DTC
proliferation after 72 h of incubation (Fig. S2A). Additionally,
AMD3100 inhibited the sphere-forming ability in a dose-
dependent manner (Fig. S2B). Limiting-dilution assays
showed that AMD3100-treated DTC cells had decreased self-
renewal potential (Fig. S2C). In soft-agar assays, AMD3100
significantly reduced colony-forming capacity (Fig. S2D), and
enhanced sensitivity to IR (Fig. S2E). Western blotting, RT-
PCR, and immunofluorescence analyses confirmed reduced
phosphorylation of CXCR4 and STAT3, along with decreased
Sox2 expression, in response to AMD3100 treatment (Fig. S2F,
G). These findings underscore the importance of CXCR4 sig-
naling in the self-renewal activity, tumorigenicity, and IR
resistance of DTC cells.

CXCR4-mediated STAT3 and Sox2 signaling is crucial for
self-renewal, tumor-initiating capacity, and IR resistance
in DTC cells

Next, we investigated the role of CXCR4 downstream signaling,
specifically STAT3 and Sox2, in untransfected DTC cells’ self-
renewal activity and IR resistance. Treatment with the STAT3
inhibitor, WP1066, effectively suppressed cell growth
(Figure 3a), self-renewal capacity (Figure 3b,c), in vitro tumor-
igenicity (Figure 3d), and IR resistance (Figure 3e) in these cells.
Western blotting, RT-PCR, and immunofluorescence analyses
confirmed inhibited phosphorylation of STAT3 and reduced
Sox2 expression upon WP1066 treatment (Figure 3f,g).
Treatment of WP1066 did not significantly affect CXCR4
expression in DTC cells (Figure 3f, left panel). In this study,
we used 1 and 3 uM of WP1066, as these are the minimal and
maximal concentrations that can be effective without causing
severe toxicity to the DTC cells.

Furthermore, we investigated the functional role of Sox2,
a downstream stemness factor associated with CXCR4 and
STATS3 signaling, self-renewal activity, tumorigenicity, and
IR resistance in DTC cells by introducing siRNA targeting
Sox2. The impact of siSox2 was validated by western blotting,
RT-PCR, and immunofluorescence analyses (Fig. S3A, B).
siSOX2 transfection did not significantly affect STAT3 expres-
sion in DTC cells (Fig. S3A, left panel). The introduction of
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Figure 1. CXCR4+ DTC cells exhibit enhanced self-renewal activity, tumorigenic potential and IR resistance compared to CXCR4- cells. (a) MTT assay, (b) sphere-forming
assay (white bar 50 mm), (c) limiting dilution assay, (d) soft agar assay (white bar 50 pm), (e) IR cl, 22onogenic survival assay (black bar 50 mm), and (f) Western blot
(left) and RT-PCR (right) analyses of DTC cells after sorting with apc-conjugated CXCR4 antibody. *p < .05. All experimental results were obtained from at least three
independent experiments.
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Figure 2. Silencing of CXCR4 via shRNA infection suppresses self-renewal activity, tumorigenic potential and IR resistance in DTC cells. (a) MTT assay, (b) sphere-forming
assay (white bar 50 mm), (c) limiting dilution assay, (d) soft agar assay (white bar 50 um), () IR clonogenic survival assay (black bar 50 mm), (f) Western blot (left) and
RT-PCR (right), and (g) immunofluorescence (white bar 100 pm) analyses of DTC cells infected with shControl (shCTL), shCXCR4 a or D (upper) and quantification of the
results (lower). *p <.05, **p < .01, ***p <.001. All experimental results were obtained from at least three independent experiments.
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Figure 3. Pretreatment with WP1066 suppresses self-renewal activity, tumorigenic potential and IR resistance in DTC cells. (a) MTT assay, (b) sphere-forming assay
(white bar 50 mm), (c) limiting dilution assay, (d) soft agar assay (white bar 50 pm), (e) IR clonogenic survival assay (black bar 50 mm), (f) Western blot (left) and RT-PCR
(right), and (g) immunofluorescence (white bar 100 pm) analyses of DTC cells treated with WP1066 at the concentration indicated in the figure (upper) and
quantification of the results (lower). *p < .05, **p <.01. All experimental results were obtained from at least three independent experiments.
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Figure 4. Silencing of Sox2 via siRNA transfection suppresses self-renewal activity, tumorigenic potential and IR resistance in DTC cells. (a) MTT assay, (b) sphere-
forming assay (white bar 50 mm), (c) limiting dilution assay, (d) soft agar assay (white bar 50 um), (e) IR clonogenic survival assay (black bar 50 mm) of DTC cells
transfected with siControl (siCTL) or siSox2 #2 and #3. *p <.05, **p <.01, ***p <.001. All experimental results were obtained from at least three independent

experiments.

siSox2 significantly impeded cell proliferation (Figure 4a) and
self-renewal, as demonstrated by sphere-forming and limiting-
dilution assays (Figure 4b,c). In soft-agar assays, siSox2 effec-
tively inhibited colony formation (Figure 4d) and increased
sensitivity to IR (Figure 4e). These findings underscore the
crucial role of CXCR4/STAT3/Sox2 signaling in the self-
renewal activity, tumorigenicity, and IR resistance of DTC
cells in vitro.

Overexpression of CXCR4 exhibited high potential for
tumor-initiating capacity and IR resistance in U-CH1 cells

Additionally, we conducted gain-of-function studies using
U-CH1 cells expressing low levels of CXCR4. We intro-
duced retrovirus-mediated CXCR4 into U-CHI1 cells, which
enhanced cell proliferation and self-renewal (Figure 5a-c).
Moreover, CXCR4 overexpression increased in vitro

tumorigenic potential (Figure 5d) and resistance to IR
(Figure 5e). CXCR4 overexpression significantly increased
phosphorylation of STAT3 and Sox2 expression in U-CH1
cells (Figure 5f,g). These findings demonstrate that CXCR4
overexpression enhances the self-renewal activity, tumori-
genicity, and IR resistance of U-CH1 cells in vitro.

Downregulation of CXCR4 reduced tumorigenic potential,
and combination therapy of IR and a CXCR4 inhibitor
synergistically reduced tumor growth in the DTC
xenograft model

We evaluated the effects of CXCR4 on DTC tumor growth
in vivo. DTC cells infected with shControl or shCXCR4 were
implanted into nude mice via subcutaneous injection. As
depicted in Figure 6a, the tumor growth of shCXCR4-
infected DTC cells was markedly suppressed compared with
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Figure 5. CXCR4 overexpressing U-CH1 cells exhibited higher self-renewal activity, tumorigenic potential and IR resistance than control cells. (a) MTT assay, (b) sphere-
forming assay (white bar 50 mm), (c) limiting dilution assay, (d) soft agar assay (white bar 50 um), (e) IR clonogenic survival assay (black bar 50 mm), (f) Western blot
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U-CH1 cells (upper) and quantification of the results (lower). *p < .05, **p <.01. All experimental results were obtained from at least three independent experiments.
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that of shControl-infected DTC cells. Subsequently, we inves-
tigated the combined therapeutic effect of IR and the CXCR4
inhibitor AMD3100 in a DTC xenograft model. As shown in
Figure 6b, the group treated with AMD3100 and IR exhibited
a  significant reduction in  tumor  growth.
Immunohistochemical analysis revealed that AMD3100 treat-
ment significantly suppressed Sox2 expression in xenograft
tissues (Figure 6¢). These findings suggest that CXCR4 plays
a pivotal role in the tumorigenicity of DTC and could serve as
a promising therapeutic target for enhancing IR sensitivity
in vivo.

Discussion

Chordomas originate from embryonic notochord remnants
and are challenging to treat due to the presence of chemo-
and radiotherapy-resistant CSCs. Conventional therapies often
prove ineffective against chordomas, necessitating innovative
approaches for their treatment. CXCR4 has been recognized as
a potential CSC marker in various cancers."*”"” In primary
cultured glioma cell lines, CXCR4 expression was notably
higher in CD133+ cells compared to CD133-cells.*" Similar
findings were observed in prostate cancer cells, where CXCR4
+ cells were enriched in CD133+ populations.'” In addition,
stimulation of CXCR4 by SDF-1a significantly induced inva-
sion of CXCR4+ spheroid-forming breast cancer cells.”* In our
prior research, we identified the functional significance of
CXCR4 in stem cell activities in drug-resistant non-small cell
lung cancer cells.'® However, the role of CXCR4 in chordoma
CSC stemness remains poorly understood. This study is the
first to reveal the crucial role of CXCR4 as a functional stem-
ness factor in chordoma.

Our findings demonstrate that CXCR4+ DTC cells exhibit
significantly higher self-renewal capacity, sphere-forming
activity, tumorigenicity, and resistance to IR in vitro compared
to CXCR4- DTC cells. Consistent with these results, the down
regulation of CXCR4 via shCXCR4 or pharmacological inhibi-
tion of CXCR4 signaling markedly suppressed self-renewal
activity, tumorigenicity, and IR resistance. Conversely, over-
expression of CXCR4 reversed these effects in conventional
chordoma cell line, U-CHI1. Furthermore, our previous
research, as indicated in reference 9, confirmed that the DTC
cell line derived from recurrent cancer patients exhibited sig-
nificantly higher CXCR4 expression than U-CHI. Critically,
the downregulation of CXCR4 suppressed DTC tumor growth,
and when combined with IR and AMD3100 treatment, it
significantly enhanced therapeutic efficacy in vivo. These
results strongly suggest that CXCR4-positive cells may repre-
sent CSCs with tumorigenic potential, highlighting the critical
role of CXCR4 in the stemness and IR resistance of DTC cells.

Recent studies, including ours, have identified a significant
relationship between chordoma and the chemokine receptor
CXCRA4. In particular, dedifferentiated chordoma cell lines
have been found to exhibit high surface expression of
CXCR4, which is associated with increased tumorigenic poten-
tial and the ability to form subcutaneous tumors in animal
models.”*® This suggests that CXCR4 may contribute to the
aggressiveness and metastatic behavior of chordomas.
Additionally, poorly differentiated chordomas with
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SMARCBI/INI1 deficiency and TP53 mutations have shown
upregulation of CXCR4, further implicating this receptor in
tumor progression and metastasis.”* These findings highlight
the potential of CXCR4 as a therapeutic target in managing
chordoma. However, Zhang et al. identified a stem-like cell
cluster in skull base chordoma (SBC) marked by cathepsin
L (CTSL) expression, which may contribute to
radioresistance.”® Additionally, their study highlights the sig-
nificance of partial epithelial - mesenchymal transition
(p-EMT) signatures in malignant cells, associating them with
increased invasiveness and poor prognosis in SBC. Based on
these studies, CXCR4 appears to influence stemness and
aggressiveness in chordoma, specifically in certain cell types
depending on their degree of differentiation.

Several studies, including our own, have linked CXCR4 to
STAT3 signaling in various tumors.'®**° Ligand-mediated
activation of CXCR4 leads to STAT3 phosphorylation, con-
tributing to malignancy in breast and small cell lung
cancer.””?® It has been reported that CXCR4-mediated
STATS3 activation is crucial for the invasion of bladder cancer
cells.”” Additionally, CXCR4-STATS3 signaling induces the
expression of slug and VEGF in non-small cell lung cancer
cells.**® Although there are various effector molecules down-
stream of CXCR4, our previous studies identified STAT3 as
a key downstream target molecule involved in CXCR4-
mediated stemness and radioresistance in lung cancer
cells."®*® Therefore, this study also focused on the impact of
STATS3 on stemness and radioresistance in DTC cells. In our
current study, we discovered that CXCR4-mediated STAT3
signaling plays a crucial role in maintaining the stemness of
DTC cells by inducing Sox2 expression. However, the precise
downstream signaling cascade for Sox2 expression in these
cells needs further clarification in future studies.

The NF-«kB and STATS3 signaling pathways are pivotal in
regulating immune responses, inflammation, and tumorigen-
esis. These pathways exhibit significant crosstalk, influencing
each other’s activity through various mechanisms. For
instance, NF-kB can induce the expression of interleukin-6
(IL-6), a cytokine that activates STAT3, thereby linking
inflammatory responses to STAT3 signaling. Conversely,
STAT3 can modulate NF-kB activity by regulating the expres-
sion of genes that either promote or inhibit NF-«B signaling.
This bidirectional interaction facilitates a complex regulatory
network that impacts cell survival, proliferation, and inflam-
mation. Understanding the interplay between NF-kB and
STATS3 is crucial, as their cooperative signaling has been
implicated in the progression of various cancers, including
those of the colon, stomach, and liver.>! Although direct stu-
dies on NF-«xB and STATS3 interaction in chordoma are lim-
ited, research in other cancers suggests that these pathways
often cooperate to promote tumorigenesis. NF-kB and STAT3
can physically interact, co-regulate gene transcription, and
enhance inflammation-driven tumor progression. Given their
overlapping roles in cell survival and immune modulation,
further research is needed to explore their crosstalk in
chordoma.*

Resistance to radiation therapy is a characteristic trait of
CSCs, and CXCR4 signaling is implicated in the radioresis-
tance of malignant cancer stem cells.”**** Therefore, we
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investigated whether CXCR4 has intrinsic resistance to IR in
DTC cells. Our findings clearly indicated that CXCR4 knock-
down or pharmacological inhibition using AMD3100
enhanced IR sensitivity in DTC cells. Conversely, CXCR4
overexpression increased IR resistance in CXCR4-low conven-
tional-type chordoma cell line, U-CH1. Notably, the combina-
tion therapy of AMD3100 and IR synergistically reduced DTC
tumor growth, suggesting that inhibiting CXCR4 signaling
using AMD3100 enhances IR sensitivity. Since AMD3100
(plerixafor) was FDA approved in 2008, it could potentially
be applied to enhance IR treatment efficacy in chordoma
patients, making CXCR4 a promising therapeutic target for
malignant chordomas.

The clinical implications of CXCR4 inhibitors have several
advantages. Firstly, CXCR4 plays a crucial role in the move-
ment and metastasis of tumor cells, and its inhibition can
suppress tumor metastasis. Secondly, CXCR4 inhibition can
control tumor growth by suppressing the survival and prolif-
eration of tumor cells. Thirdly, when used in conjunction with
radiation therapy or chemotherapy, CXCR4 inhibition can
reduce the radioresistance of tumor cells. These advantages
indicate the promising potential of CXCR4 inhibitors in cancer
treatment’>>® Therefore, the aforementioned advantages
could be applied to the treatment of chordoma.

The chemokine receptor CXCR4 has been implicated in the
development and progression of various cancers.
Overexpression of CXCR4 is associated with increased tumor
aggressiveness and poor clinical outcomes. A systematic
review analyzing data from 85 studies encompassing over
11,000 patients concluded that CXCR4 expression serves as
a significant and independent biomarker for worse prognosis
in cancer.”” This suggests that targeting CXCR4 could be
a viable therapeutic approach. Although studies on the clinical
significance of CXCR4 expression in chordoma are limited,
further large-scale, multi-institutional studies using clinical
samples are anticipated in the future.

Conclusions

In this study, we identified the mechanism by which CXCR4
regulates tumor-initiating capacity and radioresistance in DTC
cells. Our findings suggest that targeting CXCR4 could
enhance the therapeutic efficacy of chordoma, offering
a novel approach to complement existing treatments. Future
research should explore the clinical applicability of combining
CXCR4 inhibitors with radiation therapy and further investi-
gate the detailed mechanisms underlying CXCR4 signaling.
These efforts could pave the way for a new paradigm in
chordoma treatment.

Materials and methods
Materials

Antibodies against Oct4 (#sc-8628), c-Myc (#sc-40), STAT3
(#sc-482), and PB-actin (#sc -47,778) were purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies
against Sox2 (#3579), Nanog (#4903), phosphor-STAT3
(Y705, #9145), and phosphor-STAT3 (S727, #9134) were

purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA). Antibodies against CXCR4 (#ab124824) and phos-
phor-CXCR4 (5399, #ab74012) were purchased from Abcam
(Boston, MA, USA). Specific inhibitors of CXCR4 (AMD3100,
#A5602) and STAT3 (WP166, #573097) were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

The establishment of the DTC cells and their characteristics,
including the expression of CXCR4 and other markers such as
brachyury and cytokeratin, were described in our previous
study (9). U-CH1 cells were obtained from the American
Type Culture Collection (#CRL3217; Manassas, VA, USA).
All cell lines were cultured in DMEM/F12 (#10-090-CVR;
Cellgro, Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with 100 U/ml penicillin, 100 pg/ml streptomycin
(#15140122; Gibco, Thermo Fisher Scientific) and 10% fetal
bovine serum (FBS; #16000044, Gibco) in a humidified incu-
bator (#¥MCO-20AIC; Sanyo, Osaka, Japan) with 5% CO, at
37°C. Primary cultured DTC cells were utilized within 10-20
passages, whereas UCH-1 cells were used within 10 passages
after thawing.

Knockdown or overexpression of CXCR4

For the knockdown of CXCR expression in DTC cells, pGFP-
C-shLenti and pGFP-C-shLenti CXCR4 vectors were obtained
from OriGene (#TL313630; Rockville, MD, USA). Lentiviruses
(2™ generation packaging system) were produced by transfect-
ing 293T cells (#CRL3216; ATCC) with a lentivirus vector
(5ug) and packaging mix (6 ug; pMD2G, pSPAX2, and
shRNA vector in a 1:2:3 ratio) using Lipofectamine™ 2000
(#11668019; Invitrogen, Carlsbad, CA, USA). After 48 h of
transfection, the viral supernatants were collected, filtered,
concentrated using Lenti-X concentrator (#PT4421-2,
Takara, Japan) and stored in a deep freezer with polybrene
(8 ug/ml; #S2667; Sigma-Aldrich) until use. The cells were
infected with the prepared virus stock at a multiplicity of
infection of 5.

For the overexpression of CXCR4 in U-CHI cells, the
pQCXIP retroviral vector was obtained from Takara Bio, Inc.
(#631516; Mountain View, CA, USA), and CXCR4 was sub-
cloned into the vector. Retrovirus production was performed
by transfecting 293 T cells with viral vectors and packaging mix
using Lipofectamine 2000. After 48 h of transfection, the viral
supernatants were collected, filtered, and stored in a deep free-
zer with polybrene until use.

Transfection of small interfering RNA (siRNA)

DTC cells were transfected with siRNAs targeting Sox2. The
sequences of siRNA against Sox2 (siSox2 #2 Sense 5'-
AACCAAGACGCUCAUGAAGAAGGAT-3" Antisense 5'-
UUUUGGUUCUGCGAGUACUUCUUCCUA-3; siSox2 #3
Sense 5-AUGGACAGUUACGCGCACAUGAACG-3'
Antisense 5-CGUACCUGUCAAUGCGCGUGUACUUGC
-3") and negative control siRNA  (sense 5’-
CGUUAAUCGCGUAUAAUACGCGUAT-3’, Antisense 5’-



AUACGCGUAUUAUACGCGAUUAACGAC-3’) were pur-
chased from Integrated DNA Technology (Coralville, IA,
USA). The siRNAs were transfected at a concentration of 20
nM using Lipofectamine™ 2000 and incubated in
a humidified incubator with 5% CO, at 37°C. After 48 h of
transfection, cells were used for the subsequent
experimentations.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assays

Cells were seeded in 96-well plates (5x 10° cells/well) and
incubated at 37°C under 5% CO, incubator for 24 h. The
medium was replaced with 100 ul of fresh medium with or
without AMD3100. After 48 h of incubation, the wells were
replaced with fresh medium and MTT solution (TMM56SS;
Sigma-Aldrich) and incubated for 2h at 37°C incubator.
After incubation, formazan was dissolved in dimethyl sulfox-
ide. Then, optical density was measured at 490 nm using
a plate reader (iMark™ microplate absorbance reader; Bio-
Rad Laboratories, Inc., Hercules, CA, USA).

Sphere-forming, limiting-dilution, soft-agar, and
clonogenic survival assays

For the sphere-forming assay, a single-cell suspension
obtained by trypsinization was cultured in DMEM/F12
containing 1 ul/ml B27 supplement (#17504044; Gibco),
and 10 ng/ml epidermal growth factor (EGF; #AF-315-09-
1 MG; Invitrogen) and 10 ng/ml primary fibroblast growth
factor (FGF; #101-1B-1 MG; Invitrogen) without FBS at
a density of 1x10° cells/ml in six-well plates (Corning,
Corning, NY, USA). After 10 d, the spheres were attached
by adding 10% FBS overnight, washed with phosphate-
buffered saline (PBS), stained with 0.04% Crystal Violet
15h at room temperature, and counted under an optical
microscope (ECLIPSE TS100; Nikon, Tokyo, Japan).

For the limiting-dilution assay, cells were trypsinized,
serially diluted, and plated in 96-well plates in 200 pl of the
culture medium used for the sphere-forming assay. After
7 d of incubation, number of spheres in wells with or
without spheres was counted and plotted against the num-
ber of cells per well.

To perform the soft-agar assay, single-cell suspensions
(5x 10> cells/ml) were prepared in 2 x DMEM/F12 with
FBS (10%) and resuspended in the same volume of 0.7%
low-melting agar (final 0.35%; #A9414; Sigma-Aldrich) and
poured into 24-well plates coated with agar (1:1 mixture of
2 x DMEM/F12 and 1% low-melting agar; final 0.5%).
After 15 d of incubation, colonies in five random fields
per well were counted under an optical microscope
(ECLIPSE TS100; Nikon).

For the clonogenic survival assay, a single-cell suspension
obtained by trypsinization was cultured in DMEM/F12 sup-
plemented with FBS (10% at a density of 1 x 107 cells/ml). Cells
were exposed to y-rays from a 137Cs y-ray source (Atomic
Energy of Canada, Korea Institute of Radiological and Medical
Sciences) at a dose rate of 3.81 Gy/min. After 10 d, the cells
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were stained with 0.04% Crystal Violet overnight at room
temperature and counted.

Reverse transcription-pcr (RT-PCR)

RT-PCR was performed as previously described elsewhere to
quantify the endogenous mRNA expression levels. The total
RNA of cells was isolated using TRIsure reagent (#BIO-
38033; BIOLINE, Memphis, TN, USA) according to the
manufacturer’s instructions. A total of 5ug of RNA was
used to synthesize cDNA using a SensiFAST'™™ c¢DNA
Synthesis kit (#BI0-65054; BIOLINE). PCR was performed
using 2X MyTaqRedMix (#BIO-25043; BIOLINE) under the
conditions of an annealing temperature of 60°C and 30
cycles. Oligonucleotide primer sequences used were as fol-
lows: CXCR4 forward, 5'-AATCTTCCTGCCCACCATCT-3’
and reverse, 5-GACGCCAACATAGACCACCT-3’; SOX2
forward, 5-TGGACAGTTACGCGCACAT-3' and reverse,
5-CGAGTAGGACATGCTGTAGGT-3'; GAPDH forward,
5'-AGGTGAAGGTCGGAGTCAAC-3" and reverse, 5'-
TTCCCGTTCTCAGCCTTGAC-3". The PCR samples
underwent analysis on a 2% agarose gel, were stained with
ethidium bromide (Mbiotech, Inc., Hanam, Korea), and
were observed under UV light using an image analyzer
(ChemiDoc XRS; Bio-Rad Laboratories, Inc., Hercules, CA,
USA). To measure band density, Image] (NIH, USA) soft-
ware was used.

Western blot analysis

Protein lysates were extracted using RIPA buffer (150 mm
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, and 50 mm Tris, pH 8.0) containing a protease inhibitor
(#11697498001; Roche) and phosphatase inhibitors (#524625;
Merck). The samples were incubated at 4°C for 30 min and
then centrifuged at 10,000 x g in a pre-chilled centrifuge at 4°C
for 30 min. The supernatant was collected, and the protein
concentration in the supernatant was determined using the
Bradford assay (#5000006; Bio-Rad). The supernatant (20 pg)
was subjected to 10% SDS-polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene difluoride membrane
(#HATF00010; Millipore, Billerica, MA, USA). Membranes
were incubated overnight at 4°C with primary antibodies.
After three washes with Tris-buffered saline containing 0.1%
Tween-20, the membranes were incubated with horseradish
peroxidase-conjugated goat anti-rabbit (#A120-101P; Bethyl
Laboratories, Inc., Montgomery, TX, USA) and goat anti-
mouse (#A90-116P; Bethyl Laboratories) for 1 h at room tem-
perature. The immunoblots were visualized using enhanced
chemiluminescence (#32106; Thermo Fisher Scientific)
according to the manufacturer’s protocol.

Flow cytometric analysis

The cells were dissociated into single cells washed with ice-cold
PBS and stained with a phycoerythrin-conjugated CXCR4
antibody (#555974; BD Biosciences, San Jose, CA, USA) in
0.1 ml of binding buffer (2% BSA and 5mm EDTA in PBS)
at a 4°C refrigerator for 1h. After washing with ice-cold PBS
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three times, the cells were resuspended in 0.1 ml of binding
buffer and analyzed using MACSQuant® Analyzerl0 Flow
Cytometer (Miltenyi Biotec Inc; Bergisch Gladbach,
Germany) and MACSQuantify™ Software 2.13 for flow cyto-
metry analysis.

Magnetic-activated cell sorting (MACS)

To sort CXCR4"™ and CXCR4™ cells, DTC cells were disso-
ciated into single cells, washed with ice-cold PBS, and stained
with an APC-conjugated CXCR4 antibody (#130-100-070;
Miltenyi Biotec Inc., Auburn, CA, USA) in 0.1 ml of binding
buffer (2% BSA and 5 mm EDTA in PBS) at a 4°C refrigerator
for 1h. After washing with ice-cold PBS three times, cells
were incubated with anti-APC microbead in 0.1 ml of bind-
ing buffer at a 4°C refrigerator for 30 min. The cells were
washed three times with ice-cold PBS and separated using
a MACS Column (#130-042-401; Miltenyi Biotec, Inc.)
placed in a MACS Separator. The flow-through fraction was
collected as the negative fraction, which was depleted of
labeled cells. The column was removed from the separator
and the remaining cells were eluted as the enriched, CXCR4"
cell fraction.

In vivo tumorigenicity study

All animal experiments were conducted following the
Institutional Animal Care and Use Committee guidelines
of the Korea Institute of Radiological and Medical Sciences
(Ethics approval no. KIRAMS 2019-0035). BALB/c nude
mice (female, 17-20g, 6-week-old) were purchased from
Orient Bio (Seongnam, Gyeonggi-do, South Korea). Cells
were mixed with Matrigel (1:1, v/v; #354234; Corning,
Corning, NY). Mice were anesthetized using 3% isoflurane
for induction and 1.5% for maintenance, and cells were
injected into the subcutaneous layer of mice. Tumor forma-
tion was checked 21-35 d after the injection. DTC tumor-
bearing mice were randomized into four groups (n=6).
Treatments were performed with AMD3100 alone, IR
alone, AMD3100 combined with IR, or control. When the
tumor volume reached 100 mm’, AMD3100 (5 mg/kg) was
administered intraperitoneally, and the mice were irradiated
(7 Gy) 4days later. After IR, AMD3100 was administered
daily until the completion of the experiment. Irradiation was
performed using an X-ray unit operated at 260 kVp with
a dose rate of 2Gy/min (10 mA with added filtration of
2 mm copper, distance from the X-ray source to the target
of 41 cm). To evaluate tumor volume, mice from all treat-
ment groups were euthanized using CO, gas in the chamber
(40% vol/min flow rate), and the tumor volume (mm?) was
calculated using the following formula: long diameter x
(short diameter)? x 0.5.

Statistical analysis

Data are presented as mean + standard deviation of three
independent experiments. Differences were analyzed using
Student’s t-test and one-way analysis of variance (ANOVA).
The results were significant at *p <.05, **p <.01, and ***p

<.005.Statistical analyses and graphing were performed using
Microsoft Excel 365 and GraphPad Prism 8 software
(GraphPad Software).
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