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Endometrial cancer is the most common gyneco‐
logical malignancy, affecting up to 3% of women at 
some point during their lifetime (Morice et al., 2016; 
Li and Wang, 2021). Based on the pathogenesis and bio‑
logical behavioral characteristics, endometrial cancer 
can be divided into estrogen-dependent (I) and non-
estrogen-dependent (II) types (Ulrich, 2011). Type I 
accounts for approximately 80% of cases, of which 
the majority are endometrioid carcinomas, and the re‐
maining are mucinous adenocarcinomas (Setiawan 
et al., 2013). It is generally recognized that long-term 
stimulation by high estrogen levels with the lack of 
progesterone antagonism is the most important risk 
factor; meanwhile, there is no definite conclusion on 
the specific pathogenesis. The incidence of endometrial 
cancer has been on the rise during the past two dec‑
ades (Constantine et al., 2019; Gao et al., 2022; Luo 
et al., 2022). Moreover, the development of assisted 
reproductive technology and antiprogestin therapy fol‐
lowing breast cancer surgery has elevated the risk of 
developing type I endometrial cancer to a certain 

extent (Vassard et al., 2019). Therefore, investigating 
the influence of estrogen in type I endometrial cancer 
may provide novel concepts for risk assessment and 
adjuvant therapy, and at the same time, provide a basis 
for research on new drugs to treat endometrial cancer.

DNA replication adenosine triphosphate (ATP)-
dependent helicase/nuclease (DNA2) is an evolution‐
arily conserved, essential enzyme that plays critical 
roles in multiple DNA metabolic pathways, including 
Okazaki fragment maturation, DNA replication, end re‐
section, and homologous recombination repair (Thakar 
et al., 2020). Moreover, it participates in mitochondrial 
genome maintenance. Thus, the uncontrolled regula‐
tion of DNA2 may lead to a cascading effect on gen‑
omic instability and telomere imbalance, resulting in 
DNA damage in particular cell phases. Indeed, re‐
searchers have proved that the abnormal activity of 
DNA2 nuclease is correlated with the growth of vari‐
ous cancer cells, such as in breast and ovarian cancers 
(Jia et al., 2017; Han et al., 2021). DNA2 is highly 
expressed in estrogen receptor (ER)-rich cells like 
those in breast cancer and ovarian cancer. Under an 
increased DNA2 expression level, the malignancy of 
tumors and incidence of metastasis will be elevated, 
indicating that DNA2 may be regulated by the ER 
pathway. However, the relevant mechanism remains 
unclear. Furthermore, DNA2 has recently been de‐
scribed as a potential marker and an attractive target 
in cancer therapy. Therefore, our study investigated 
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the expression of ER and DNA2 in samples from pa‐
tients with endometrial cancer and analyzed the rela‐
tionship between them.

A total of 32 patients with a mean age of (44.3±
4.1) years were selected from the Zhejiang People’s 
Hospital, Hangzhou, China. They were diagnosed 
based on pathological examination and received surgi‐
cal resection, including 16 ER-positive cases, whereas 
the others were ER-negative. Another 16 normal tissue 
samples were collected from control subjects with a 
mean age of (42.1±4.4) years who underwent laparos‑
copic surgery after informed consent. All patients, in‐
cluding control subjects, were free from hormonal 
therapy for three months and presented no serious liver 
or kidney disease. This study has been carried out in 
accordance with the Code of Ethics of the World Med‐
ical Association. The human endometrial adenocarcin‑
oma cell lines JEC, Ishikawa, and HEC1 were ob‐
tained from the American Type Culture Collection.

As mentioned above, a total of 32 patients and 
16 control subjects were enrolled in this study. We ob‐
served that the DNA2 expression was significantly 
higher in the patient group ((1.671±0.661)-fold in‐
crease, P<0.05; Fig. 1). To further explore the correla‐
tion between ER and DNA2, we divided the patients 
into two groups based on ER expression: ER-negative 
and ER-positive. The expression of ER in the endo‐
metrial cancer tissue samples was detected by immuno‑
histochemical analysis. A nuclear staining of >10% 
was considered to indicate positive ER status. Interest‐
ingly, we observed that DNA2 expression in the ER-
negative patient group was significantly lower than 
that in the ER-positive patient group. In addition, there 
was no significant difference in DNA2 expression be‐
tween the ER-negative patient group and the control 
group. In contrast, the ER-positive patient group ex‐
hibited a (2.084±0.575)-fold increase in DNA2 mes‐
senger RNA (mRNA) expression compared to the con‐
trol group. These results indicated that ER positivity 
correlates with DNA2 expression in patients with en‐
dometrial cancer.

Next, we investigated the expression of DNA2 
between the two types of endometrial cancer cell lines. 
As depicted in Figs. 2a and 2b, the Ishikawa cell line 
positively responded to β-estradiol (E2) treatment. 
After E2 administration, both the mRNA and the pro‐
tein levels of DNA2 expression were significantly up‐
regulated. The JEC cell line, which is characterized 

by negative ER expression, was used as control. Re‐
markably, the DNA2 expression levels were relatively 
stable in the JEC cells before and after E2 treatment, 
with no significant differences. Subsequently, we 
investigated whether treatment with raloxifene, an 
ER modulator, influences the DNA2 expression in en‐
dometrial cancer cells. As shown in Fig. 2c, raloxifene 
treatment led to a significantly reduced expression of 
DNA2 mRNA levels in Ishikawa cells, which exhibit‐
ed high levels of ER in a concentration-dependent 
manner. A similar trend in the effect of raloxifene 
on DNA2 mRNA levels was observed in an ERmedium 
cell line, HEC1. However, the reduction rates were 
less than those in Ishikawa cells. Notably, DNA2 
mRNA levels in JEC cells that were negative for 
ER expression were not affected. Then, total proteins 
were extracted from cells treated with 1×10−7 mol/L 

Fig. 1  Correlation between DNA2 expression and ER in 
patients with endometrioid-type endometrial carcinoma. 
(a) Staining distribution of DNA2 in representative tissue 
sections of normal tissue, ER-negative and ER-positive 
endometrioid-type endometrial carcinoma tissues. The 
brown precipitate indicates the antigen site. Scale bar=
50 μm. (b) DNA2 mRNA expression levels were significantly 
higher in ER-positive patients. A total of 32 patients with 
endometrioid-type endometrial carcinoma were divided 
according to ER expression. Samples from ER-positive 
patients presented significantly higher DNA2 expression 
than those from ER-negative patients (* P<0.05; n=16). 
(c) ER-positive samples showed a positive correlation trend 
between ER and DNA2 mRNA expression levels. Data for 
the same sample were connected by a line. DNA2: DNA 
replication adenosine triphosphate (ATP)-dependent helicase/
nuclease; ER: estrogen receptor; mRNA: messenger RNA.
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raloxifene for 48 h. The results of western blotting 
assays were consistent with the changes in mRNA 
levels (Fig. S1). Cell counting kit-8 (CCK8) assays re‐
vealed that raloxifene resulted in approximately 24% 
and 29% reduction in the proliferation of Ishikawa 

cells within 48 and 72 h, respectively, compared to 
those in control cells. A similar trend was found in 
HEC1 cells, with approximately 13% and 19% reduc‐
tion within 48 and 72 h, respectively. No significant 
changes were found in JEC cells (Fig. 2d). We also 

Fig. 2  Increase of DNA2 expression level in Ishikawa but not in JEC cells after exposure to E2. ER-positive Ishikawa and 
ER-negative JEC cells were treated with E2 and collected to evaluate the DNA2 protein and mRNA expression levels, 
separately. (a) A 3-fold increase in DNA2 mRNA expression was found in Ishikawa cells after E2 treatment. ** P<0.01. 
(b) The WB analysis results were consistent with those of qRT-PCR assays. ** P<0.01. (c) Ishikawa, HEC1, and JEC cells 
were exposed to different concentrations of raloxifene for 48 h. The DNA2 mRNA levels were determined via qRT-PCR 
assays. * P<0.05 vs. the normal group. (d) The CCK8 assay showed the effects of raloxifene on the proliferation of different 
endometrial cancer cells. * P<0.05 vs. the normal group. Data are expressed as mean±SD (n=3). DNA2: DNA replication 
adenosine triphosphate (ATP)-dependent helicase/nuclease; E2: β-estradiol; mRNA: messenger RNA; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase; WB: western blot; qRT-PCR: quantitative real-time reverse transcription-
polymerase chain reaction; CCK8: cell counting kit-8; DMSO: dimethyl sulfoxide; SD: standard deviation.
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confirmed that treatment with tamoxifen, another ER 
modulator, could also downregulate DNA2 expres‐
sion in Ishikawa cells, and resulted in approximately 
47% reduction in the proliferation of Ishikawa cells 
within 72 h compared to that in control cells (Fig. S2).

The phosphoinositide-3-kinase (PI3K)/protein kin‑
ase B (AKT)/mammalian target of rapamycin (mTOR) 
signaling pathway has been implicated in endocrine 
resistance. Studies have proved that the upregulation 
of PI3K/AKT pathway plays a critical role in endo‐
crine treatment resistance through extranuclear ER sig‐
naling (Hasson et al., 2013; Bean et al., 2015; Duan 
et al., 2021). In the present study, the cultured Ishikawa 
cells were divided into four groups and treated with 
or without E2, GDC-0810 (an ER inhibitor), and 
Ly294002 (a PI3K-AKT inhibitor), separately. As 
shown in Fig. 3, E2 treatment significantly activated 
the PI3K-AKT signaling pathway. The expression 
levels of phosphor-AKT (pAKT/Ser473) and PI3K 
were upregulated by approximately 3.0- and 2.6-fold, 
respectively. GDC-0810, one of the most commonly 

used selective ER modulators, can directly antagonize 
ER in cells. Consequently, PI3K-AKT signaling was 
not activated after E2 treatment in these Ishikawa cells 
pretreated with GDC-0810. Moreover, we observed 
that the DNA2 expression levels were slightly inhibit‐
ed. We next examined whether the PI3K pathway in‐
hibitor could abolish the effect of E2 treatment on 
DNA2 expression in Ishikawa cells. Ly294002 was 
able to inhibit both PI3K/AKT activity and AKT phos‐
phorylation in these cells, and a reduced level of 
DNA2 expression was noticed. Altogether, these find‐
ings suggested that estrogen regulates DNA2 expres‐
sion through the PI3K-AKT pathway in endometrial 
cancer, which can be blocked using either ER inhibi‐
tors or PI3K-AKT inhibitors.

In order to further explore the role of DNA2 in 
the proliferation of endometrial cells, we established a 
DNA2-knockdown Ishikawa cell line with specific 
DNA2 short hairpin RNA (shRNA) (Fig. 4). The 
knocked down level of the DNA2 protein was approxi‑
mately 70%, as determined by western blotting assay 

Fig. 3  Estrogen mediation of the PI3K-AKT pathway to improve DNA2 expression in Ishikawa cells, treating with E2, 
GDC-0810, and Ly294002, separately. (a) The protein expression levels of DNA2, pAKT, AKT, and PI3K in Ishikawa 
cells were determined by WB analysis. (b) The quantification of protein levels was performed using ImageJ software. 
Data are expressed as mean±SD (n=3). ** P<0.01. PI3K: phosphoinositide-3-kinase; AKT: protein kinase B; pAKT: 
phosphor-AKT; DNA2: DNA replication adenosine triphosphate (ATP)-dependent helicase/nuclease; E2: β-estradiol; 
WB: western blot; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; SD: standard deviation.
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(Figs. 4a and 4b). Consequently, a significant induction 
of DNA damage, indicated by increase in the DNA 
damage marker γ histone family member X (γH2AX), 
was observed in DNA2 shRNA cells (Figs. 4c and 
4d). Subsequently, cell growth was evaluated using the 
CCK8 and colony-forming efficiency (CFE) assays. 
As anticipated, the proliferation and colony-forming 
ability declined when cells were transfected with DNA2 
shRNA (Figs. 4e and 4f).

Next, we assessed whether decreased DNA2 ex‐
pression had any functional consequences for cellular 
chemoresistance. As depicted in Fig. 5a, the knock‐
down of DNA2 increased the sensitivity to camptothe‐
cin (CPT) in Ishikawa cells (3 nmol/L, (35.8±8.1)% 

vs. (9.6±2.1)% Annexin V+; P<0.01). Similarly, a very 
strong synergy was detected when we combined the 
treatment with CPT and C5, which is a specific inhibi‐
tor of DNA2 activity (Fig. 5b).

DNA replication failure and DNA damage re‐
sponse are the two major factors leading to genome 
instability. DNA2 is a conserved protein involved in 
the maintenance of mitochondrial and nuclear DNA 
stability, and it possesses both endonuclease/exonucle‐
ase and helicase activity (Zheng et al., 2008). It can 
play a vital role in DNA replication and repair at the 
same time, thereby maintaining genome stability. It has 
been confirmed that DNA2 is expressed at high levels 
in breast cancer, ovarian cancer, and other cells that 

Fig. 4  Reduction of cell proliferation by knockdown of DNA2 in Ishikawa cells, obtaining stably transduced Ishikawa 
cells (shDNA2 and shSCR) by selection in a medium with puromycin. (a) The DNA2 protein levels were determined by 
WB assays. GAPDH was used as internal control. (b) The DNA2 mRNA levels were evaluated by qRT-PCR analysis. 
Values obtained from three independent experiments are shown for DNA2 mRNA following standardization to GAPDH. 
Data were analyzed using the unpaired t-test. (c) The γH2AX protein levels were determined by WB assays. GAPDH was 
used as internal control. (d) The quantification of γH2AX protein levels was performed using ImageJ software. (e) The 
CCK8 assay showed that Ishikawa-shDNA2 cell growth was slower than that of control cells (Ishikawa-shSCR). (f) CFE 
was determined as the variable numbers of Ishikawa cell colonies on soft agar. Data are expressed as mean±SEM (n=3). 
** P<0.01 vs. corresponding control group (shSCR). DNA2: DNA replication ATP-dependent helicase/nuclease; shRNA: 
short hairpin RNA; shDNA2: cells transfected with DNA2-shRNA; shSCR: cells transfected with non-silencing shRNA; 
WB: western blot; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; mRNA: messenger RNA; qRT-PCR: quantitative 
real-time reverse transcription-polymerase chain reaction; SEM: standard error of the mean; γH2AX: gamma histone 
family member X; CCK8: cell counting kit-8; CFE: colony-forming efficiency.
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are rich in ERs, and the increase in DNA2 expression 
correlates with the malignancy and metastasis ability 
of tumors (Strauss et al., 2014). In the present study, 
we selected the ER-negative JEC endometrial cancer 
cell line and the ER-positive Ishikawa endometrial 
cancer cell line, stimulated them with E2, and detected 
the expression of DNA2. We observed that the expres‐
sion of DNA2 in ER-positive cells was significantly 
increased, indicating that E2 binds to ER in endome‐
trial cancer cells and can regulate DNA2 transcrip‐
tion. Reducing the expression of DNA2 in endometrial 
cancer can slow down cell proliferation and reduce its 
CFE activity, which was further confirmed by the in 
vivo tumor growth assay (Fig. S3). Meanwhile, we ob‐
served a positive correlation between DNA2 expression 
levels and chemoresistance in vivo (Fig. S4). There‐
fore, we proposed that DNA2 plays a vital role in the 
estrogen-stimulation-induced DNA damage of endome‐
trial cells, which is linked to the development of cancer.

Overall, the present study confirmed the feasibil‐
ity of DNA2 as a therapeutic target, and demonstrated 
that inhibiting DNA2 sensitizes Ishikawa cells to chemo‐
therapy using CPT. Our findings may provide novel 
insights into the potential mechanisms of DNA2, which 
assists in developing novel approaches pertaining to 
the diagnosis and treatment of endometrial cancer.
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