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Objective: The objective of this study was to investigate the mechanism of sensitivity to
methotrexate (MTX) in human choriocarcinoma cells regarding DNA damage response.
Methods: Two choriocarcinoma cancer cell lines, JAR and JEG-3, were utilized in this study.
An MTX-sensitive osteosarcoma cell line MG63, an MTX-resistant epithelial ovarian cancer
cell line A2780 and an MT X-resistant cervical adenocarcinoma cell line Hela served as controls.
Cell viability assay was carried out to assess MTX sensitivity of cell lines. MTX-induced DNA
damage was evaluated by comet assay. Quantitative reverse transcription polymerase chain
reaction was used to detect the mRNA levels of BRCA1, BRCA2, RAD51 and RADS52. The
protein levels of YH2AX, RAD 51 and p53 were analyzed by Western blot.

Results: Remarkable DNA strand breaks were observed in MTX-sensitive cell lines (JAR,
JEG-3 and MG63) but not in MTX-resistant cancer cells (A2780 and Hela) after 48 h of MTX
treatment. Only in the choriocarcinoma cells, the expression of homologous recombination
(HR) repair gene RADS51 was dramatically suppressed by MTX in a dose- and time-dependent
manner, accompanied with the increase in p53.

Conclusion: The MTX-induced DNA strand breaks accompanied by deficiencies in HR repair
may contribute to the hypersensitivity to chemotherapy in choriocarcinoma.

Keywords: choriocarcinoma, chemotherapy hypersensitivity, DNA double-strand break,
RADS1, pS3

Introduction

Gestational trophoblastic neoplasia (GTN) is a spectrum of pregnancy-related malig-
nant disorders, including invasive mole, gestational choriocarcinoma, placental-site
trophoblastic tumor and epithelioid trophoblastic tumor. Despite the extremely low
incidence of choriocarcinoma, it grows rapidly and tends to widely metastasize at
an early stage.'? Unlike other gynecological malignancies, such as ovarian cancer
and cervix cancer, that tend to develop resistance to chemotherapy, choriocarcinoma
responds extremely well to chemotherapy and can be cured in most women. A better
understanding of the mechanism of the chemosensitivity in choriocarcinoma may help
improve the treatments for chemo-resistant tumors.

Methotrexate (MTX) is a common chemotherapeutic drug used in treating multiple
cancers, such as human leukemia, non-small-cell lung cancer and choriocarcinoma.?
Single-agent MTX chemotherapy and MTX combined with other cytotoxic drugs
(eg, EMA/CO [etoposide, MTX, actinomycin D, cyclophosphamide and vincristine])
were recommended as the first-line treatments for low- and high-risk choriocarcinoma,
respectively, which achieve a high survival rate (>90%).**
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As a structural analog of folic acid, MTX is widely
thought to act through competitively inhibiting dihydrofo-
late reductase (DHFR) to affect cell proliferation. DHFR
catalyzes the reduction of dihydrofolate to tetrahydrofolate,
which is indispensable for DNA synthesis.® Previous studies
found that DHFR gene variants’ amplification and expression
levels were associated with the response to MTX.” However,
Han et al'® observed that the DHFR expression in choriocar-
cinoma was not always correlated with MTX sensitivity,
suggesting that additional mechanisms are involved in the
hypersensitivity in choriocarcinoma to MTX. In some drug
toxicity tests, MTX was shown to induce genetic injury,
such as chromosomal aberration, gene mutation and DNA
damage.'"'? There is also evidence that MTX causes DNA
damage in cancer cells, such as oxidative damage in colon
cancer and double-strand breaks (DSBs) in non-small-cell
lung cancer.'** When DNA damage occurs, the intrinsic
repair mechanisms are initiated to maintain genomic integrity
and stability, which are important determinants of cellular
response to chemotherapy.'> For example, MTX selectively
led to cell death depending on the presence of defects in
DNA mismatch repair."* The defects in DNA base excision
repair played a positive role in the MTX treatment of acute
lymphoblastic leukemia.'* However, the role of unbalanced
DNA damage and repair in the MTX sensitivity of chorio-
carcinoma remains to be elucidated. In addition, there are
concerns that the increased rate of second primary tumors
(SPTs) after choriocarcinoma may be associated with MTX
chemotherapy.!” Thus, study on the mechanisms underlying
MTX effects is of great clinical relevance.

DSB is a kind of DNA damage that leads to chromosomal
rearrangements and is highly hazardous to cells. It arises
from single-strand breaks, the most frequent DNA lesion, or
directly from various exogenous or endogenous exposures. '#!1°
Homologous recombination (HR) is a major repair pathway
for DSB and proceeds accurately with sequential involvements
of multiple proteins. BRCAL1 functions in the initial stage of
HR, where a DSB undergoes 5—3” end resection to generate
3’ single-stranded DNA (ssDNA) tails. Then, the important
recombinase RADS1 polymerizes forming nucleoprotein
filaments on ssDNA and catalyzes DNA strand exchange
between a damaged sequence and its intact homologue. Some
ancillary factors are indispensable for RADS1 activity, such as
BRCA2 serving as a main mediator for facilitating RADS51
assembly on ssDNA. In addition to promoting resection,
BRCALI is required for the interaction between BRCA2 and
RADS1. RADS2 is another recombination mediator that
possesses non-conserved functions among different species.
Inmammal cells, RADS52 is responsible for ssDNA annealing to

synthesize new double-strand DNA, whereas in yeast, RAD52
has the similar function to that of mammal BRCA2.2°%!

In order to investigate the implication of DNA damage
and repair in choriocarcinoma chemosensitivity, in the
present study, we analyzed the MTX-induced DNA strand
breaks and alterations in the expression of HR-related genes
in two choriocarcinoma cell lines JAR and JEG-3 and three
non-GTN cancer cell lines MG63, A2780 and Hela. We
found that defects in DNA damage repair associated with
suppressed RADS1 contributed to the MTX sensitivity in
choriocarcinoma.

Materials and methods

Cell lines

The present study was approved by the Ethical Committee of
Union Hospital, Tongji Medical College, Huazhong Univer-
sity of Science and Technology, China. The human placental
choriocarcinoma cell lines JAR and JEG-3 were, respec-
tively, purchased from the Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences (Shanghai, China)
and the Institute of Basic Medical Sciences of the Chinese
Academy of Medical Sciences (Beijing, China). The human
osteosarcoma cell line MG63, the human epithelial ovarian
cancer cell line A2780 and the human cervical adenocarci-
noma cancer cell line Hela were purchased from the China
Center for Type Culture Collection (Wuhan, China).

Drug sensitivity assay

The sensitivity to MTX was determined by 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Cells were seeded in a 96-well plate at a density of
3,000 cells/well and incubated for 24 h. Then, they were
treated with different concentrations of MTX (Sigma-Aldrich
Co., St Louis, MO, USA) in sextuplicate. After 48 h, cells
were incubated with 20 uL. MTT (AMRESCO, Solon, OH,
USA) per well for additional 4 h, followed by 100 UL triple
solution overnight. The cell viability and half maximal
inhibitory concentration (IC, ) were calculated based on the
mean value of optical density at 470 nm measured by iMark
Microplate Reader (Bio-Rad Laboratories Inc., Hercules,
CA, USA).

Comet assay

Cells were seeded in a six-well plate at a density of 2,000
cells/well and incubated for 24 h, followed by 48 h of MTX
treatment. The MTX concentrations were IC_, for JAR, JEG-3
and MG63 and 200 umol/L for A2780 and Hela. Comet assay
was performed based on the protocol of Singh et al??> with
slight modifications. The slides were sequentially coated with
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Table | Primer sequences for qRT-PCR

Gene Forward primer sequence Reverse primer sequence

RADSI TCCGCCTCTCAGGTTCAAGT CAATTCCACCTGTAGTCCCAACT
RADS52 AGACCTCTGACACATTAGCCCTTGA AAGATCCAGATTTTGCTTGTGGTT
BRCAI GAATAGGCTGAGGAGGAAGT GGAAAGTATCGCTGTCATGTC
BRCA2 GGCTCTCCTGATGCCTGTACA AGGGTCAGGAAAGAATCCAAGTT
B-actin GCCAACACAGTGCTGTCTGG GCTCAGGAGGAGCAATGATCTTG

Abbreviation: gqRT-PCR, quantitative reverse transcription polymerase chain reaction.

100 uL 1% normal melting agarose (Biosharp, Hefei, China)
as the first layer and 100 UL 0.5% low melting agarose (Bio-
sharp) as the second layer. The next step was to add 20 uL
cell suspension to 160 puL 0.7% low melting agarose, which
was distributed on the slides as the third layer. Then the slides
were incubated in cell lysis buffer (2.5 M NaCl, 0.2 M NaOH,
100 mM Na2EDTA, 10 mM Tris—HCI, 1% Triton X-100 and
10% dimethyl sulfoxide, pH =10.0) for 90 min. After that,
we immersed the slides in ultrapure water for three times
followed by 20 min incubation of unwinding solution (3 M
NaOH). Subsequently, the slides were placed in a horizontal
gel electrophoresis tank containing electrophoresis solu-
tion (1 mM Na2EDTA and 300 mM NaOH, pH =13). The
electrophoresis was conducted at 25 V (1 V/cm, 300 mA)
for 25 min. Then the slides were incubated in neutralization
buffer (0.4 M Tris—HCI, pH =7.5) for 10 min followed by
immersion in ultrapure water for three times and air-dry.
Before being observed under fluorescence microscope, the
cells were stained using 50 uL ethidium bromide (2 mg/L;
AMRESCO). Comet Assay Software (CaspLab—Comet
Assay Software Project Lab, Warsaw, Poland) was used to
analyze tail length and tail moment. One hundred cells were
evaluated for each sample. All steps were carried out under
dim light to minimize extra DNA damage.

RNA extraction and quantitative reverse
transcription polymerase chain reaction
(qRT-PCR)

Total RNA was extracted using TRIzol Reagent (Takara,
Dalian, China), and the RNA quality and concentration were
determined by NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA). The reverse transcription was con-
ducted using Kit (Takara) according to the manufacturer’s
protocol. The complementary DNA was quantified by Ste-
pOne Detection System (Thermo Fisher Scientific) using the
SYBR Green PCR Master Mix (Takara). The quantitative
amplification conditions were 95°C for 60 sec, 40 cycles at
95°C for 30 sec, 57°C for 60 sec and 72°C for 30 sec. B-actin
was used as the reference gene for normalization. The primer
sequences are presented in Table 1.

Protein extraction and Western blot

The cells were dissociated in cold radioimmune precipita-
tion assay buffer for 30 min and centrifuged at 12,000 rpm
for 10 min. The supernatants were protein extracts.
Protein was quantified by Lowry assay. Subsequently,
the samples were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
onto nitrocellulose membranes in the semi-dry system
for 20 min. Then, the membranes were blocked using 5%
defatted milk for 1 h and incubated with primary antibodies
overnight, including rabbit anti-yH2AX (1:1,000 dilution;
Cell Signaling Technology, Beverly, MA, USA), rabbit
anti-RADS1 (1:1,000 dilution; Santa Cruz Biotechnol-
ogy Inc., Dallas, TX, USA) and rabbit anti-p53 (1:800
dilution; Cell Signaling Technology), followed by 1.5 h
incubation with horseradish peroxidase-conjugated anti-
rabbit secondary antibody (1:5,000 dilution; Santa Cruz
Biotechnology Inc.). The samples were visualized by ECL
substrate kit (Amersham Biosciences, Marlborough, MA,
USA), and gray values were calculated by Quantity One
software (Bio-Rad Laboratories Inc.). o.-Tubulin was used
as an internal control.

Statistical analysis

The statistical analysis was performed using SPSS 13.0
software (SPSS Inc., Chicago, IL, USA). Numerical data
were expressed as mean * standard deviation from three
independent experiments. The difference among groups
was evaluated by Student’s #-test and considered statistically
significant with a P-value <0.05.

Results

Sensitivity to MTX of different cancer

cell lines

MTT assay was performed to determine the sensitivity
to MTX in two choriocarcinoma cancer cell lines, JAR
and JEG-3, an osteosarcoma cell line MG63, an epithelial
ovarian cancer cell line A2780 and a cervical adenocarci-
noma cell line Hela. MTX IC, s in JAR, JEG-3 and MG63
were 28.3943.02 uM, 23.704+2.58 uM and 30.9243.51 uM,
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Figure | The sensitivity to MTX of cancer cell lines was evaluated by MTT assays.

Notes: (A) The viability of JAR, JEG-3 and MG63 cells after 48 h treatment of MTX with different concentrations. (B) The viability of A2780 and Hela cells after 48 h
treatment of MTX with different concentrations.
Abbreviations: MTX, methotrexate; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

respectively, whereas the MTX IC_s in A2780 and Hela MTX-induced DNA damage in
exceeded 400 uM (Figure 1). These findings verified the MT X-sensitive cell lines

sensitivity to MTX in JAR, JEG-3 and MG63 compared to  We evaluated DNA damage using the comet assay. Com-
A2780 and Hela. pared to the control groups, the tail length and tail moment
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Figure 2 MTX-induced DNA damage in cancer cell lines.
Notes: (A) The representative images of comet assays in JAR, JEG-3, MG63, A2780 and Hela cell lines. (B) The statistical histogram of tail length and tail moment in JAR,
JEG-3, MG63, A2780 and Hela cell lines. (C) Western blot detected the YH2AX protein level in cancer cell lines after treatment with MTX. **P<0.01.

Abbreviations: MTX, methotrexate; PBS, phosphate-buffered saline; IC, , half maximal inhibitory concentration.
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of comet cells were markedly increased after 48 h of MTX
treatment in JAR, JEG-3 and MG63 cell lines (all P<<0.01).
However, we did not observe significant tailing phenom-
enon in MTX-resistant A2780 and Hela (Figure 2A and B).
The phosphorylated histone H2A (YH2AX), which could
recruit multiple DNA repair proteins to initiate DNA damage
response (DDR) signaling cascade, has been widely acknowl-
edged as a biomarker for evaluating DSB.? With the MTX
treatment, YH2AX was concentration dependently and time
dependently upregulated in JAR and JEG-3 cell lines, but not
in the MG63 cell line (Figure 2C), indicating MTX-induced
DNA damage in choriocarcinoma cells.

MTX suppresses DSB repair mediator

RADSI in choriocarcinoma cells

As HR is a primary pathway for DSB repair, we investigated
the effect of MTX on the expression of four HR-related genes,
RADS51, RADS2, BRCA1 and BRCA2, in JAR, JEG-3 and
MG63 after MTX treatment. The mRNA level of RADS1
was significantly decreased by MTX in a dose-dependent
manner in JAR and JEG-3 (P<<0.01). In MG63 cell line,
MTX merely had a slight inhibitory effect on RADS1. The
expression of RADS52, BRCA1 and BRCA2 was not signifi-
cantly affected by MTX in all the three examined cancer cell
lines (Figure 3). Western blot assays demonstrated that MTX
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Figure 3 Results of qRT-PCR showed the mRNA levels of HR-related genes (RAD51, RAD52, BRCAI and BRCA2) in cancer cells treated with MTX.
Notes: The mRNA levels of HR-related genes in JAR (A), JEG-3 (B), MG63 (C), A2780 (D) and Hela (E). *P<<0.05 and **P<<0.01.
Abbreviations: qRT-PCR, quantitative reverse transcription polymerase chain reaction; HR, homologous recombination; MTX, methotrexate.
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Figure 4 Western blot assays showed the RADS5| and p53 protein levels in cancer cells treated with MTX.

Abbreviations: MTX, methotrexate; IC,, half maximal inhibitory concentration.

suppressed RADS51 in JAR, JEG-3 and MG63 cell lines, but
not in MG63, in a dose- and time-dependent manner. On the
contrary, p53 expression was significantly increased after
MTX treatment, indicating that MTX may inhibit HR through
pS53-dependent mechanism (Figure 4).

Discussion

Choriocarcinoma is prone to early metastasis but can be
cured by classical cytotoxic drugs, which makes it an attrac-
tive research model. MTX is the first-line chemotherapeutic
agent, alone or in combination, for treatment of choriocarci-
noma with a response rate of ~90%.2* The mechanism of the
hypersensitivity to MTX in choriocarcinoma was partially
demonstrated in this study. We showed that MTX-induced
DNA damage, particularly DSBs, and suppression of HR
in the MTX-sensitive choriocarcinoma and osteosarcoma
cell lines but not in the MTX-resistant A2780 and Hela cell
lines. These data implicate defects in DNA damage repair
in MTX sensitivity.

Our findings suggest that MTX is more lethal to the
cancer cells with HR deficiency, which provides some new
ideas to improve tumor treatment. For example, concomitant
administration of drugs known to inhibit HR may sensitize
these MTX-resistant tumors. Also, it is possible to account
for interindividual variations in MTX response, but further
studies are needed. Besides HR, non-homologous end
joining (NHEJ) is another repair pathway for DSB. There
is evidence that NHEJ mutant cells are more sensitive to
MTX compared to the parental ones, which is consistent

with our results that MTX acts through inducing DSBs.?
However, there is evidence that the increased incidence of
SPTs (hematologic malignancies, colorectal cancer, thyroid
cancer, etc) after choriocarcinoma may be associated with
MTX treatment.!” A retrospective cohort study reported that
the risk of SPTs in childhood cancer survivors was correlated
with the higher baseline and post-irradiation levels of DNA
DSBs.?¢ Further studies are required to answer the question
whether the MTX-induced DSB contributes to the SPTs after
choriocarcinoma.

RADS1 is a central player of DNA HR for DSB. A
number of studies have revealed the notable role of RADS1
in mediating cellular chemoresponsiveness. In soft tissue
sarcoma, RADS51 depletion sensitized cells to doxorubi-
cin, and similar results were obtained in a variety of other
tumors, such as in colon cancer cells treated with inhibitors
of thymidylate synthase and in imatinib-resistant chronic
myeloid leukemia cells.?””? RADS51 has become a promising
anticancer target for chemotherapy. We found that MTX
treatment gave rise to significantly decreased RADS1 in
choriocarcinoma cells, whereas the inhibitory effect was
inconspicuous in MG63 cells. However, inconsistent with
our results, RADS1 was reported to be dramatically sup-
pressed by MTX in another osteosarcoma cell line HOS,
perhaps due to different cell types and MTX treatment con-
ditions.? Our findings suggest that MTX-induced inhibition
on RADS5]1 led to persistently unrepaired DSBs in choriocar-
cinoma cell, which consequently result in chemotherapeutic
hypersensitivity.
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Accumulated studies demonstrated that p53 is a promi-
nent regulator in multiple DDRs, including DNA repair, cell
cycle arrest, senescence and apoptosis.** We found that MTX
treatment resulted in a dose- and time-dependent increase in
the p53 level, which was reversely correlated with RADS1.
In soft tissue sarcoma, p53 inhibits RADS1 expression
through suppressing its promoter activities, which presents
a possible explanation for their negative relationship in cho-
riocarcinoma. Except for transcriptional regulation, p53 can
repress HR repair through physically interacting with RAD51
to abrogate its polymerization.?' The anticancer mechanism of
MTX may act through p53-mediated suppression on HR.

Similar to choriocarcinoma, testicular cancer, Hodgkin dis-
ease and high-grade lymphomas are also sensitive to chemother-
apy, which may be attributed to the nature of tumors themselves
rather than the drug properties. Such chemotherapy-curable
cancers share a common intrinsic characteristic that they arise
from cells, in which most genetic recombination during malig-
nant transformation is taken as part of their normal physiology.
Consequently, they may be free from further genetic or epigenetic
disorders in apoptosis, DNA repair and senescence, making them
retain the natural state of sensitivity to chemotherapy.*

Conclusion

Taken together, the sensitivity of choriocarcinoma to MTX
may be due to the MTX-induced DNA damage accompanied
with suppressed HR in tumor cells, which is associated
with the inhibition of RADS51 expression. These findings
highlight the key role of RADS1 in governing the fate of
tumor cells suffered from DNA damage induced by chemo-
therapeutic agents.
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