
Molecular Medicine REPORTS  25:  64,  2022

Abstract. The natural incidence of primary epithelial 
ovarian cancer (OVC) in adult female voles of some estab‑
lished strains of Microtus fortis is relatively high. M. fortis 
OVC has some pathological similarities to human epithelial 
OVC, therefore M.  fortis represents the latest and most 
valuable animal model for studying human OVC. The lack 
of available genetic information for M. fortis limits the use 
of common immunological methods; thus, high‑throughput 
sequencing technologies have been used to reveal the mecha‑
nisms of primary OVC in M. fortis. The individuals with 
cancer were diagnosed using histopathologic hematoxylin 
and eosin staining. The present study used RNA‑sequencing 
(RNA‑seq) technology to establish a de novo assembly of 
the M. fortis transcriptome produced 339,830 unigenes by 
the short reads assembly program Trinity. Comparisons were 
made between OVC and healthy ovarian tissue (OV) and 
between fallopian tube cancer (FTC) and healthy fallopian 
tube (FT) tissues using RNA‑seq analysis. A total of 3,434 
differentially expressed genes (DEGs) were identified in 
OVC tissue compared with OV tissue using RNA‑Seq by 
Expectation‑Maximization software, including 1,950 signifi‑
cantly upregulated and 1,484 significantly downregulated 
genes. There were 2,817 DEGs identified in the FTC tissues 
compared with the FT tissue, including 1,762 significantly 
upregulated and 1,055 significantly downregulated genes. 

Pathway enrichment analysis revealed that upregulated 
transcripts in the OVC vs. OV groups were involved in cell 
growth and proliferation‑associated pathways, whereas 
the downregulated DEGS in the OVC vs. OV groups 
were enriched in steroid biosynthesis‑related pathways. 
Furthermore, the tumor suppressor gene, p53, was down‑
regulated in the FTC and OVC compared with the FT and 
OV groups, respectively; whereas, genes that promoted cell 
migration, such as Ras‑related protein Rap‑1b, Ras homolog 
family member A and RAC1, were upregulated. In summary, 
to the best of our knowledge, the present study characterized 
the M. fortis de novo transcriptome of OV and FT tissues 
and to perform RNA‑seq quantification to analyze the differ‑
ences in healthy and cancerous OV and FT tissues. These 
results identified pathways that differed between cancerous 
and healthy M. fortis tissues. Analysis of these pathways may 
help to reveal the pathogenesis of primary OVC in M. fortis 
in future work.

Introduction

For worldwide, ovarian cancer (OVC) is the one of top 10 most 
common type of women cancer, while as the same common 
as in China (1). Early diagnosis of OVC is difficult to achieve, 
as the main symptoms are not OVC‑specific (2). Therefore, 
most patients with OVC are diagnosed with metastatic cancer, 
with a 5‑year survival rate of 29% (3,4). OVC can metastasize 
through two different mechanisms (5‑7): i) The primary tumor 
can expand and directly infiltrate adjacent organs, including 
the bladder and colon; or ii) cancer cells can become isolated 
from the primary tumor and spread to the peritoneal cavity, an 
event usually associated with the formation of ascites. OVC is 
easy to metastasize, and patients with OVC often present with 
advanced pelvic disease (8), including expansion of the cancer 
into the uterus, fallopian tubes and ovaries (9). In vivo animal 
models are essential tools for cancer research (10); they have 
enabled the identification of carcinogens, the development of 
cancer therapies (11) and high‑throughput drug screening (12), 
and improved our understanding of the molecular mechanisms 
of tumor growth and metastasis (13). 
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OVC models must be established to enhance our current 
understanding of the biological characteristics of OVC and 
to develop novel and improved therapeutics (14). Mice are 
often used as in  vivo models of human disease owing to 
high similarities of gene homologous. Previous experiments 
on Microtus fortis found that in some established strains the 
natural incidence of OVC in adult female voles is markedly 
higher than that exhibited in other animals in the Department 
of Laboratory Animal Science, Xiangya Medical College, 
Central South University (15). Through clinical and patholog‑
ical observations, it is demonstrated that M. fortis OVC shares 
a number of similarities with human OVC (16,17). To elucidate 
the underlying mechanisms of human OVC pathogenesis, the 
pathological characteristics and histological classification of 
spontaneous epithelial OVC in M. fortis can be used. 

Unlike mouse models, less available biological information 
is the limitation of M. fortis as a novel experimental animal 
model. It is therefore challenging to study the underlying 
mechanisms of primary OVC in M. fortis using techniques 
such as flow cytometry, western blotting and microar‑
rays (18). De novo RNA‑seq technology is useful to analyze 
gene expression and identify novel genes (19). Therefore, the 
present study aimed to sequence and compare the M. fortis 
transcriptomes in OVC and healthy ovarian (OV) tissues and 
between fallopian tube cancer (FTC) and healthy fallopian 
tube (FT) tissues, using Illumina sequencing platform. The 
results demonstrated the suitability of short‑read sequencing 
for de novo transcriptome assembly and for the annotation 
of genes expressed in a eukaryote with no previous genome 
information. The present study also identified differentially 
expressed genes (DEGs) between FTC and FT and between 
OVC and OV tissue samples. Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment 
analyses were performed to determine the functional relation‑
ships of the identified DEGs. The results demonstrated that 
cysteine‑rich angiogenic inducer 61 (CYR61), Ras‑related 
protein Rap‑1b (RAP1B), Ras homolog family member A 
(RHOA), RAC1 and BTG antiproliferation factor (BTG) 3 
may serve an important role in the pathogenesis of primary 
OVC in M. fortis.

Materials and methods

Animals and sample preparation. M. fortis, originating from 
the Dongting Lake area (Yueyang, China) were bred in the 
laboratory. All animals were raised in cages maintained 
in a 12‑h light/dark cycle at a temperature of 22±1.5˚C and 
50±5% relative humidity. Animals were fed with standard 
formula feed for M. fortis (sterilized by γ‑radiation from a 
Cobalt‑60 source) and sterile water. The housing environment 
was controlled by an automatic heating and ventilation device, 
and the bedding materials were sterilized in advance. During 
the pedigree breeding process, M. fortis were found to have 
OVC or FTC with an unstable ratio (~4%) as the number of 
animals with OVC or FTC changed in each generation. In the 
present study, a total of 110 M. fortis females were produced 
from the breeding process and four were obtained with cancer. 
The average age of the animals discovered with cancer was 
1 year while the average lifetime is 3‑4 years. The animals 
with cancer were observed to have ascites and sluggish 

movements (maximum weight gain 100 g; Fig. S1). M. fortis 
were euthanized by 4% isoflurane overdose, following an 
induction with 4% isoflurane, using an anesthesia machine 
(ABM model; Shanghai Yuyan Instruments Co., Ltd.); 
animals underwent prolonged exposure to 4% isoflurane to 
ensure death (>3 min). Death was verified when there was no 
breathing for >2 min and no blink reflex (20,21). All animal 
experiments were performed according to the Laboratory 
Animal Guidelines for Euthanasia (T/CALAS 31‑2017; 
Chinese Association for Laboratory Animal Sciences; 
http://www.calas.org.cn/index.php?m=content&c=index&a=s
how&catid=19&id=1007) within the recommendations of the 
Laboratory of Animal Welfare & Ethics Committee of China. 
The protocol was approved by the Laboratory Animal Welfare 
and Ethics Committee of Central South University (Changsha, 
China; approval no. 2018sydw0236). Cancerous and healthy 
tissues were collected from four animals with OVC and two 
healthy animals. Samples were stored in an ultra‑low tempera‑
ture freezer (‑80˚C). 

Pathological observations. For individuals with ascites, cancer 
was diagnosed using histopathologic hematoxylin and eosin 
(H&E) staining (Fig. S1). The fresh tissue was fixed with a FAA 
fixative solution (catalogue no. G1103‑500ML; ServiceBio, 
Inc.) for >24 h and then dehydrated by gradient alcohol in 
the dehydrator (Histocentre 3; Thermo Fisher Scientific, Inc.) 
and soaked in paraffin wax. The paraffin wax‑soaked tissues 
were cooled on a ‑20˚C freezing table and then sliced to of 
3 µm using a rotary microtome (Finesse E+; Thermo Fisher 
Scientific, Inc.). The slices were floated in 40˚C warm water to 
flatten the tissue and then baked in an oven at 60˚C 1 h. Slices 
were dried and then stored at room temperature. The sections 
were incubated with xylene for 40 min, absolute ethanol for 
10 min and 75% ethanol for 5 min, then washed with distilled 
water, stained with hematoxylin for 5 min and then differen‑
tiated with 1% hydrochloric acid and alcohol for 10 sec (all 
at room temperature). The slices were washed with distilled 
water, then returned to blue for 20 min at room temperature 
with 0.6% ammonia water and rinsed with running distilled 
water. Slices were separately dehydrated 5  min at room 
temperature with 85 and 95% alcohol in succession and then 
stained in eosin solution for 5 min. The slices were successively 
put into anhydrous ethanol 15 min and xylene 15 min at room 
temperature until they were transparent and were then sealed 
with neutral gum. All the above incubation, dewaxing and 
dyeing processes were performed at room temperature. The 
morphological changes in the tissues were observed under an 
optical light microscope for 22 fields (BX43; Olympus Corp.).

cDNA library construction and Illumina sequencing. Total 
RNA of 12 M. fortis ovary (two healthy and four cancerous) 
and fallopian tube (two healthy and four cancerous) tissue 
samples was extracted using the RNeasy mini kit (Qiagen 
GmbH). RNA degradation and contamination were moni‑
tored on 1% agarose gels. RNA purity was checked using a 
NanoPhotometer® spectrophotometer (Implen, Inc.). RNA 
concentration was measured using a Qubit® RNA Assay kit 
and a Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, 
Inc.). RNA integrity was assessed using the RNA Nano 6000 
Assay kit and the Agilent Bioanalyzer 2100 system (Agilent 
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Technologies, Inc.). A total amount of 1.5 µg RNA per sample 
was used as input material. Sequencing libraries were gener‑
ated using the NEBNext® Ultra™ RNA Library Prep kit for 
Illumina® (catalogue no. E 7530L; New England BioLabs, 
Inc.) according to the manufacturer's protocol. Briefly, mRNA 
was purified from total RNA using poly‑T oligo‑attached 
magnetic beads. mRNA was fragmented when mixed with 
fragmentation buffer. cDNA was synthesized using the 
mRNA fragments as templates. To select cDNA fragments of 
the right length, the library fragments were purified using the 
AMPure XP system (Beckman Coulter, Inc.). Subsequently, 
3 µl USER enzyme (New England BioLabs, Inc.) was incu‑
bated with the size‑selected, adaptor‑ligated cDNA at 37˚C for 
15 min followed by 5 min at 95˚C prior to PCR. PCR was 
performed using Phusion High‑Fidelity DNA polymerase 
(catalogue no. M0530L; NEB, Inc.), universal PCR primers 
and PCR index (Table SI), following initial denaturation (94˚C, 
1 min); 12 of cycles of denaturation (94˚C, 30 sec), annealing 
(58˚C, 30 sec) and elongation (72˚C, 30 sec), and final exten‑
sion (72˚C, 2 min). Finally, products were purified (AMPure 
XP system) and library quality was assessed using the Agilent 
Bioanalyzer 2100 system. From these libraries (3‑7 ng/µl, 
measured by Qubit), 150 bp paired‑end and strand‑specific 
sequence reads were produced using the Illumina HiSeq X 
Ten (Illumina, Inc.) at E‑GENE Co., Ltd.

Quality control and de novo assembly for transcriptome 
analysis. The raw reads were initially processed using Illumina 
sequencing, aforementioned. Quality control of raw reads was 
performed using FastQC (version 0.11.5; www.bioinformatics.
babraham.ac.uk/projects/fastqc), and clean reads were obtained 
following the removal of low‑quality reads with Trimmomatic 
(version  0.36; https://github.com/usadellab/Trimmomatic) 
software (22). Subsequently, de novo transcriptome assembly 
was performed using the short reads assembly program, 
Trinity (version 2.3.2, https://github.com/trinityrnaseq/trinity‑
rnaseq/wiki) (23). The final sequences obtained after assembly 
were termed unigenes. Clean reads were mapped to the de novo 
assembly transcriptome reference sequences of M.  fortis 
using Bowtie2 (version 2.4.1, http://bowtie‑bio.sourceforge.
net/bowtie2/index.shtml). The expression levels of unigenes 
were calculated using the RSEM algorithm. The hierarchical 
cluster analysis was performed via function hclust in vegan R 
package (version 2.51. http://www.R‑project.org/) (24).

Functional annotation. TransDecoder (version 2.0.1; github.
com/TransDecoder/TransDecoder/wiki) was used to identify 
open reading frames (ORFs) and to predict potential coding 
sequences in the assembled unigenes. After ORFs were 
extracted from the assembly, the Trinotate (version  2.0.2 
github.com/Trinotate/Trinotate) pipeline was used to annotate 
the M. fortis transcript ORF dataset. Both nucleotide tran‑
scripts and protein sequences were used to search against the 
UniProt Knowledgebase (KB)/Swiss‑Prot databases (www.
uniprot.org), using basic local alignment search tool BLASTx 
and BLASTp [version 2.2.28+; cut‑off level (E‑value), 1x10‑5], 
respectively. The UniProtKB/Swiss‑Prot database is a collec‑
tion of functional information on proteins, with accurate, 
consistent and rich annotation. Protein domains were annotated 
using the Pfam domain database with HMMER (version 3.1, 

http://www.hmmer.org/) (25). Potential signal peptides were 
predicted using SignalP (version 4.1) (26). All M. fortis tran‑
scriptome annotations were loaded into the SQLite database 
(https://www.sqlite.org/index.html) and the annotated results 
were exported to an excel file.

Abundance estimating and screening of DEGs. The expression 
of each unigene was quantified by RNA‑seq quantification anal‑
ysis using RNA‑Seq by Expectation‑Maximization (RSEM) 
software (version 1.2.31, https://github.com/deweylab/RSEM). 
Unigenes that were expressed at low levels (FPKM in all 
samples <1.0) were removed from the database. DEGs between 
OVC and OV and between FTC and FT tissues were deter‑
mined using the DESeq2 R package (27) (q‑value <0.001; log2 
fold‑change >1). GO terms (geneontology.org) were distrib‑
uted into ‘Biological Processes’ (BP), ‘Cellular Components’ 
(CC) and ‘Molecular Functions’ (MF). KEGG (www.kegg.jp) 
is the main public database related to pathways, usually used 
for enrichment analysis of DEGs. Subsequently, GO term 
and KEGG pathway enrichment analyses for the DEGs were 
executed using GOstats (version 2.50.0, http://bioconductor.
riken.jp/packages/release/bioc/html/GOstats.html) and 
GSEABase (version 1.46.0, http://bioconductor.riken.jp/pack‑
ages/3.0/bioc/html/GSEABase.html) packages with P<0.01 as 
a threshold, according to guidance from Trinity.

Results

Illumina sequencing and de novo transcriptome assembly. 
To obtain an overview of the M.  fortis gene expression 
profile, cDNA from four OVC, two OV, four FTC and two 
FT tissues was generated and sequenced using the Illumina 
sequencing platform. After removing the adaptor sequences 
and low‑quality reads, 331,138,454 clean paired‑end reads 
were obtained from the 12 sequenced samples (average size, 
7.86±1.06 Gb). The average GC content and average Q30 
values were 48.67 and 96.72%, respectively (Table SII). The 
clean reads were assembled using Trinity software. A total 
of 521,853 contigs and 339,830 unigenes (average length, 
874.6 bp; N50, 1,444 bp) were obtained (Table SIII). The read 
mapping ratio of all samples was >80% (Fig. 1A). Density 
analysis of all unigene expression levels in almost all samples 
displayed a similar expression pattern except FTC4, while the 
lower expression level genes of FTC4 were more compared 
with the other samples (Fig. 1B). After removing low expres‑
sion (FPKM <1.0 in all samples) unigenes, 104,443 unigenes 
remained. Cluster analysis indicated that there were not only 
differences in expression between healthy and cancerous 
tissues, but also between different organs (Fig. 1C).

Functional annotation and classification of assembled 
transcripts. To annotate the unigenes, sequences of unigenes 
were searched using BLASTx against the Swiss‑Prot protein 
and Pfam databases with a cut‑off E‑value of 1x10‑5. A total 
of 44,511 (42.62%) genes and 13,949 (13.35%) unigenes were 
identified as significant hits using the respective databases 
(Table SIV). These annotated results demonstrated that the 
annotated sequences percentages of species, Mus musculus 
(52.25%), Homo  sapiens (13.84%) and Rattus  norvegicus 
(13.48%) were highly homologous with M.  fortis. In the 
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GO database 40,725 unigenes were annotated to 15659 GO 
number. Among these annotated unigenes, 11,277 (27.69%) 
were categorized as cytoplasm belonged to CC terms, 9,017 
(22.14%) as nucleus belonged to CC, and 8,935 (21.94%) as 
metal ion binding belonged to MF (Table SV). 

In the present study, 21,206 unigenes were mapped to 479 
KEGG pathways (Table SVI), including ‘chromosome and 
associated proteins’ (2,148 unigenes to 734 koIDs; 10.13% 
of sequences), ‘membrane trafficking’ (2101 unigenes to 
547 koIDs; 10.40% of sequences), ‘ubiquitin system’ (1,830 
unigenes to 548 koIDs; 8.63% of sequences), ‘exosome’ (1,725 
unigenes to 508 koIDs; 8.13% of sequences), ‘transcription 

factors’ (1,222 unigenes to 461 koIDs; 5.78% of sequences), 
‘transporters’ (1107 unigenes to 496  koIDs; 5.22% of 
sequences), ‘protein kinases’ (1042 unigenes to 367 koIDs; 
4.91% of sequences) ‘peptidases’ (983 unigenes to 397 koIDs; 
4.64% of sequences), ‘Mitochondrial biogenesis’ (982 unigenes 
to 230 koIDs; 4.63% of sequences) and ‘pathways in cancer’ 
(922 unigenes to 346 koIDs; 4.35% of sequences). Out of the 
479 KEGG pathways, 16 were identified as being involved 
in cancer, including, ‘pathways in cancer’ (922 unigenes to 
346 koIDs; 4.35%), ‘proteoglycans in cancer’ (426 unigenes to 
143 koIDs; 2.01%), ‘microRNAs in cancer’ (297 unigenes to 
115 koIDs; 1.40%), ‘gastric cancer’ (247 unigenes to 90 koIDs; 

Figure 1. Basic transcriptome and unigenes profiles. (A) Clean reads aligned to de novo assembly transcriptomes. (B) Density plots of unigene expression levels 
in all samples. (C) Cluster analysis of all samples. FT, healthy fallopian tubes; FTC, fallopian tube cancer; OV, healthy ovarian tissue; OVC, ovarian cancer. 
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1.16%) and ‘transcriptional misregulation in cancer’ (246 
unigenes to 125 koIDs; 1.16%). The catalog of the identi‑
fied unigenes provided a broad gene transcription profile of 
M. fortis and a foundation for the screening of DEGS to reveal 
the underlying mechanisms of primary OVC in M. fortis.

DEGs involved in M. fortis primary OVC. Identification and 
characterization of DEGs derived from comparing FTC with 
FT and OVC with OV group were crucial for revealing the 
underlying mechanisms of primary OVC. To investigate the 
DEGs, RNA‑seq technology was used. Clean reads from 
the four M. fortis tissue groups were mapped to the de novo 
assembly transcriptome reference sequences of M.  fortis 
using Bowtie2 (version 2.4.1, http://bowtie‑bio.sourceforge.
net/bowtie2/index.shtml)  (28). The expression levels of 
unigenes were calculated using the RSEM algorithm (29). 
In the present study, bioinformatics analysis identified 3,434 
DEGs between the OVC and the OV groups (Table SVII), 
including 1,950 significantly upregulated and 1,484 signifi‑
cantly downregulated genes (Fig.  2A). In the comparison 
between the FTC and the FT group, 2,817 DEGs were 

identified (Table SVIII), including 1,762 significantly upregu‑
lated and 1,055 significantly downregulated genes (Fig. 2B). 
The number of overlapping DEGs between fallopian tube 
tissues and ovarian tissues was 426 (Fig. 2C).

In the OVC vs. OV group, there were seven 
upregulated expression genes, containing TNNC1, 
RAP1B,RAC1,HA12,BTG3,CYR61 and RHOA, while only 
one downregulated gene, P53. Among the seven upregu‑
lated expression genes, five significantly upregulated DEGs 
were identified that were related to OVC cell proliferation 
and migration: CYR61, RAP1B, RHOA, RAC1 and BTG3. In 
the FTC vs. FT group, two significantly upregulated DEGs, 
troponin C (TNNC1) and hyaluronan dodecasaccharides 
(HA12) were identified (Fig. 3). Overexpression of TNNC1 
may be beneficial for cell transfer (30) and high expression of 
HA12 may promote endothelial cell morphogenesis (31).

KEGG functional enrichment analysis of DEGs. Investigating 
the statistically enriched KEGG pathways related to the DEGs 
revealed that the most significant and most frequently enriched 
terms for upregulated unigenes in the OVC compared with the 

Figure 2. DEGs between healthy and cancerous ovarian and fallopian tissues. Volcano plots indicating the upregulated (red dots) and downregulated (blue dots) 
DEGs between (A) FTC and FT groups and (B) OVC and OV groups. The threshold for these data are q‑value <0.001 and log2(fold‑change) >1. (C) Number 
of overlapping DEGs between cancerous and healthy tissues. DEGs, differentially expressed genes; FT, healthy fallopian tube; FTC, fallopian tube cancer; 
OV, healthy ovarian tissue; OVC, ovarian cancer; p‑adj, adjusted P‑value. 
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Figure 3. Violin plots of DEGs related to cancer development. DEGs analyzed include CYR61, RAP1B, RHOA, RAC1, BTG3, TNNC1, HA12 and p53 
(different transcripts could be annotated with the same gene symbol). BTG3, BTG antiproliferation factor 3; CYR61, cysteine‑rich angiogenic inducer 61; 
DEGs, differentially expressed genes; FT, healthy fallopian tubes; FTC, fallopian tube cancer; HA12, hyaluronan dodecasaccharides; RAP1B, Ras‑related 
protein Rap‑1b; RHOA, Ras homolog family member A; OV, healthy ovarian tissue; OVC, ovarian cancer; TNNC1, troponin C.  
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OV group were signaling pathway, cell growth and prolif‑
eration‑associated terms, including ‘cytoskeleton proteins’, 
‘cellular senescence’, ‘cell cycle’, ‘cytokines and growth 
factors’, ‘exosome’, ‘cytokine‑cytokine receptor interaction’, 
‘cell adhesion molecules (CAMs)’, ‘hippo signaling pathway’ 
and ‘TNF signaling pathway’ (Fig. 4A; Table SIX). Moreover, 
the downregulated DEGs in the OVC compared with the OV 
group were enriched in steroid biosynthesis‑related terms, 
including ‘steroid biosynthesis’, ‘steroid hormone biosynthesis’ 
and ‘ovarian steroidogenesis’ (Fig. 4B; Table SX). In the FTC 
vs. FT group comparisons, upregulated DEGs were mainly 
enriched in the terms ‘exosome’ and ‘messenger RNA biogen‑
esis’ (Fig.  4C; Table SXI), whereas downregulated DEGs 
were mainly enriched in the terms ‘Ras signaling pathway’, 
‘cGMP‑PKG signaling pathway’, ‘G protein‑coupled recep‑
tors’, ‘calcium signaling pathway’, ‘cAMP signaling pathway’ 
and ‘Wnt signaling pathway’ (Fig. 4D; Table SXII).

Discussion

The pathogenesis of OVC is complicated and, therefore, 
improved animal models are required to investigate the under‑
lying mechanisms of OVC. Nowadays, more induced and less 
spontaneous models of small animals were used for disease 

researches, however spontaneous cancer model similar with 
human metabolism can offer more translatable results (32). 
In the present study, four M. fortis females with spontaneous 
OVC were identified, some of which were hereditary. The 
cancerous individuals displayed ascites and histopathological 
H&E staining demonstrated the presence of papillary cancer 
cell structures in the ovarian tissues. Spontaneous cancer 
models are valuable and understanding the pathogenesis of 
spontaneous OVC in M. fortis at the genetic level is of great 
importance to the stabilization of this spontaneous ovarian 
cancer animal model.

During the DEG analysis, biomarkers related to the 
development of cancer were identified. p53, located in the 
chromosome 17 (17p13.1) and known as cancer suppressor 
gene, can determine the degree of DNA variation (33). If the 
variation is small, cell regeneration may be promoted; if the 
variation is large, apoptosis may be induced. Furthermore, the 
induction of apoptosis is closely related to cell proliferation and 
differentiation, with 50% of human tumors possessing a muta‑
tion in p53 (33). However, CYR61 can reduce p53 promoter 
activity, thereby reducing the expression level of p53 (34). In 
the present study, the expression of p53 (TRINITY_DN3154_
c1_g1 and TRINITY_DN8927_c0_g1) in cancerous tissues 
(both OVC and FTC) was also lower compared with normal 

Figure 4. KEGG enrichment analysis of DEGs. (A) KEGG enrichment analysis of upregulated DEGs between OVC and OV groups. (B) KEGG enrichment 
analysis of downregulated DEGs between OVC and OV groups. (C) KEGG enrichment analysis of upregulated DEGs between FTC and FT groups. (D) KEGG 
enrichment analysis of downregulated DEGs between FTC and FT groups. AGE, advanced glycation end products; cGMP, cyclic guanosine monophosphate; 
DEGs, differentially expressed genes; FT, healthy fallopian tubes; FTC, fallopian tube cancer; GTP, guanosine triphosphate; KEGG, Kyoto Encyclopedia of 
Genes and Genomes; NOD, nucleotide‑binding oligomerization domain; OV, healthy ovarian tissue; OVC, ovarian cancer; PKG, protein kinase G; PPAR, 
peroxisome proliferator‑activated receptor; RAGE, receptor for advanced glycation end products. 
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tissues. This suggested that in OVC tissues, CYR61 may 
increase cell proliferation by inhibiting the expression of p53.

Tumor invasion and metastasis, which are both hallmarks 
of tumor malignancy (35), frequently coincide with the loss of 
E‑cadherin‑mediated cell‑cell adhesion (36). Previous studies 
have shown that the overexpression of RHOA (37), RAP1B (38) 
and RAC1 (39) is beneficial for tumor invasion. In the present 
study, RAP1B, RHOA and RAC1, were markedly upregulated 
in the OVC group compared with the OV group, which indi‑
cated that these genes may serve a key role in promoting cell 
metastasis in OVC tissues. Previous studies have reported that 
BTG3 can inhibit cell proliferation and metastasis, therefore 
affecting cancer development (40‑42). However, it has been 
demonstrated that mRNA expression levels of transducer of 
ERBB‑2,1 (TOB1) and BTG2 are decreased in most types 
of cancer compared with healthy tissues, whereas BTG3 is 
upregulated (43); in the present study, the gene expression of 
BTG3 was upregulated in both OVC and FTC tissues. Further 
analysis of CYR61, RAP1B, RHOA, RAC1 and BTG3 may 
help reveal the underlying mechanisms of primary OVC. 

As M. fortis does not yet have a completely sequenced 
genome, the present study employed de novo RNA‑seq tech‑
nology to identify DEGs. An unclear exon and intron structure 
and the poor preservation state of the residual RNA led to 
a lack of molecular biology verification experiments for the 
identified DEGs. In future work, following the ongoing study 
of the de novo assembly of the M. fortis genome, molecular 
biology verification experiments will be performed and 
molecular breeding technology (using DNA markers that 
are tightly linked to phenotypic traits to assist in a selection 
scheme for a particular breeding objective) will be employed 
to build a stable natural OVC incidence model of M. fortis.

In summary, to the best of our knowledge, the present 
study was the first to characterize the M. fortis de novo tran‑
scriptome and to perform RNA‑seq analysis to determine the 
genetic differences between OVC, OV, FTC and FT animal 
groups. The results demonstrated that the enriched biological 
pathways differed between cancerous and healthy tissues. 
Future analysis of these pathways will help to further reveal the 
pathogenesis of primary OVC in M. fortis. The some DEGs in 
this study also were reported as marker genes associated with 
human OVC, such as CYR61 (44), RAP1B (45), RHOA (46), 
RAC1 (47) and BTG3 (48). Hence, M. fortis could be used to 
better understand human OVC.
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