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Abstract 

Background: Chemotherapy is typically used to treat choriocarcinoma, but a small proportion of 
tumors develop resistance to chemotherapy. Similarly, methotrexate (MTX) is a first-line chem-
otherapy used to treat choriocarcinoma; although ~30% of patients are drug-resistant for MTX 
mono-therapy. Thus, we sought to elucidate the mechanism of chemotherapeutic-resistance of 
MTX.  
Methods: RNA interference technology, colony formation, and MTT assays were used to in-
vestigate the role of aldo-keto reductase family 1, member C3 (AKR1C3) in MTX resistance in 
choriocarcinoma cells.  
Results: AKR1C3 expression was higher in JeG-3R cells compared to JeG-3 cells and targeted 
inhibition of AKR1C3 expression with shRNA suppresses growth of choriocarcinoma cells as 
measured by colony formation and MTT assays. Overexpression of AKR1C3 increased chemo-
therapeutic resistance in JeG-3 cells. Furthermore, AKR1C3 silencing increases sensitivity to MTX 
in JeG-3R choriocarcinoma cells. Increasing MTX sensitivity spears to be related to DNA damage 
induction by increased reactive oxygen species (ROS), apoptosis, and cell cycle arrest.  
Conclusions: Data show that AKR1C3 is critical to the development of methotrexate resistance 
in choriocarcinoma and suggest that AKR1C3 may potentially serve as a therapeutic marker for 
this disease. 

Key words: AKR1C3; Methotrexate (MTX); Choriocarcinoma cells; ROS; Chemotherapeu-
tic-resistance. 

Introduction 
Choriocarcinoma is a malignant lesion often 

arising after molar pregnancies, but it can also occur 
after any form of gestation, including miscarriages 
and term pregnancies. The incidence of choriocarci-
noma is varied worldwide, with significantly more 
occurrences in Asia and Latin America compared to 
Europe and North America [1]. The percentage of 
choriocarcinoma with metastases is high due to the 
propensity for vascular invasion. Recently, an 80–90% 
cure rate has made the disease one of the most dra-
matic successes in the treatment of human solid tu-
mors by chemotherapy, largely due to methotrexate 

(MTX), actinomycin-D (KSM), and other chemother-
apeutics [2-4]. Nevertheless, a few tumors maintain 
resistance to chemotherapy. Approximately 10–20% 
of low-risk patients without metastases and 30–50% of 
metastatic patients with low risk develop single-agent 
chemotherapeutic resistance and require multi-agent 
chemotherapy to achieve complete remission. Fur-
thermore, ~20–30% of high-risk patients have an in-
complete response to first-line multi-agent chemo-
therapy [5-8]. Therefore, chemotherapeutic resistance 
is the chief cause treatment failure. MTX is a first-line 
treatment of choriocarcinoma and is the single most 
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commonly used agent in patients without metastases 
or with low risk of metastasis. In addition, MTX com-
bined with other chemotherapy regimens is used in 
patients who are high risk, or drug resistance and 
recurrence. With serious acquired drug resistance, 
~30% of patients develop drug-resistance for MTX 
mono-therapy [5], but how this occurs is uncertain.  

Evidence suggests a potential role for estrogens 
in mediating placental trophoblastic growth and de-
velopment [9,10] and choriocarcinoma cell prolifera-
tion and differentiation depends upon altered con-
centrations of E2 [10]. It is becoming increasingly clear 
that human aldo-keto reductases (AKRs) of the 
AKR1C family are intimately linked with cancer bi-
ology. In humans, 4 isoforms of AKR1C exist: 
AKR1C1, AKR1C2, AKR1C3, and AKR1C4. AKR1C3 
functions as a synthase of 3α-HSD, 17β-HSD, 
20α-HSD, and prostaglandin (PG) F, which catalyzes 
androgen, estrogen, progesterone, prostaglandin 
(PG), and xenobiotic metabolism [11-13]. Studies 
suggest that deregulated expression of AKR1C3 oc-
curs in multiple types of cancers and contributes to 
the development of human cancer and chemothera-
peutic resistance [14-19]. 

To identify a mechanism for chemotherapeutic 
resistance to MTX, we established a MTX-resistant 
JeG-3 choriocarcinoma cell sub line, JeG-3R, by 
sub-culturing JeG-3 cells with incremental and con-
secutive feeding [20]. We observed that expression of 
AKR1C3 is the highest among the AKR1C family in 
JeG-3R cells comparing with in JeG-3 cells. Further-
more, with RNA interference technology, AKR1C3 
was contributed to MTX-induced drug resistance. 
Data indicate that suppression of reactive oxygen 
species (ROS) accumulation, which is enhanced in 
AKR1C3 overexpression cells, may underlie drug 
resistance to MTX in choriocarcinoma cells. 

Materials and Methods 
Cell culture  

The chemo-resistant sub-line JeG-3R and the 
parental cell line JeG-3 [20] were grown in high glu-
cose RPMI 1640 (Invitrogen) supplemented with 10% 
fetal bovine serum (FBS, HyClone), 50 units/ml peni-
cillin and 50 µg/ml streptomycin at 37°C in a humid-
ified atmosphere of 95% O2 and 5% CO2.  

Reverse transcription and quantitative 
polymerase chain reaction (RT-Q-PCR) 

Total cellular RNA was extracted using an SV 
Total RNA Isolation kit (Promega Co., Madison, WI) 
according to the protocol provided by the 
manufacturer. One microgram of total RNA was 
reverse transcribed using a First Strand cDNA 
Synthesis Kit (TOYOBO, Japan) with random primers 

in a 20-μl reaction volume. Primers for PCR 
amplification were as follows: AKR1C1-forward: 5’-gt
aagaaacggttgaactgg-3’, AKR1C1-reverse: 5’-aaatcccag
gacaggcatga-3’; AKR1C2-forward: 5’-tcacatgccattggtt
aacc-3’, AKR1C2-reverse: 5’-acccggcttctattgccaat-3’; 
AKR1C3-forward: 5’-atttggcacctatgcacctc-3’, AKR1C3
-reverse: 5’-gaccagccttggaaaactca-3’; AKR1C4-forwar
d: 5’-ctttcaaccacagatggtcc-3’, AKR1C4-reverse: 5’-ctgc
ctgcagttgaagtttg-3’; GAPDH-forward: 5’-ccttggatgtggt
agccgttt-3’ and GAPDH-reverse: 5’-aactttcgatggtagtcg
ccg-3’. The Roche 480 sequence detection system was 
used with the following cycle parameters: Cycle 1 
(95°C for 10 min); Cycle 2 (95°C for 15 s and 60°C for 1 
min) × 40 cycles. Relative AKR1C3 mRNA were 
calculated as follows: ΔCT (sample) = CT (AKR1C3) - 
CT (GAPDH); Relative expression =2-ΔΔCT. 

Western blot assays 
Protein expression was compared by Western 

blot using mouse polyclonal anti-AKR1C3 (Sigma 
Co.). Briefly, cells were seeded in 6-well plates and 
cultured to 70% confluence. After the indicated 
treatments, cell protein extracts were prepared. 
Western blots were performed with 40 μg of protein 
extract and protein was detected using ECL chemi-
luminescent substrate (Amersham Pharmacia Biotech, 
Piscataway, NJ). GAPDH protein was used as a 
loading control. Western blot experiments were re-
peated at least three times. 

Molecular cloning and transfection of shRNA 
in JeG-3R cells 

Specific shRNA sequences for AKR1C3 were de-
signed at the Sigma website. AKR1C3-targeting 
shRNA (AKR1C3-shRNA) and scrambled shRNA 
(scramble-shRNA) cassettes were constructed by PCR 
using the following primers: up-primer (hU6 promot-
mot-
er): TGGATCCaaggtcgggcaggaagag, down-primer-sc
ramble: AGGATCCAAAAACAACAAGATGAA-
GAGCACCAACTCGAGTTGGTGCTCTTCATCTT-
GTTGggtgtttcgtcctttccac; down-primer-AKR1C3: 
5’-AGGATCCAAAAACCAGAGGTTCCGAGAAGT
AAACTCGAGTTTACTTCTCGGAACCTCTGGCCG
GTGTTTCGTCCTTTCCAC-3’. The resulting cassettes 
were then cloned into pGEM T easy vector using T4 
DNA ligase (NEB, Beverly, MA) and confirmed by 
DNA sequencing. The TA cloning product was tran-
siently transfected into JeG-3R cells using Lipofec-
tamine 2000 reagent (Invitrogen) according to the 
protocol provided by the manufacturer. 

Overexpression of AKR1C3 
Human AKR1C3 cDNA was purchased (Origen, 

Cat. No: SC321532), and cloned into pcDNA3.1 and 
then transfected into JeG-3 cells using Lipofectamine 
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2000 reagent (Invitrogen).  

Clonogenic assays  
Monolayer cultures of control (scramble-JeG-3R) 

and AKR1C3 shRNA (AKR1C3-shRNA-JeG-3R) cells 
were treated with MTX (Sigma) at sequential concen-
trations (50 μM and then 100 μM) for 24 h; JeG-3 and 
AKR1C3 CDNA cell were treated with 25 μM and 50 
μM MTX for 24 h. Then the cells were trypsinized and 
counted, and the appropriate number of cells were 
plated and incubated in six-well plates for 14–20 days. 
Colonies were stained with crystal violet (Sigma 
Chemical Co.), and colonies of 50 or more cells were 
counted.  

Cell survival and proliferation assays 
To evaluate the effect on proliferation after 

knock down of AKR1C3, cell growth inhibition was 
determined by 3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT, 5 mg/ml) as-
say in 96-well plates. Transiently transfected 
AKR1C3-shRNA and scramble-shRNA cells were 
trypsinized and plated at a density of 3,000 cells/well 
in the 96-well plates. After incubation for 24 h, the 
cells were treated with or without 100 μM MTX. At 
various time intervals, absorbance was determined 
using a Multiskan plate reader at 490 nm.  

Apoptosis/cell death detection assays 
Monolayer cultures of exponential control 

(scramble- JeG-3R) and AKR1C3-shRNA- JeG-3R cells 
were treated with MTX (Sigma) at increasing concen-
trations (100 μM and then 200 μM) for 24 h. For the 
assessment of apoptosis and cell death, cells were 
analyzed using a FITC Annexin V Apoptosis Detec-
tion Kit 1 according to the protocol provided by the 
manufacturer (BD PharmingenTM). Briefly, treated 
cells were incubated with 0.5 mg/ml FITC-labeled 
recombinant Annexin V and 0.5 mg/ml propidium 
iodide (PI). Cells were then visualized and counted by 
flow cytometry. Cells that were FITC Annexin V pos-
itive and PI negative were considered to be in early 
apoptosis, and cells that were both FITC Annexin V 
and PI positive were considered to be in late apoptosis 
or already dead. Cell death was expressed as the 
percentage of Annexin-V and PI positive cells. 

Cell cycle analysis by flow cytometry  
Cells from scramble-JeG-3R and 

AKR1C3-shRNA groups were exposed to 100 μM 
MTX and then harvested at 0, 6, 12, and 24 h. Har-
vested cells were fixed in 75% ice-cold ethanol over-
night, stained with propidium iodide, and counted 
with flow cytometry. Data were analyzed using 
ModFit software (Verity Software House, Topsham, 
MN). 

ROS measurements  
Flow cytometry measurements of 2’, 

7’-dichlorofluorescin diacetate (DCFH-DA) fluores-
cent probe were used to quantify cellular ROS. Cells 
from scramble-JeG-3R and AKR1C3-shRNA groups 
were exposed to 100 μM MTX for 24 h and 48 h. 
Monolayer cultures were incubated in 10 μM 
DCFH-DA for 30 min and then harvested. 
DCFH-DA-fluorescence was analyzed by flow cy-
tometry (excitation 488 nm, and emission 525 nm) and 
con-focal microscopy. Mean fluorescent intensity was 
calculated after corrections for autofluorescence, and 
fold-changes were calculated relative to scram-
ble-JeG3R cells. 

Superoxide anion (O2−•) measurements 
Cells from scramble-JeG-3R and 

AKR1C3-shRNA groups were exposed to 100 μM 
MTX for 24 h and 48 h and then measured the capac-
ity of inhibition and produce O2−• by Inhibition and 
produce superoxide anion assay kit (Nanjing,China) 
according to the protocol provided by the manufac-
turer. Absorbance was read on a microplate reader at 
550 nm. The production of superoxide anion unit 
=OD(treated OD-control OD)/(standard OD-control 
OD) ×0.15mg/ml×1000ml. 

DNA damage assessment 
DNA damage was assessed using the EpiQuikTM 

In Situ DNA Damage Assay Kit (Epigentek) according 
to the protocol provided by the manufacturer. Briefly, 
the phosphorylation of H2AX at serine 139, a sensitive 
marker of DNA damage, was detected by an an-
ti-phosphor H2AX139 antibody. The ratio or amount of 
phosphor H2AX 139 was quantified with a horse radish 
peroxidase (HRP) conjugated secondary anti-
body-color development system and is proportional 
to the intensity of color development. Absorbance was 
read on a microplate reader at 450 nm. DNA damage 
% = OD (treated sample-blank)/OD (untreated sam-
ple-blank) ×100%. 

Immunofluorescent assay 
Cells from scramble-JeG-3R and 

AKR1C3-shRNA groups were plated onto 35 mm2 
confocal dishes and treated with 100 μM MTX for 24 
and 48 h. Cells were fixed in 4% paraformaldehyde 
(Sigma-Aldrich, St Louis, MO) for 10 min at room 
temperature and permeabilized in 0.1% Triton X-100 
(Sigma-Aldrich) for 5 min. Thereafter, cells were 
blocked with 5% bovine serum albumin (BSA, Be-
yotime Biotechnology, Nanjing, China) for 3 h and 
then incubated with a primary antibody against 
γH2AX (Ser139, Cell Signaling Technology, MA) 
overnight at 4°C. Cells were rinsed three times with 



Int. J. Med. Sci. 2014, Vol. 11 

 
http://www.medsci.org 

1092 

PBS for 5 min per wash before incubation with an 
Alexa Fluor 488-conjugated secondary antibody (Cell 
Signaling Technology) for 1 h. The cells were then 
exposed to 1 μg/ml 4’,6-diamidino-2-phenylindole 
(DAPI, Beyotime Biotechnology) for nuclear DNA 
staining, rinsed three times with PBS (5 min per 
wash), and then visualized with confocal fluorescence 
microscopy (Leica Microsystems, Germany). 

Statistical analysis 
Numerical results are presented as the mean ± 

SD. A Student’s t-test was performed to compare the 
means of different groups using SPSS 13.0 software 
(IBM SPSS Statistics). For all statistical analyses, a p 
value less than 0.05 was considered statistically sig-
nificant. 

Results 
1. Up-regulated expression of AKR1C3 in 
MTX-resistant JeG-3R cells  

To identify factors that contribute to the devel-
opment of MTX resistance in choriocarcinoma, we 
performed serial culturing to establish an 
MTX-resistant derivative of JeG-3 cells, JeG-3R. 
RT-PCR results showed that the expression of 
AKR1C3 m RNA was the highest among the AKR1C 
family in JeG-3R cells comparing with JeG-3 cells (Fig. 
1A).Given the predominant role of AKR1C3 in 
chemotherapeutic resistance [14-19], we further as-
sessed the AKR1C3 expression with real-time PCR 
and Western blot. The results revealed up-regulated 
expression of AKR1C3 in JeG-3R cells. AKR1C3 
mRNA was up-regulated 3.7-fold, and AKR1C3 pro-
tein was overexpressed compared with that in JeG-3 
cells (Fig. 1B). These results suggest that AKR1C3 
expression is enhanced by MTX. 

 
Figure 1. AKR1C3 is up-regulated in MTX-resistant JeG-3R cells at the mRNA and protein level. AKR1C3 knockdown inhibits cell proliferation and survival, and 
enhances chemosensitivity in JeG-3R cells; overexpression of AKR1C3 increases chemo-resistance in JeG-3 cells.(A) RT-PCR showed that the expression of AKR1C3 mRNA was 
the highest among AKR1C family.(B) Real-time RT-PCR and western blot revealed that AKR1C3 is up-regulated in JeG-3R cells (*p<0.05). (C) Real-time RT-PCR and Western 
blot analysis were performed to compare AKR1C3 mRNA and protein levels in JeG-3R cells transfected with scramble-shRNA (control), or AKR1C3-shRNA. (D and E) 
Knockdown of AKR1C3 suppresses JeG-3R cell survival in a dose-dependent manner. The inhibitory effect of AKR1C3 knockdown on cell survival was determined by clonogenic 
assay and MTT assay (*p<0.05). (F) The cloning number was significantly higher in AKR1C3 CDNA cells than in the control cells. 
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2. AKR1C3 silencing increases 
chemotherapeutic sensitivity to MTX in 
JeG-3R cells; overexpression of AKR1C3 
increases chemo-resistance in JeG-3 cells 

RNA interference technology was performed to 
assess the biological function of AKR1C3 in drug re-
sistance induced by MTX. Compared with a scram-
ble-shRNA, AKR1C3 expression in JeG-3R cells 
transfected with an AKR1C3-shRNA was decreased 
by 63% and 45% at mRNA and protein levels, respec-
tively (Fig. 1C). Cell growth curves and cloning for-
mation assays indicated that knockdown of AKR1C3 
significantly increased the sensitivity of MTX to 
JeG-3R cells compared with controls (p<0.05, Fig. 1D, 
1E). However, knockdown of AKR1C3 had no signif-
icant influence on cell proliferation (p>0.05). These 
results suggest that knockdown of AKR1C3 can re-
verse MTX drug resistance, which was not the result 
of cell proliferation inhibition. Overexpression of 
AKR1C3 increased chemo-resistance to MTX in JeG-3 
cells (Fig. 1F). 

3. AKR1C3 silencing reverses MTX drug 
resistance by increasing ROS, especially 
increases superoxide anion. 

Cytotoxic drugs kill cancer cells by increasing 
ROS to cause apoptosis or necrosis. To further explore 
whether knockdown of AKR1C3 may reverse MTX 
resistance by regulating ROS-dependent cell death, 
we measured intracellular ROS using confocal mi-
croscopy and flow cytometry. The fluorescent inten-
sity of 2’, 7‘-dichlorofluorescin (DCF), an indicator of 
ROS activity, was similar in JeG-3R cells transfected 
with AKR1C3-shRNA and scramble-shRNA controls. 
However, the fluorescent intensity increased gradu-
ally at 24 and 48 h after treatment with 100 µM MTX 
in AKR1C3-shRNA transfected cells and this increase 
in intensity was significantly higher than in scram-
ble-shRNA transfected cells at 48 h (p<0.05, Fig. 2A, 
2B).In addition, production of superoxide anion was 
significantly higher in AKR1C3-shRNA cells than that 
in scramble cells (p<0.05, Fig. 2C). These results sug-
gest that knockdown of AKR1C3 increases MTX cy-
totoxicity by increasing intracellular ROS accumula-
tion. 

 
Figure 2. AKR1C3 knockdown can increase of ROS formation and production of much more superoxide anion. (A) JeG-3R cells transfected with scram-
ble-shRNA or AKR1C3-shRNA were treated with 0 or 100 µM MTX for 24 or 48 h before ROS determination. The fluorescence intensity of intracellular DCF was detected by 
confocal microscopy as a measure of ROS activity. Results are representative of 3 independent experiments. (B) Flow cytometry was performed to determine the mean 
fluorescence intensity of intracellular DCF in scramble-shRNA and AKR1C3-shRNA transfected cells. Data are expressed as 1 of the control values and represent means±SD (n 
= 3; *p<0.05). (C) Production of superoxide anion was higher in AKR1C3-shRNA cells at 48h-MTX treatment than that in the control cells(*p<0.05),but there was no difference 
at 24h-MTX treatment. 
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4. AKR1C3 silencing enhances cellular DNA 
damage by MTX and delays DNA repair 

H2AXser139 phosphorylation is a sensitive marker 
of DNA damage. To determine whether knockdown 
of AKR1C3 affects the repair of DNA damage induced 
by MTX, we measured phosphorylated H2AXser139 in 
JeG-3R after transfection with AKR1C3-shRNA or 
scramble-shRNA. Assessment using the an-
ti-phosphotyrosine antibody H2AXser139 (EpiQuikTM 
In Situ DNA Damage Assay Kit) with or without 
treatment with 100 µM MTX indicated that phos-
phorylated H2AXser139 was not significantly different 
between the two group at baseline and 24 h after 
treatment with MTX; however, at 48 h, phosphory-
lated H2AXser139 was significantly increased in 
AKR1C3-shRNA transfected cells compared with 
controls (p<0.05; Fig. 3A). These results were verified 
by immunofluorescent micrographs (Fig. 3B). The 
mean number of γH2AX foci per cell in the 
AKR1C3-shRNA group was significantly greater 
(p<0.05) than that in the control group (Fig. 3C). Our 

experiments suggest that expression of γH2AX foci is 
significantly increased in AKR1C3 knockdown cells 
48 h after treatment with 100 µM MTX, indicating that 
AKR1C3 may play a protective role in MTX resistance 
in choriocarcinoma by preventing DNA damage. 

5. AKR1C3 silencing lead to cell cycle arrest 
and increased MTX-induced apoptosis  

MTX is a cell cycle-specific agent mainly effect-
ing the S phase. We observed effects of AKR1C3 
knockdown on cell cycle distribution by flow cytom-
etry. Significantly fewer G2/M phase cells were ob-
served in AKR1C3-shRNA transfected cells compared 
to control scrambled shRNA cells at 6, 12, and 24 h 
after treatment with 100 μM MTX (Fig. 4A). Cell cycle 
arrest is known to induce apoptosis. Consequently, 
we performed Annexin V staining after treatment 
with different concentrations of MTX. Dead and 
apoptotic cells were significantly higher in the 
AKR1C3-shRNA group than that of the control group 
with increasing MTX concentration (p < 0.05, Fig. 4B). 

 

 
Figure 3. AKR1C3 knockdown inhibition of DNA damage repair. The level of H2A.Xser139 phosphorylation was determined as a marker of DNA damage in JeG-3R cells 
transfected with scramble-shRNA and AKR1C3-shRNA following treatment with 0 or 100 µM MTX for 48 h. (A) Determination by EpiQuikTM In Situ DNA Damage Assay Kit. 
Data are expressed as 1 of control values and represent means±SD (n=3). (#, no difference; *p<0.05). (B) Determination by confocal microscopy. Representative immuno-
fluorescence micrographs of γH2AX foci formation in AKR1C3-shRNA and scramble-shRNA JeG-3R cells are shown at 48 h after treatment with MTX. Results are repre-
sentative of 3 independent experiments.(C) Counting the number of γH2AX foci observed in micrographs at the indicated time points demonstrated a significantly prolonged 
expression of γH2AX foci in AKR1C3-shRNA cells treatment with 100 µM MTX. 
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Figure 4. AKR1C3 silencing induced of cell cycle arrest and apoptotic. (A) The cell cycle distributions of JeG-3R cells transfected with AKR1C3-shRNA and scram-
ble-shRNA cells were determined following treatment with 100 µM MTX for 0, 6, 12, or 24 h. In AKR1C3-shRNA transfected cells, a sharp decrease in the fraction of cells in 
the G2/M phase was observed compared to the control. (B) JeG-3R cells transfected with scramble-shRNA or AKR1C3-shRNA were treated with 100 or 200 µM MTX for 24 
h before assessment with a FITC Annexin V Apoptosis Detection Kit. Inhibition of AKR1C3 increased JeG-3R cell apoptosis in a dose-dependent manner. Treatment of 
AKR1C3-shRNA transfected cells with 100 µM MTX induced significantly more apoptosis compared to the control following treatment with 200 µM MTX.  

 

Discussion 
Despite new anticancer agents and more effec-

tive combination treatments, drug resistance remains 
a major obstacle to the successful treatment of ad-
vanced solid tumors. Therefore, new therapeutic tar-
gets are desperately needed. AKR1C3 is overex-
pressed in many human tumors and has been identi-
fied as a negative prognostic marker in various car-
cinomas, including advanced prostate cancer [15, 17, 
21], breast cancer [22], and non-small cell lung cancer 
[23]. Further evidence indicating that AKR1C3 is an 
attractive target for cancer therapy is based on its as-
sociation with tumor angiogenesis and resistance to 
cisplatin in colon cancer [19] and doxorubicin in 
breast cancer [18]. In the present study, we observed 
that AKR1C3 is overexpressed in MTX-resistant cho-
riocarcinoma cell lines, and targeted inhibition of 
AKR1C3 expression using shRNA suppresses growth 

of choriocarcinoma cells. Our results demonstrate that 
AKR1C3 silencing increases MTX sensitivity in 
JeG-3R choriocarcinoma cells, suggesting that 
AKR1C3 may be a potential therapeutic marker in 
choriocarcinoma. The mechanism by which AKR1C3 
shRNA increases MTX sensitivity may be related to 
elevated ROS and increased DNA damage, apoptosis, 
and cell cycle arrest induced upon silencing of 
AKR1C3. 

AKR1C3 belongs to the aldo-keto reductase su-
perfamily, which undergoes an oxidoreductase cata-
lytic NADPH-dependent keto-aldehyde reaction. The 
metabolic byproduct of this reaction promotes DNA 
adducts or ROS formation, which leads to oxidative 
DNA damage. Inhibition of AKR1C3 expression has 
been reported to promote increased ROS and rever-
sion of drug-resistance to cisplatin in colon cancer 
[19]. Consistently, in our work, we observed that in-
tracellular ROS were significantly higher 48 h after 
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treatment with MTX, and that this increase was en-
hanced in AKR1C3-silenced cells. ROS are generated 
as by-products of cellular metabolism, primarily in 
the mitochondria [24], and include free radicals such 
as superoxide anion (O2−•), hydrogen peroxide 
(H2O2), hydroxyl radical (HO·), nitric oxide (NO), and 
other species [25]. Recently, many cancer cell types 
have been shown to harbor increased ROS [26] which 
can elicit diverse responses depending on the magni-
tude, duration, and location of the exposure, as well 
as the specific ROS involved [27]. In general, low ROS 
is mitogenic and promotes cell proliferation and sur-
vival, whereas intermediate ROS causes transient or 
permanent cell cycle arrest and induces cell differen-
tiation [28]. High concentrations of ROS can easily 
react with membrane lipids, altering membrane per-
meability; with DNA, causing damage and genomic 
instability; and with proteins, causing oxidative mod-
ifications that may produce less catalytically active 
enzymes or proteins that are more susceptible to pro-
teolytic degradation [29, 30]. Normal breast epithelial 
stem cells have fewer ROS than more mature progen-
itor cells and therefore undergo less DNA injury 
during radiation, which allows them to preferentially 
escape radiation injury [31]. Increased production of 
ROS, especially increased superoxide anion in 
AKR1C3-shRNA cells, therefore, could explain the 
greater DNA damage and apoptosis after MTX ex-
posure.  

Cytotoxic drugs lead to cell death through a va-
riety of mechanisms, including induction of apopto-
sis, necrosis, mitotic catastrophe, autophagy, and cell 
senescence. Apoptosis and mitotic catastrophe are 
chief mechanisms of chemotherapeutic cytotoxicity 
and MTX is a cell cycle-specific agent with a major 
role in the S phase, and can inhibit chromosomal rep-
lication and protein synthesis. Our data indicate that 
inhibition of AKR1C3 expression results in cell cycle 
arrest leading to apoptosis. Therefore, the reversal of 
MTX resistance by AKR1C3 may be mediated by cell 
cycle arrest caused by greater ROS. In addition, DNA 
strand breaks (due to increased ROS) can induce 
apoptotic signaling and cause irreversible oxidative 
DNA damage. It has been well-established that in-
duction of DNA damage is a central mechanism 
through which many anticancer agents kill tumor 
cells [32-34]. With FITC Annexin V staining, we ob-
served that more cells underwent apoptosis and dead 
cells increased significantly with increasing MTX 
concentrations in AKR1C3 knockdown cells. Fur-
thermore, increased DNA damage was observed, as 
measured by the phosphorylation and formation of 
foci for γH2A.X, a rapid and sensitive marker for 
DNA damage induced by intracellular signal mole-
cules. γH2A.X plays a critical role in maintaining ge-

nome integrity in eukaryotic cells, and its loss leads to 
genomic instability [35]. Of the various types of DNA 
damage, double-strand breaks are the most cytotoxic 
because of their potential to cause cell death and/or 
cell cycle arrest. Thus, an increased capacity of DNA 
damage repair in tumor cells is thought to be an im-
portant contributor to chemotherapeutic resistance 
during cancer treatments [36]. Phosphorylation of 
γH2A.X was recently reported to serve as an apop-
totic induction signal [37]. These data suggest that 
DNA damage-induced apoptosis may contribute to 
the effects of AKR1C3 silencing in enhancing MTX 
sensitivity. 

Conclusion 
We report—for the first time—that AKR1C3 is 

activated in choriocarcinoma cells in response to 
MTX. Down-regulation of AKR1C3 promotes elevat-
ed ROS, which leads to DNA damage and facilitates 
apoptosis induced by cytotoxic chemotherapy. These 
results suggest that AKR1C3 may be a potential 
therapeutic target for chemotherapy sensitization in 
choriocarcinoma. 
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