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Association between breast cancer cell
migration and radiosensitivity in vitro
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Abstract. The aim of the present study was to examine the
association between the migration of breast cancer cells in vitro
and radiosensitivity by establishing a breast cancer cell model
with different migratory capacities. Transwell chambers in
a 24-well plate were used to separate MDA-MB-231 and
ZR-7530 cells and to establish cell models with different migra-
tory capacities. Subsequently, the radiosensitivity of the cell
models was measured using a radiation clone formation assay.
Furthermore, differential gene expression was determined using
gene microarray analysis. The protein expression levels of the
differentially expressed genes (DEGs) were assessed using
western blot analysis. From each parental cell line, a pair of
daughter cell lines were established in with differing migratory
abilities. These daughter cell lines were named MDA-MB-231
UP-10 (231 UP-10), MDA-MB-231 Down-10 (231 Down-10),
ZR-75-30 UP-10 (7530 UP-10) and ZR-75-30 Down-10 (7530
Down-10). Radiation clone formation assays revealed that the
cell lines with increased migratory abilities (231 Down-10 and
7530 Down-10) demonstrated higher radio-resistance compared
with the cell lines with decreased migratory abilities (231 UP-10
and 7530 UP-10). Gene microarrays identified numerous DEGs
between the pairs of UP and Down cell lines. A focus was placed
on genes associated with cell adhesion and it was identified
that phosphorylated Fak and phosphorylated EGFR expression
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levels were increased in 231 Down-10 and 7530 Down-10 cells,
compared with the 231 UP-10 and 7530 UP-10 cells. Other genes
including ZO-1, FN1 and SOX9 expression were also increased
in the 231 Down-10 and 7530 Down-10 cells compared with 231
UP-10 and 7530 UP-10 cells. Cell lines with increased migra-
tory capacities may be more radio-resistant compared with cell
lines with a decreased migratory capabilities. The mechanism
may be associated with changes in the expression of cell adhe-
sion molecules and epithelial-mesenchymal transition (EMT).
Therapeutic strategies targeting cell adhesion or EMT may
increase the radiation sensitivity of breast cancer cells, in addi-
tion to improving the effect of radiation therapy.

Introduction

Breast cancer is one of the most common types of cancer world-
wide. In recent years, in China, the mortality rate of patients with
breast cancer has continuously increased. As such, breast cancer
is a significant cause of mortality in females (1). As the result
of multidisciplinary collaborations, there have been significant
advances in the treatment of patients with breast cancer, of which
radiotherapy is a key strategy (2,3). Postoperative radiotherapy
decreases the lymph node recurrence rate by approximately
two-thirds. Clinical data has demonstrated that breast-conserving
surgery combined with radiotherapy decreases the local recur-
rence rate from 18-35 to 2-10% (4); however, certain patients
do experience relapse, suggesting that their tumors may be
resistant to radiotherapy. Therefore, it is important to examine
the mechanism underlying this phenomenon and determine the
intrinsic radiosensitivity of cells and the cellular microenviron-
ment (5,6). Studies regarding radiosensitivity have progressed
through 3 different stages; from the tissue to the cellular level and
subsequently to the molecular level. The third stage concerns how
biological processes may affect cell radiosensitivity, including
hypoxia, cell cycle distribution, cell proliferation, apoptosis, DNA
damage repair and more (7-9), and these mechanisms involve
genetic variation and epigenetic modification. Therefore, it may be
possible to determine the effect of cell radiosensitivity by exam-
ining the regulatory mechanisms underlying these processes.
Invasion and metastasis are important behavioral char-
acteristics of cancer cells, and acquisition of these processes
endows cells with a variety of properties. For example,
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epithelial-mesenchymal transition (EMT) is associated with
cell invasion and metastasis, cell stemness, and radiotherapy
and chemotherapy tolerance (10). Numerous transcription
factors regulate EMT, including Zinc finger E-box-binding
homeobox protein, Snail, Slug, and Twist. These factors down-
regulate epithelial cadherin (E-cadherin), which is pivotal in
the EMT process (11). E-cadherin participates in the regula-
tion of cell adhesion, which serves a critical role in cancer cell
invasion and metastasis (12). Our previous study indicated that
human epidermal growth factor receptor 2 (HER?2) decreased
breast cancer cell radiosensitivity by activating focal adhe-
sion kinase in vitro and in vivo (13). Therefore, cell adhesion
processes, and invasion and metastatic processes may be
associated with the response to radiotherapy. To determine
whether there was an association between migration and
metastasis, radiosensitivity, daughter cell lines with differing
migratory capabilities from 2 parent cell lines were established
in the present study using Transwell chambers in a 24-well
plate. There was a negative association between migration and
radiosensitivity and this may be associated with the expression
of cell adhesion molecules and/or EMT.

Materials and methods

Cell lines and cell culture. The breast cancer MDA-MB-231
and ZR-75-30 cell lines were purchased from the American
Type Culture Collection and maintained in Dulbecco's modi-
fied Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.), penicillin (100 units/ml), streptomycin
(100 pg/ml) 2 mM l-glutamine and 1 mM sodium pyruvate.
All cells were incubated in a 37°C in a humidified atmosphere
with 5% CO,.

Migration assays. The migration assay was performed as
previously described (13,14). Briefly, a total of 2x10* of
MDA-MB-231 or ZR-75-30 were placed in the upper chamber
of a Transwell chamber (BD Biosciences) with an 8-ym pore
filter between the chambers. The cells were allowed to migrate
at 37°C for 8 h toward the chamber of medium supplemented
with 2.5% fetal bovine serum. Non-migrating cells on the
upper side of the insert were removed and the migrated cells on
the lower side of the insert were fixed with ice-cold methanol
for 10 min at room temperature, stained with 0.1% crystal
violet for 20 min at room temperature, imaged and counted at
magnification x200 under a light microscope. The assay was
repeated 3 times in duplicate.

Establishment of the cell model. From each cell line, a pair of cell
lines differing in migratory ability was established, according
to the schematic diagram in Fig. 1. Initially, a migration assay
was performed as aforementioned (named PO). The cells from
the upper chamber, which had not migrated, were collected and
cultured in new dishes, termed 231 Down-1 (P1). The cells which
had migrated through the insert after 8 h were also collected
and cultured. These cells were termed 231 UP-1 (P1). This
process was repeated 10 times, each time using the collected
cells that had or had not migrated, until the MDA-MB-231
UP-10, MDA-MB-231 Down-10, ZR-75-30-UP-10 and
ZR-75-30-Down-10 cell cultures were established.
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Genes microarray. Total RNA was isolated from 2x10° target
cells using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) and was treated with DNase I to remove any
contaminating genomic DNA. Microarray analysis was used
to screen changes in genome-wide gene expression patterns
in the MDA-MB-231 UP-10 and MDA-MB-231 Down-10
cells, the ZR-75-30 UP-10 and ZR-75-30 Down-10 cell line.
The changes in human gene expression patterns were assessed
using Affymetrix gene microarrays (CapitalBio Technology
Co., Ltd.) and 3 replicates were used for microarrays analysis.
Gene ontology (GO) enrichment analysis (14,15) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis (16-18) were performed to analyze the pathways
involved.

Irradiation and clone formation assay. MDA-MB-231 UP-10,
MDA-MB-231 Down-10 cells, ZR-75-30 UP-10 and ZR-75-30
Down-10 cells were seeded into 6 cm cell culture dishes at a
density of 1x10° cells. A total of 24 h later, the cells were irra-
diated with a single dose of X-rays (0, 2, 4, 6 and 8 Gy), using
a linear accelerator (Varian Medical Systems) at 3 Gy/min and
then seeded into 6 cm petri dishes and incubated for 10-14 days
to allow colonies to form. The cell inoculum of the single
cell suspension was determined for each sample according
to the expected number of colony formation (30-100). The
colonies were fixed with 4% paraformaldehyde for 20 min
at room temperature and stained with 0.1% crystal violet for
20 min at room temperature. The number of colonies with
=50 cells were counted under a microscope. The plating effi-
ciency (PE) and survival fraction (SF) were calculated using
the following equations: PE = number of colonies formed
without irradiation/the number of cells inoculated x100%;
and SF = colonies counted/cells seeded x PE. All assays were
performed independently at least 3 times.

Western blot analysis. MDA-MB-231 UP-10, MDA-MB-231
Down-10 cells, ZR-75-30 UP-10 and ZR-75-30 Down-10
cells were seeded into 10-cm culture dishes. Cell lysates
were harvested at 75% confluence using 500 pl cell lysis
buffer (25 mmol/l Tris-HCI at pH 7.6, 150 mmol/l NaCl,
1.0% Nonidet P-40, 1.0% sodium deoxycholate and 0.1%
SDS) with a 30 min incubation on ice. The supernatant was
collected under rotation and was centrifuged at 13,000 x g
for 30 min at 4°C. The protein concentrations were deter-
mined using a BCA Protein Assay Reagent (Thermo Fisher
Scientific, Inc.). Western blot analyses were performed as
described previously (19). The primary antibodies included
anti-fibronectin 1 (FNI1; cat. No sc69681; 1:1,000; Santa Cruz
Biotechnology, Inc.), anti-B-actin (cat. no. 3700s; 1:1,000; Cell
Signaling Technology, Inc.), anti-tight junction protein ZO-1
(ZO-1; cat. no. 8193s; 1:1,000; Cell Signaling Technology,
Inc.), anti-focal adhesion kinase (FAK; cat. no. 9330T;
1:1,000; Cell Signaling Technology, Inc.), anti-epidermal
growth factor receptor (EGFR; cat. no. 4267s; 1:1,000; Cell
Signaling Technology, Inc.), anti-pEGFR (cat. nos. Y1068 and
3777s; 1:1,000; Cell Signaling Technology, Inc.), anti-pEGFR
(cat.nos. Y1173 and 4407s; 1:1,000; Cell Signaling Technology,
Inc.) and transcription factor SOX-9 (SOX9; cat. no. 82630s;
1:1,000; Cell Signaling Technology, Inc.). Horseradish
peroxidase-conjugated secondary antibodies included donkey
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Figure 1. Schematic diagram of the process of the establishment of the cell model.

anti-mouse immunoglobulin (cat. no. NA931; 1:2,000;
GE Healthcare) and donkey anti-rabbit immunoglobulin
(cat. no. NA9340; 1:2,000; GE Healthcare).

Statistical analysis. Statistical analysis was performed using
the SPSS Statistics version 22.0 (IBM Corp.). Quantitative data
were presented as the mean + standard deviation. Comparisons
between the means of two groups were conducted using a
unpaired Student's t-test. The experimental data were analyzed
and plotted using GraphPad Prism (v6.0; GraphPad Software,
Inc.). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Establishment and verification of the cell model. To
accurately determine whether there was any association
between migratory capacity and radiosensitivity, the differ-
ences in genetic background between different cells must be
removed. Therefore, cell models from the same parent cell line
that exhibited different degrees of migratory capabilities was
established. In this model, the Transwell chamber served as a
‘selection’ tool, which separated MDA-MB-231 or ZR-75-30
cells into two groups of cells based on their migratory
capacities. For each parent cell line, 2 daughter cell lines were
established, MDA-MB-231 UP, MDA-MB-231 Down cell line,
ZR-75-30 UP and ZR-75-30 Down cell line. To examine the
model, a migration assay was performed and the number of
cells that had migrated through the membrane was quantified.
The results indicated that a greater number of MDA-MB-231
Down cells migrated through the membrane compared with
the MDA-MB-231 UP cells after the 5th repetition (P5). A
similar effect was observed in the ZR-75-30 daughter cell

lines. Furthermore, the cells in the later generations tended
to exhibit increased migratory capabilities (Fig. 2). Following
the 10th repetition (P10), the resultant daughter cell lines were
used for further study.

A high migratory capacity is associated with increased
radio-resistance. To investigate the association between the
migratory capacity and radiosensitivity, irradiation and colony
formation assays were performed to determine the response to
irradiation in the 4 daughter cell lines. The survival curve indi-
cated that the MDA-MB-231 Down-10 and ZR-75-30 Down-10
cells were less sensitive to radiation compared with the corre-
sponding UP-10 cells when treated with a dose between 2-8 Gy
(Fig. 3). Although the MDA-MB-231 Down-10 cells exhibited
a greater migratory capacity compared with the MDA-MB-231
UP-10 cells, the proliferative capacity of the MDA-MB-231
UP-10 cells was increased. However, the proliferative capacity
was lower in the ZR-75-30 UP-10 compared with the ZR-75-30
Down-10 cells (Fig. 4).

Bioinformatics analysis. To examine the mechanism underlying
cells with an increased migratory capacity increased radio-resis-
tance, genome-wide gene profiling was performed to determine
the differentially expressed genes in the MDA-MB-231 UP-10
compared with MDA-MB-231 Down-10 cells, and in the
ZR-75-30 UP-10 compared with the ZR-75-30 Down-10 cells.
Affymetrix gene microarrays indicated that numerous genes
were upregulated or downregulated in the UP-10 cells compared
with the Down-10 cells. GO and KEGG pathway assays demon-
strated that a number of pathways were involved. Amongst the
10 of the most significantly altered pathways, both GO and
KEGG pathway assays suggested that the cell adhesion pathway
was involved (Fig. 5A and B). Our previous study demonstrated



6880 HOU et al:

231 P6 231 P7
W% ’f*' e;:;
m ‘I.

Down

7530 P6

T |
iy ﬁi‘ 'wt‘ |

ur_’_

uP

Down

800+
= * * ¥ * mmUP
D
] EE Down
< 600- *
-‘é’_ *
@
S 400
£
=
£ 200-
°
()
n.
9: o A CNR S Q
&R & P @S

BREAST CANCER CELL MIGRATION AND RADIOSENSITIVITY

231 PB 231 P9
ey

s
,‘{ i

i
i
.,%“%mez

Fihate A7 3 ‘M
.-"-_‘J'.. ‘._;_ {_{%"
AR L

R 2 g
e s@'?‘% %

800- N
= " R UP
© *
2 R Down
< 600-
2
8 400
E
3
£ 2004
°
(3]

u-

Q@“ '§ﬁ“ &
& a° &

Figure 2. Validation of the cell model establishment using a Transwell assay. (A and B) Representative images of the migrated (A) MDA-MB-231 and
(B) ZR-75-30 cell line generations. (C) Quantitative analysis of the number of migrated cells. A total of 5 images were captured at random locations for each

experiment. "P<0.05 vs. UP cells. 231, MDA-MB-231; 7530, ZR-75-30.

that Fak-associated genes were important in HER2-mediated
radio-resistance (13). Therefore, the expression of Fak was
determined. Western blot analysis results demonstrated that
total Fak expression levels were similar in the UP-10 cells and
Down-10 cells. However, the expression of (pFak), including
Y397, Y576 and Y925 sites, were significantly increased in the
Down-10 cells compared with the UP-10 cells. Furthermore,
EGFR, pEGFR, ZO-1, FNI1 and SOX9 were also expressed
robustly in the Down-10 cells (Fig. 5C).

Discussion
In recent years, as a result of multidisciplinary research

approaches, there has been a significant advancement in the
diagnosis and treatment of breast cancer, and the overall

survival of patients continues to improve. The contribution
of radiotherapy to this has been indispensable. However,
certain patients may experience relapse following radio-
therapy, suggesting that these tumors may be radio-resistant.
The intrinsic sensitivity of radiotherapy is important for
the radio-response, therefore, examining the mechanism
of radiosensitivity of breast cancer cells may improve the
radiotherapeutic effect. A number of biological processes may
affect cell radiosensitivity, including hypoxia, cell cycle distri-
bution, cell proliferation, apoptosis, DNA damage repair and
others. Invasion and metastasis are important characteristics
of cancer cells and acquisition of these processes endow cells
with a variety of properties. For example, EMT is associated
with cell invasion and metastasis (10). A number of studies
have demonstrated an association between EMT and the
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Figure 3. Cells with an increased migratory capacity are more radio-resistant. (A and B) Representative images of irradiation and colony formation in
(A) MDA-MB-231 and (B) ZR-75-30 cell line generations. (C) Survival curves of 231 UP-10, 231 Down-10, 7530 UP-10 and 7530 Down-10 cells following
different doses of X-ray irradiation. 231 Down-10 and 7530 Down-10 cells were less sensitive to radiation compared with their respective UP cells when treated
with a dose of X-ray between 2-8 Gy. 231, MDA-MB-231; 7530, ZR-75-30.
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A
Go enrichment analysis
Pathway Names DEG| Q value |Significant|
Blood vessel development 90 0 TRUE
Vasculature development 91 0 TRUE
Cell adhesion 160 0 TRUE
Multicellular organismal development 489 0 TRUE
Nervous system development 231 0 TRUE
Positive regulation of cell proliferation 115 0 TRUE
Response to external stimulus 140 0 TRUE
Anatomical structure morphogenesis 277 0 TRUE
Organ morphogenesis 119 0 TRUE
Tissue development 203 0 TRUE
KEGG enrichment analysis
Pathway Names DEG| Q value |Significant|
Focal adhesion 83 0 TRUE
ECM-receptor interaction 46 |1.22125E-14| TRUE
Complement and coagulation cascades 34 | 1.21569E-08 | TRUE
Pathways in cancer 81 |5.83351E-08| TRUE
Small cell lung cancer 31 [5.36417E-06| TRUE
Plant hormone signal transduction 9 | 8.28995E-06| TRUE
Amoebiasis 35 | 1.02378E-05| TRUE
Regulation of actin cytoskeleton 55 |[7.51547E-05| TRUE
Cell adhesion molecules (CAMs) 37 ]0.000110527| TRUE
Epithelial cell signaling in Helicobacter pvlori infection| 22 [0.000197402 TRUE
B S SN gt o C S ®
SOV VLN N ) - N N Q §,
Q:\ 4{\\ Q’ O
S P N
o o R
% v A A

Fak o w— " —

pFak(Y397) -_ e

PFak(YS76) Gc—— .

PFak(YO25) e w— -

ARHEEAEE% EGFR -_ O e

Cocﬁﬁgi il PEGFR(Y1068) — - e—

PEGFR(Y1173) e WD [ s
JUN -1 -
L o
3 : FN1 e
TGFA »
ERBB3 X SOX9 -— @A—
SHC4 )
NFATCY J Acti
: - —— T ———
TGB3 - " " ; ] : ﬁ cun
Figure 5. Cell adhesion pathway is associated with radio-resistance of cells with high migratory capacities. (A) GO and KEGG pathway analyses indicated that
the cell adhesion pathway was involved in radio-resistance of cells with an increased migratory capacity (231 Down-10 and 7530 Down-10 cells). (B) Cluster
map of microarray-identified DEGs, demonstrating a notable change in cell adhesion associated genes. The left panel represents the gene expression ratio
of 231 UP-10 cells with 231 Down-10 cells. Right panel represents the gene expression ratio of 7530 UP-10 cells with 7530 Down-10 cells. (C) Western blot
analysis of molecules associated with cell adhesion signaling pathway and the epithelial-mesenchymal transition. Fak, pFak, EGFR, pEGFR, ZO-1, FN1
SOXO9 were protein expression levels were measured. $-actin was used as the loading control. DEG, differentially expressed genes; 231, MDA-MB-231; 7530,

ZR-75-30; Fak, focal adhesion kinase 1; p, phosphorylated; EGFR, epidermal growth factor receptor; ZO-1, tight junction protein ZO-1; FN1, fibronectin 1;
SOXO, transcription factor SOX-9; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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treatment tolerance of cancer, which have provided evidence
to support the investigation of the association between cell
invasiveness and radiosensitivity (20-22). Certain studies have
demonstrated that genes regulating cell invasiveness can affect
cell radiosensitivity (23-25). However, the direct evidence
concerning the effects of cell invasiveness on radiosensitivity
remain scarce. The present study focused on the association
between cell migration and radiosensitivity. To investigate this
issue, a cell model was established from the same parent cell
line, with different migratory capacities, by using Transwell
chambers as a selection pressure. The results indicated that,
following 5 rounds of screening, the ‘Down’ groups of cells
exhibited increased levels of migration compared with the
‘Up’ groups of cells. The effect was more evident as the selec-
tion process continued. Therefore, cells obtained following the
10th round of selection were used for further investigation. The
result of the clone formation assay verified the hypothesis that
cells with higher migratory capacities were associated with
increased levels of radio-resistance. The proliferative capacity
of the MDA-MB-231 UP-10 cells was increased compared
with MDA-MB-231 Down-10 cells, but was reduced in the
ZR-75-30 UP-10 compared with the ZR-75-30 Down-10 cells,
suggesting that the proliferation process was not associated
with the change in radiosensitivity.

As cell invasion was associated with radio-resistance, the
underlying molecular mechanisms governing this association
were examined. By doing so, it is possible to improve the under-
standing of the underlying mechanism regulating cell invasion
and radiosensitivity. Additionally, it may unveil potential
therapeutic strategies that simultaneously solve multiple issues
(metastases and radio-resistance). Therefore, genome-wide gene
profiling was performed to screen differentially expressed genes
between the UP-10 and respective Down-10 cells. Numerous
genes were differentially expressed and a number of associated
pathways were identified. Analysis of these pathways revealed
that the cell adhesion pathway was highly importance. Our
previous study demonstrated that HER2 decreased the radio-
sensitivity of breast cancer cells by activating Fak in vitro and
in vivo, and by inhibiting Fak activity using a Fak inhibitor
(PF-562281), the radiosensitivity in HER2-overexpressing
breast cancer cells was restored (13). As Fak serves a central
role in the cell adhesion process, the expression of Fak in the
cells lines in the present study was determined and it was
identified that pFak, including Y397, Y576 and Y925 sites, were
significantly increased in the Down-10 cells compared with the
respective UP-10 cells. The expression Fak-associated genes
was also identified. The results indicated that the expression of
cell adhesion-associated genes, including EGFR, pEGFR, ZO-1,
FNI and SOX9 were significantly increased in the Down-10
cells compared with the respective UP-10 cells.

Fak is a 125 kD protein that is recruited as a participant
in focal adhesion dynamics between cells, and has a role in
motility and cell survival (26,27). It is typically located at
structures known as focal adhesions, which are multi-protein
structures that are connected to the extracellular matrix. It
has been demonstrated that when Fak was inhibited, breast
cancer cells became less metastatic as a result of a decrease
in mobility (28). Numerous previous studies have indicated
that Fak may participate in regulating cell proliferation,
migration, anchoring and apoptosis (29,30). Certain studies
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have indicated that Fak is also involved in radiosensitivity
regulation, although there are conflicting data on this issue:
For example, Cordes er al (23) described a type of cell
adhesion-mediated radio-resistance. Such a phenomenon
was associated with the cell adhesion network regulated by
integrin and Fak. Furthermore, a second study indicated
that overexpression of Fak in the lung cancer A549 cell line
resulted in cell radio-resistance, while knockdown of Fak in
pancreatic cancer cells led to radiosensitization (24,25). A
recent study identified that Fak may mediate the radioresis-
tance of HIEC cells. Fak knockdown markedly increased the
radiosensitivity of HIEC cells, and mice treated with FAK
inhibitors exhibited aggravated mice rectal damage (31). In
addition, Zhang et al (32) identified that f1-integrin-blocking
antibody and FAK inhibitor-enhanced radiation induced apop-
tosis in esophageal cancer cells. In addition, Fak is associated
with cell stemness and may initiate the EMT process. These
phenotypes have been suggested to increase cell radio-resis-
tance (33). However, contradictory results have been described
by Graham et al (34), who revealed that the loss of Fak expres-
sion led to cell radio-resistance, and increasing expression of
Fak in these cells restored radiosensitivity.

In conclusion, invasion and metastasis are hallmarks of
cancer cells and these processes infer a variety of properties in
cells. The association between migration and radiosensitivity
is not fully understood. A cell model was established in which
daughter cell lines with either increased or decreased migra-
tory capacities were derived from the same parent cell line.
Cell lines with an increased migratory capacity were more
radio-resistant, potentially due to the upregulation of factors
involved in cell adhesion and EMT. Additionally, Fak may
serve a central role in radiosensitization and may be an impor-
tant potential therapeutic target. A limitation of the present
study was that the conclusion was based on only two pairs of
cell lines. Additional cell lines are required to validate the
conclusion and may provide an improved understanding of the
specific pathways and components involved.
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