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Abstract
Objective: Our objective was to investigate the upregulated expression of ribonucleotide reductase M2
(RRM2) in the ectopic endometrium (EC) of ovarian endometriosis (OE) patients that may indicate
malignant transformation. RRM2 may be used as a marker of OE, which contribute to the research of the
mechanism of the malignant transformation of OE.

Methods: The gene expression pro�les of ovarian cancer and OE were downloaded from Gene Expression
Omnibus (GEO), and a common hub gene, RRM2, was identi�ed. The expression of RRM2 was low in OE
and high in ovarian cancer. A total of 44 patients with endometriosis-associated ovarian cancers (EAOC)
and 44 with OE were enrolled in this study. Immunohistochemistry (IHC) and real-time quantitative
polymerase chain reaction (RT-qPCR) were used to detect the expression of RRM2, while the relationship
between RRM2 and Ki-67 was analyzed by IHC co-localization.

Results: There was no signi�cant difference in the expression of RRM2 in the eutopic endometrium (EU),
EC, and cancer tissues of EAOC patients. Compared with OE patients, the mRNA and protein expression
levels of RRM2 were higher in the EC of EAOC patients (p 0.01). Moreover, the high expression of RRM2
was consistent with the expression of Ki-67 in EC of EAOC patients.

Conclusions: The upregulated expression of RRM2 in the EC of OE patients may indicate malignant
transformation. RRM2 may be used as a marker of OE, which allows the investigation of the mechanism
of the malignant transformation of OE.

Introduction
Around 10% of women of childbearing age have endometriosis (EMS), which is de�ned as the
appearance of a functional endometrium outside the uterine cavity, resulting in di�culty in menstruation,
sexual intercourse, pelvic pain, and infertility [1, 2]. EMS is considered to be a benign disease; however,
many cases have shown features common to malignant tumors, such as peripheral tissue invasion,
atypical histology, distant metastasis, and recurrence after treatment [3]. Previous studies also found that
around 1% of EMS cases could result in malignant changes, of which the most common is ovarian
lesions [4–6]. Endometriosis-associated ovarian cancers (EAOCs) including clear cell ovarian carcinoma
(CCOC) and endometrioid ovarian carcinoma (EOC) are a relatively rare subtype of ovarian cancer [7, 8].
There is su�cient evidence showing that women with histologically con�rmed EMS have an increased
risk of developing CCOC and EOC [9–11]. The relationship between EMS and ovarian cancer can be
divided into the transition from EMS to invasive ovarian cancer or the coexistence of ovarian cancer and
EMS without transition [12, 13]. Sampson �rst proposed and described the mechanism and process of
the malignant transformation of EMS in 1925; however, the exact mechanism is still unclear [14].

NCBI-GEO OE and ovarian cancer datasets were used to screen for differentially expressed genes (DEGs)
with low expression in OE and high expression in ovarian cancer. These DEGs were used to construct the
protein-protein interaction (PPI) network, and the top �ve hub genes were examined: TOP2A, MKI67,
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RRM2, CCNB2, and CDK1. In addition, literature related to OE and ovarian cancer hub genes was reviewed,
which revealed that RRM2 and CCNB2 are also the hub genes of the two diseases [15–17]. The difference
in the expression of RRM2 was greater than that of CCNB2; thus, RRM2 was selected as the target gene in
this study.

Ribonucleotide reductase (RNR) catalyzes the conversion of ribonucleoside 5’-diphosphate to 2’-
deoxyribonucleoside 5’-triphosphate (dNTP), which is an essential DNA component for DNA replication
and repair [18]. RRM2 is a regulatory subunit of RNR and is essential for the biogenesis of dNTP in the S
phase of the cell cycle in which DNA replication occurs [19]. Tumor cells are characterized by uncontrolled
proliferation, and DNA synthesis is necessary for this process. RRM2 is considered as a potential target
for the development of cancer therapy due to its active role in tumorigenesis[20, 21]. Hyperphysiological
RRM2 inhibits oncogene-induced senescence (OIS) and promotes genomic instability by allowing error-
prone replication due to the imbalance of the dNTP pool, which ultimately promotes tumorigenesis [22].
The overexpression of RRM2 has been reported to be related to the resistance of cancer cells to various
chemotherapeutic drugs [23, 24]. In addition, in some cancer cells, high levels of RRM2 expression are
associated with cell invasion, tumor metastasis, angiogenesis, and poor prognosis [25–29]. Studies have
shown that the expression of RRM2 in epithelial ovarian cancer is positively correlated with Ki67, a
marker of cell proliferation [30]. RRM2 interacts with a various of oncogenes to promote tumor
progression, suggesting that RRM2 may be involved in the malignant progression of tumors [31].
However, it is unclear whether there is a signi�cant difference in the expression of RRM2 protein between
ovarian cancer and OE and if a difference in expression is related to the malignant transformation of OE.
Data analysis indicated that the expression of RRM2 was low in EMS and high in ovarian cancer.
Therefore, we hypothesized that the expression of RRM2 in the malignantly transformed EC may be up-
regulated. The upregulation of RRM2 may play an important role in the process of the malignant
transformation of OE.

In this study, we obtained the cancer tissue, EC, and EU samples from patients with EAOC, which was
caused by OE. In addition, EC samples were obtained from OE patients. The expression of RRM2 mRNA
and protein in these tissues was assessed. The objectives of the study were analyzing the promotion of
the malignant transformation of OE caused by the high expression of RRM2 and predicting this process.

Materials And Methods
2.1. Data sources

The NCBI-GEO database is a free and public database containing gene pro�les. Two microarray datasets
of ovarian cancer (GSE26712, GSE6008) and two microarray datasets of OE(GSE7305,GSE25628) were
obtained from the GEO database (https://www.ncbi.nlm.nih.gov/gds/). The inclusion criteria for the
above gene expression pro�les were set as follows: (1) the tissue samples should consist of from human
pathological tissues and normal tissues; (2) the number of samples in each dataset should be more than
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8; (3) all selected datasets should be provided by Affymetrix platforms to reduce the ‘platform effect’ due
to different probe designs by different companies.

2.2. Data preprocessing and analysis

The OE and ovarian cancer datasets were processed as follows: (1) Identi�cation of DEGs: R package
limma was applied to �lter the DEGs in the datasets; (2) Screening of DEGs: DEGs with low expression in
OE and high expression in EAOC were screened; (3) PPI network construction The PPI network of the
identi�ed DEGs was constructed using an online tool, the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING; https://string-db.org/), with an interaction score of > 0.4; (4) Hub gene selection
and analysis: The PPI network was visualized using Cytoscape software (version 3.8.2), and the top 5
hub nodes in the network were identi�ed.

2.3. Ethics statement

The study plan was approved by the Human Ethics Committee of Tianjin Central Obstetrics and
Gynecology Hospital. All subjects gave informed consent to participate in this study.

2.4. Patients

Although EOC and CCOC are collectively referred to as EAOC, there is no requirement that both cancers
should be caused by OE. Therefore, the criterion for screening patients in this study was EAOC patients
whose cancerous lesions have been con�rmed by pathology to be the malignant transformation of OE. A
total of 44 patients with EAOC diagnosed as the malignant transformation of OE from September 2010 to
March 2020 were selected, including 24 cases of CCOC and 20 cases of EOC. A total of 44 patients with
OE in the same period were also recruited.

2.5. Collection of samples and immunohistochemical staining

Formalin-�xed, para�n-embedded (FFPE) sections were obtained from the cancer tissue, EC, and EU
samples collected from 44 EAOC patients with OE malignancy (24 patients with CCOC and 20 patients
with EOC). The FFPE sections of EC samples from 44 OE patients in the same period were also obtained.

The slides were dewaxed in xylene and rehydrated in water by fractionated ethanol before dyeing. Antigen
retrieval was performed with 1 mM EDTA buffer solution (pH 9.0) for in all sections, and the endogenous
peroxisomal enzymes were inactivated by 3% H2O2. After blocking for 30 min, the cells were incubated
overnight with the antibodies RRM2 (11661-1-AP, 1:150 dilution; ProteinTech) and Ki-67 (ZM-0166, 1:150
dilution; ZSGB-BIO) at 4°C. After washing, the slides were stained with secondary antibodies for 30 min at
room temperature. Diaminobenzidine and hematoxylin were used as the chromogenic substrate and for
nuclear counterstaining, respectively. For the negative control, each antibody was replaced with
phosphate buffer solution. Five random visual �elds (×400) were observed under an optical microscope.
The results of immunohistochemical staining were evaluated independently by two pathologists who
were blinded to the clinical data. In the tissue core containing tumor cells and stromal cells, the intensity
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of the tumor cells was scored according to morphological criteria. The expression level of RRM2 was
determined based on the percentage of positive cells. Without knowing the background of the samples,
two experienced gynecological pathologists evaluated the samples using histopathology and
immunostaining scores.

2.6. Quanti�cation of staining intensity and percentage

The expression of RRM2 was classi�ed according to a grading system. Scores that corresponded to the
percentages of stained cells were de�ned as follows: 0 for no positively stained cells; 1 for  25%
positively stained cells; 2 for 25%-50% positively stained cells;3 for  50% positively stained cells.
Moreover, in terms of the intensity of the stain, the following scores were designated: 0 for no staining; 1
for weak staining; 2 for moderate staining; 3 for strong staining. The immunostaining score for RRM2
expression was represented as the sum of the percentage score and the intensity score. The expression
of RRM2 was �nally de�ned as follows: “low expression (-)” for a score of ≤ 2; “medium expression (+)”
for a score of 3 or 4; and “high expression (++)” for a score of 6 or 9. Two independent observers who
were blinded to the sample background evaluated the cell staining.

2.7. RNA extraction and RT-qPCR

The FFPE sections of EC samples from 15 patients with EAOC diagnosed pathologically as the malignant
transformation of OE from 2015 to 2020 were obtained. There were 10 cases of CCOC and 5 cases of
EOC. The FFPE sections of EC samples from 15 patients with OE in the same period were also obtained.

The miRNeasy FFPE Kit (Qiagen) was used to isolate total RNA from FFPE tissue sections. Puri�ed RNA
(2 µg) was used for reverse transcription with the miScript II RT Kit (Qiagen). RT-qPCR was carried out
with the CFX96 Touch Real-time PCR Detection System (Bio-Rad) using the Sso Advanced SSO SYBR
Green Supermix (Bio-Rad).

2.8. Statistical analysis

SPSS 18.0 software was used for statistical analysis. Data are presented as the mean ± SD, and Student’s
t-test was used to calculate the P value. Two-sided P values of < 0.05 were considered statistically
signi�cant.

Results
3.1. Identi�cation and screening of DEGs

Four expression pro�les (GSE6008, GSE26712, GSE7305, and GSE7307) were obtained from the GEO
database. GSE6008 consisted of 99 ovarian tumor cases and 4 controls. GSE26712 contained 185
ovarian tumor cases and 10 controls. GSE7305 included 10 OE cases and 10 controls. GSE7307
contained 18 cases and 22 controls. The DEGs in the four datasets (4079 DEGs in GSE6008, 4115 DEGs
in GSE26712, 5100 DEGs in GSE7305, and 881 DEGs in GSE7307) were extracted after gene expression
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pro�le data processing and standardization with P < 0.05 and |logFC| > 2. The up-regulated and down-
regulated genes belonging to each gene set are shown in Fig. 1(a-d). DEGs with low expression in OE and
high expression in ovarian cancer were screened. The overlapping DEGs among these four datasets
included 86 genes as shown in the Venn diagram (Fig. 1e).

3.2. Selection and analysis of hub genes by PPI network construction

In order to �nd the hub genes involved in OE processed to ovarian cancer. The STRING online database
was used to construct the PPI network of the hub genes, and Cytoscape software was used to draw the
interaction network of the hub genes and their related genes. The PPI network of the hub genes consisted
of 86 nodes and 319 edges, and the PPI enrichment P value was lower than 1.0e − 16 (Fig. 2a). The top 5
hub nodes (TOP2A,MKI67 RRM2 CCNB2 and CDK1) were identi�ed from this PPI network using the
Degree method in plugin Cytohubba (Fig. 2b). We further reviewed the literature on the hub genes of
ovarian cancer and OE. RRM2 and CCNB2 were identi�ed as hub genes in ovarian cancer and OE.
According to DEG analysis, the difference in the expression of RRM2 was greater than that of CCNB2;
thus, we selected RRM2 as the target gene in this study (Fig. 2c).

3.3. Expression of RRM2 in EAOC patients at different pathological stages

We performed IHC for RRM2 in the EU, EC, and cancer tissue samples of EAOC patients (CCOC and EOC)
(Fig. 3). There was a signi�cant expression of RRM2 protein in cancerous tissue of CCOC and EOC
(Fig. 3). The expression of RRM2 was not affected by the type of cancer (Fig. 3). There was no signi�cant
low expression of RRM2 protein between the two groups of EC samples compared with the corresponding
EU and cancer tissue samples, and the expression of RRM2 was signi�cant in both groups (Fig. 3).

3.5. Comparison of RRM2 expression in EC of EAOC and OE patients

The results of IHC clearly showed that the expression of RRM2 in EC of EAOC was much higher than that
of OE(Fig. 4a). We scored the staining of RRM2 in the EAOC and OE of EC samples (Fig. 4b). The results
of immunohistochemical scoring showed that there was a signi�cant difference in the expression of
RRM2 in the EC of EAOC and OE patients (Fig. 4b). Around 26% of patients with EAOC had a high
expression of RRM2 protein in the EC; however, no high expression of RRM2 protein was observed among
patients with OE (Table 1). Around 69% of patients with OE had a low expression of RRM2 protein in the
EC, whereas only 5% of patients with EAOC had a low expression of RRM2 (Table 1). The mRNA level of
RRM2 extracted from the FFPE sections of EC samples was also signi�cantly higher in EAOC cases than
in OE cases (P < 0.01) (Fig. 4c).
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Table 1
Protein expression of RRM2 in EC of EAOC and OE

Parameters ectopic lesions P value

  EAOC(n = 44) OE(n = 44)  

Agea at operation (years) 49(28–65) 49.5(25–67) 0.05

RRM2 expression 0.01

Low* 5 (11%) 27(61%)  

medium 13(30%) 17(39%)  

High 26(59%) 0  

* Low = low RRM2 expression (+); Medium = medium RRM2 expression (++); High = high RRM2
expression (+++).

a Median

 

3.6. IHC co-localization of RRM2 and KI-67 in EC of EAOC patients

Ki-67 is an indicator of cell proliferation. We intended to observe the proliferation of tissue in the EC of
EAOC expressed by RRM2. The results of the immunohistochemical co-localization of Ki-67 and RRM2
showed the co-expression of RRM2 and Ki-67 (Fig. 5).

Discussion
The molecular mechanism underlying the malignant transformation of OE remains controversial, and the
exact mechanism of carcinogenesis has not been clari�ed. The process of the malignant transformation
of OE into ovarian cancer is complex, and the mechanism is different from that of the transformation of
normal ovarian epithelial tissue into ovarian cancer tissue. A di�culty in the study of the mechanism of
malignant transformation of OE is demonstrating how important role that a molecule plays in this
independent process of the pathogenesis of non-EAOC. A hub gene is a gene that plays an important role
in biological processes. In related pathways, the regulation of other genes is often affected by this gene.
In this study, we used a public database to screen for differential genes in ovarian cancer and OE tissues
and to identify hub genes among these genes. If there is a common hub gene between OE and ovarian
cancer and if there is a signi�cant difference in the expression of the gene in the above-mentioned
tissues, then the gene may play an important role in the malignant transformation of the EC.

According to the screening results of DEGs, the expression of RRM2 was low in the EC and high in the EU
and cancer tissues. IHC revealed that RRM2 protein was expressed in the EU, EC, and cancer tissues of
EAOC patients, and there was no signi�cant low expression of RRM2 protein in EC. The expression of
RRM2 in the EC of EAOC patients was contrary to the results of previous data analysis. That further
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supports our assumption that the expression of RRM2 in the EC with malignant tendency will continue to
be upregulated during the malignant transformation of the EC. However, the expression of RRM2 in the
EC without malignant tendency will remain at a low level. Furthermore, we compared the EC of patients
with EAOC and OE. The results showed that the mRNA expression and IHC score of RRM2 in the EC were
signi�cantly higher in the EAOC group than in the OE group. Because the requirement for extracting RNA
from FFPE is too high, we only extracted RNA from FFPE tissue sections in the past 5 years, which greatly
limited the number of our available RNA samples, resulting in low accuracy in the statistical analysis of
mRNA expression frequency. Therefore, it is necessary to quantify the RNA in the tissue samples of
additional EAOC patients to con�rm that the mRNA expression of RRM2 in the EC is higher in EAOC
patients than in OE patients.

RRM2 is related to the cell cycle and mitosis. The downregulation of RRM2 in the EC indicates a low cell
proliferation rate, whereas upregulated RRM2 expression in the EC indicates active cell proliferation. Ki-67
is an indicator of cell proliferation. The expression of Ki-67 and RRM2 was examined in the EC of the
same patients with EAOC. We found that when the expression of Ki-67 was enhanced, the expression of
RRM2 was signi�cant. The overexpression of RRM2 can lead to the active proliferation of histiocytes.
Therefore, the high expression of RRM2 in the EC suggests that it may contribute to malignant
transformation.

The surgical specimens of patients with OE are usually stained only with HE and do not require IHC.
Patients with OE generally only undergo gynecological color Doppler ultrasound as a postoperative re-
examination tool. Unexpected, some patients have been diagnosed with EAOC a few years after surgery
for OE, especially among young patients with OE who choose the surgical method to remove only the EC
to preserve the ovaries. However, extremely small lesions in the EC cannot be detected by clinicians with
naked the eye, which may be a potential risk of the occurrence of EAOC. The overexpression of RRM2
may play an important role in the malignant transformation of OE. Therefore, IHC for RRM2 should be
performed on the postoperative pathological tissues of patients with OE, especially for women who have
chosen to undergo ovary-sparing surgery. If the expression of RRM2 is increased, the detection of tumor
markers related to ovarian cancer is recommended during re-examination. If economic conditions permit,
these patients can also undergo an additional pelvic MRI examination once a year. Therefore, the
malignant transformation of the EC can be detected in time, and further progress of the disease can be
prevented.

In summary, we screened for the differentially expressed hub gene RRM2 in OE and EAOC using a public
database. We examined the expression of RRM2 protein in the cancer tissues, EC, and EU of patients with
EAOC (CCOC and EOC). The EC samples of the patients were stained with RRM2 and Ki-67, and the RNA
from FFPE tissue sections was extracted. The expression of RRM2 in the EC and cell proliferation of
EAOC and OE patients were analyzed. The results showed that the mRNA and protein expression levels of
RRM2 were related to the pathological features of the tumor. We believe that the overexpression of RRM2
may be a pathogenic factor leading to replication imbalance and error-prone replication in the dNTP pool,
thus promoting genomic instability and subsequent malignant transformation, which could lead to
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abnormal cell proliferation. Therefore, RRM2 may be used as a marker of OE malignant transformation,
which contribute to the research of the mechanism of the malignant transformation of OE. Nevertheless,
this mechanism requires further investigation.

Abbreviations
RRM2:ribonucleotide reductase M2;EC:ectopic endometrium;OE:ovarian endometriosis ;GEO:Gene
Expression Omnibus;EAOC:endometriosis-associated ovarian cancers ; IHC:immunohistochemistry;RT-
qPCR:real-time quantitative polymerase chain reaction;EU:eutopic
endometrium;EMS:endometriosis;CCOC:clear cell ovarian carcinoma ; EOC:endometrioid ovarian
carcinoma;DEGszzzz:differentially expressed genes;PPI:protein-protein interaction;RNR:Ribonucleotide
reductase; dNTP:ribonucleoside 5’-diphosphate to 2’-deoxyribonucleoside 5’-triphosphate;OIS:oncogene-
induced senescence ;FFPE:Formalin-�xed, para�n-embedded
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Figures

Figure 1

Identi�cation and screening of DEGs (a and b): Volcano plot of DEGs between OE tissues and normal
endometrial tissues in each dataset. (c and d): Volcano plot of DEGs between ovarian cancer tissues and
normal ovarian tissues in each dataset. P< 0.05 and |logFC| > 2 were considered as statistically
signi�cant. (e): Venn diagram for overlapping DEGs from selected datasets.
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Figure 2

PPI network and identi�cation of hub nodes (a): A total of 86 DEGs were visualized in the DEGs PPI
network complex: the nodes represent proteins,and the edges represent the interaction of the proteins. (b):
Top 5 hub nodes (TOP2A MKI67 RRM2 CCNB2 CDK1) identi�ed from the PPI network by using the
Degree method in plugin Cytohubba. The nodes color changes gradually from yellow to red in ascending
order according to the Degree ranking. (c): Hub gene(TOP2A MKI67 RRM2 CCNB2 CDK1) expression in
the GSE6008, GSE26712, GSE7305 and GSE7307.
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Figure 3

The expression of RRM2 in EU, EC,and EAOC cancer tissues from patient with CCOC and patient with EOC
(a): EU of patients with CCOC. (b): EC of patients with CCOC. (c): Cancerous tissues of patients with
CCOC. (d): EU of patients with EOC. (e): EC of patients with EOC. (f): Cancerous tissues of patients with
EOC. (original magni�cation ×400). Scalebars 50µm in (a–f)
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Figure 4

Expression of RRM2 in EC of EAOC and OE (a): IHC of RRM2 in EC from EAOC and OE patients. (b): The
immunohistochemical score of RRM2 in EC of 44 patients with EAOC and 44 patients with OE. Blue is low
expression, white is medium expression, and red is high expression. (c): Detection of mRNA level of RRM2
in EC of 15 cases of EAOC and 15 cases of OE by RT-qPCR. *** indicates P < 0.001
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Figure 5

Expression of RRM2 and Ki-67 in EC of EAOC from an EAOC patient (a): Expression of RRM2 in EC
patients with EAOC. (b): Expression of Ki-67 in EC patients with EAOC. (original magni�cation ×400).
Scalebars 50µm in (a and b)


