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Abstract

Background: Necroptosis is a programmed necrotic cell death, in which dying cells rupture and release intracellular components that
trigger a proinflammatory response. The current study aimed at probing the circular RNA (circRNA)-mediated regulatory mechanisms
in necroptosis in premature ovarian failure (POF). Methods: CircRNA sequencing analysis was conducted in ovarian tissues of control
and POF rats and transcriptome microarrays were acquired from the GSE33423 dataset. Differential expression analysis of circRNAs
and mRNAs was executed between the POF and control data. Both a necroptosis-based circRNA-microRNA (miRNA)-mRNA net-
work and a protein—protein interaction (PPI) network were established. Then, the functional annotation and immunological traits were
analyzed. Results: Totally, 1266 upregulated and 1283 downregulated circRNAs as well as 1101 upregulated and 1168 downregu-
lated mRNAs were determined in the POF rats versus the controls. The differentially expressed mRNAs predominantly correlated
with necroptosis. The circRNA-miRNA-mRNA networks of downregulated necroptosis genes (comprising rmo_circRNA 004995-
mo-miR-148b-5p-H2afy2, mo circRNA 016998-rno-miR-29a-5p-Hmgb1, and mo_circRNA 017593-rmo-miR-29a-5p-Hmgbl) and
upregulated necroptosis genes (comprising rno_circRNA _015900-rno-miR-935-Stat1, rno_circRNA _007946-rno-miR-328a-3p-StatSa,
mo_circRNA 007947-rno-miR-328a-3p-Stat5a, rno_circRNA 005064-rno-miR-18a-5p-Statl, mo_circRNA 005064-rno-miR-18a-5p-
Stat5a, rno_circRNA_005115-rno-miR-22-3p-Statl, rno_circRNA_009028-rno-miR-342-5p-Statl, rno_circRNA 011240-rno-miR-
1224-Stat5a, rno_circRNA_016078-rno-miR-711-Stat5a) were built. POF-specific necroptosis genes (STATI, STAT5A, PLA2G4A,
HMGILI, HMGBI, AGER, EGFR, HDAC7, IFNAI, ILIORB, IL27RA, PYGL, SOCSI, TRADD, CXCL10, DDX5, EZH2, FADS2,
FER, H2AFY2, HISTIH2AF, IFI44L, IL27, IRGM, MX1, NFKB2, PAFAH2, PEMT, PGM2L1, PGR, PHKA2, and PLBI) were selected
since they displayed notable associations with most immune cells, immune checkpoints, chemokines, human leukocyte antigen (HLA)
molecules, and immune receptors. Conclusions: Altogether, we proposed the presence of widespread regulatory mechanisms of circR-
NAs in necroptosis and demonstrated that altered circRNA biogenesis might contribute to POF by affecting necroptosis.
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1. Introduction Circular RNAs (circRNAs) are a novel class of RNA

Premature ovarian failure (POF) is a gynecological molecules that possess a covalently closed circular structure
endocrine disease, which is characterized by mature folli- and the absence of a 5'-cap and 3'-poly(A) tail, thereby of-
cle deficiency in women under 40 years of age, who also fering resistance to RNA exonuclease-induced degradation
have reduced estrogen levels and elevated gonadotropins [.6]- CircRNAs are specifically abun.dant in cell types aI.1d
[1]. The global incidence of POF is 1%-3%, while there tissues during development [7]. Despite the synthesis of cir-
has been a gradual increase in recent years [2]. Despite cRNAs in the nucleus, they are principally localized in the
the influence of POF in a small percentage of women, ev-  cytoplasm [8]. CircRNAs are capable of binding distinct
idence shows that it appears to correlate to mortality [3]. forms. and numbers of mlcro.RNAs. (mlRNA.s).as well as
Chemotherapy-induced granulosa apoptosis is a primary negatively modulate modulating miRNA activity through
etiology of POF [4], which remains one of the most preva- competitive miRNA-mRNA binding [9]. Accumulated ev-
lent causes of female infertility. Currently, hormone re- idence demonstrates that circRNAs display notable regula-
placement treatment represents the major therapeutic op- tory functions through (i) binding to the host genes at their
tion for POF; however, it is accompanied by severe side synthesis locus and causing transcriptional pausing or ter-

effects [5]. Hence, more potent therapeutic approaches are ~ mination; (ii) combining with Ul snRNP and interacting

required. with Pol II to improve parental gene expression; (iii) act-
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ing as miRNA sponges and regulating the miRNA-targeted
mRNAs; (iv) interacting with proteins; (v) directly recruit-
ing ribosomes and triggering translation, etc.; thus, par-
ticipating in multiple physiological and pathophysiological
processes in a variety of human diseases [ 10—12]. Nonethe-
less, to date, no studies have unveiled the roles of circRNAs
in POF.

Necroptosis is a caspase-independent form of pro-
grammed necrotic cell death, which presents the features
of an increase in cell volume, swelling of organelles, and
the rupturing of the plasma membranes together with the
loss of intracellular content [13]. Necroptosis is regu-
lated by RIPK1 kinase, together with RIPK3 kinase and
MLKL pseudo-kinase, and is accompanied by the release
of damage-associated molecular patterns and cytokines,
which triggers a 2proinflammatory response [14]. Evi-
dence proves that necroptosis is a highly regulated and or-
chestrated process, which plays fundamental physiological
functions in development and tissue homeostasis [15]. Dys-
regulation of necroptosis has been detected in diverse hu-
man diseases, including POF [16]. However, the molec-
ular mechanisms underlying necroptosis in POF are still
indistinct. Several circRNAs have been discovered to
participate in necroptosis [17]. For instance, circRNA
CNEACR affects necroptosis of cardiomyocytes via attenu-
ating Foxa2 activity [17]. Nonetheless, the regulatory func-
tions of circRNAs in necroptosis during POF remain indis-
tinct. Herein, comprehensive research was implemented to
probe for the circRNA regulatory mechanisms involved in
necroptosis.

2. Materials and Methods
2.1 Experimental Animals and POF Establishment

All experimental procedures were approved by the
Animal Ethical and Welfare Committee of Zhejiang Chi-
nese Medical University (IACUC-20210503-05). A total
of 6 female Sprague Dawley (SD) rats (3-week-old, and 50
+ 5 g in weight) had free access to adequate food and wa-
ter and were adaptively fed for 1 week. All rats were ran-
domly separated into POF and control groups. To estab-
lish POF models, rats were administered intraperitoneally
with 80 mg/kg 4-vinylcyclohexene diepoxide (VCD) solu-
tion, which had been dissolved in 2.5 mL/kg/day sesame
oil, for 15 consecutive days. Control rats did not receive
any treatment. The ovaries were collected under anesthesia
45 days after the initial treatment, and stored at —80 °C.

2.2 CircRNA Sequencing

RNA-seq analysis of the ovaries was conducted by
Aksomics Inc. (Shanghai, China). Briefly, total RNA
was extracted using TRIzol reagent (Invitrogen, catalog
number15596026, Thermo Fisher, New York, NY, USA),
and twice treated with DNase I (Ambion, catalog num-
ber EN0521, Thermo Fisher, New York, NY, USA) for 30
min at 37 °C. Next, 3 ug extracted RNA was subjected

to RiboMinus Eukaryote Kit (catalog number A15020, life
technologies, New York, NY, USA) to remove any ribo-
somal RNA, and subsequently treated with RNase R (cata-
log number RNR07250, epicentre, Epicentre Biotechnolo-
gies, Madison, WI, USA). Purified RNA was treated with
RNase R and purified with Trizol. Next, a RNA sequenc-
ing library was constructed, and raw sequencing data were
achieved on the Illumina NovaSeq 6000. Quantile normal-
ization and data preprocessing were performed using the
limma computational approach [18]. Our circRNA RNA-
seq data were uploaded into the Gene Expression Omnibus
repository with the accession number GSE221728.

2.3 Dataset Acquisition

Transcriptome microarrays from POF granulosa cells
(n = 3) and controls (n = 3) were acquired from the
GSE33423 dataset in the Gene Expression Omnibus repos-
itory [19]. This dataset was based on the Affymetrix plat-
form.

2.4 Differential Expression Analysis

Expression levels of circRNAs and mRNAs were
compared between POF and control groups using limma
[18]. For differentially expressed circRNAs, the criteria
were set as |fold change (FC)| >1.5 and p-value < 0.05.
Furthermore, mRNAs with differential expressions were
screened based upon |FC| >1.2 and p-value < 0.05.

2.5 Prediction of circRNA-miRNA and miRNA-mRNA
Interactions

The CircAtlas 2.0 database, which is an integrated re-
source of 1,007,087 circRNAs from 1070 RNA-seq profiles
acquired from 19 normal tissue specimens among 6 verte-
brate species [20], was adopted to infer the interactions be-
tween circRNAs and miRNAs. Through utilizing three on-
line databases comprising miRanda [21], miRDB [22], and
miTarBase [23], miRNAs that targeted down- or upregu-
lated mRNAs were estimated and intersected through any
two databases. After integrating the circRNA-miRNA and
miRNA-miRNA relationships, Cytoscape software (ver-
sion3.7.2, The Cytoscape Consortium, San Diego, CA,
USA) was used to establish the competitive endogenous
RNA (ceRNA) networks [24].

2.6 Protein—Protein Interaction

To evaluate the interactions between proteins derived
from mRNAs with differential expression, they were im-
ported into the STRING online tool using the criteria of
required confidence (combined score) >0.2 [25]. Protein—
protein interaction (PPI) network and subnetwork were con-
structed using Cytoscape software [24].

2.7 Functional Annotation Analysis

Gene Ontology [26] and Kyoto Encyclopedia of
Genes and Genomes (KEGG) [27] analyses were used to
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analyze the functional annotations of mRNAs with differ-
ential expression or those from the ceRNA network. A p-
value was computed by Fisher’s exact test. KEGG path-
ways were integrated and visualized using the Pathview
web tool [28].

2.8 Gene Set Enrichment Analysis

To gain insights into the biological processes as well as
to predict the signaling pathways underlying POF-specific
necroptosis genes, gene set enrichment analysis (GSEA)
was performed to determine the differences in predefined
gene sets between low and high expression groups us-
ing GSEA software (GSEA4.3.2, Broad Institute, Mas-
sachusetts, USA), which was acquired from the Broad Insti-
tute website, to divide the median expression value of each
gene [29]. Terms with a false discovery rate (FDR) <0.05
were regarded as being statistically different.

2.9 Analysis of Immunological Traits

The abundance levels of 28 immune cell types were
estimated by conducting single-cell GSEA (ssGSEA) [30].
Marker genes of immune signatures were acquired from
previously reported literature [31,32]. Then, the transcrip-
tional levels of immune checkpoints, chemokines, HLA
molecules, and immune receptors were measured.

2.10 Statistical Analysis

Student’s ¢ test was performed to compare the two
groups. Pearson’s test was executed for correlation analy-
sis. All statistical analyses were implemented utilizing ap-
propriate R packages, and a p-value < 0.05 was regarded
as being statistically different.

3. Results

3.1 Characterization of circRNAs with Differential
Expression in POF

To identify the circRNAs linked to POF, the current
study implemented circRNA sequencing analysis of POF
(n = 3) and control (n = 3) rats. CircRNAs with differen-
tial expression in POF versus controls were screened based
upon the criteria of |FC| >1.5 and p-value < 0.05. Con-
sequently, 1266 circRNAs displayed notable upregulation
in POF, with 1283 displaying downregulation (Fig. 1A—C).
Especially, according to |[FC|, we listed the top twenty up-
and downregulated circRNAs in POF versus the controls
(Fig. 1D; Table 1).

3.2 Characterization of mRNAs with Differential
Expression in POF

Using the GSE33423 dataset, we acquired transcrip-
tome microarrays of granulosa cells from POF rats (n = 3)
and controls (n = 3). In accordance with the criteria of |FC]|
>1.2 and p-value < 0.05, 1101 upregulated and 1168 down-
regulated mRNAs were determined in POF versus the con-
trols (Fig. 2A—C). Fig. 2D and Table 2 exhibit the top twenty
up- and downregulated mRNAs in POF.
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Table 1. The top twenty up- or down-regulated circRNAs in
Premature Ovarian Failure (POF).

CircRNA FC p-value POF Control

rmo_circRNA_000533 8.817872 0.011922 11.59819 8.45776
rno_circRNA_009919 7.982057 0.044604 10.1221 7.125338
rno_circRNA_006470 7.455418 0.011668 11.74922 8.850927
rno_circRNA_013584 4.813815 0.016983 8.657626 6.390445
rno_circRNA_006302 4.755354 0.006808 9.295672 7.046120
rmo_circRNA_010219 4.486212 0.017652 9.214423 7.048926
rmo_circRNA_012252  4.450755 0.002685 10.29526 8.141205
rno_circRNA_016249 4.428738 0.017816 10.35168 8.204789
rmo_circRNA_ 000793 4.382331 0.029822 13.02908 10.89738
rmo_circRNA_011190 4.009956 0.003978 14.4195 12.41592
rno_circRNA_014301 4.009926 0.005692 12.50601 10.50243
rno_circRNA_000744 3.89185 0.036171 7.79587 5.835414
rno_circRNA_015435 3.838654 0.010209 8.26612 6.325519
rmo_circRNA_010731 3.705022 0.006016 10.34953 8.460048
rno_circRNA_004711 3.659872 0.043366 13.83036 11.95857
rmo_circRNA_003801 3.649891 0.004511 9.219965 7.352112
rno_circRNA_014213 3.621472 0.009671 8.726146 6.86957
rmo_circRNA_ 014697 3.518985 0.009275 8.307949 6.492789
rmo_circRNA_016250 3.501406 0.016538 9.076473 7.268539
rmo_circRNA_013867 3.305436 0.042433 9.29857 7.573730
rno_circRNA_010908 —4.061626 0.04952 8.885084 10.90714
rno_circRNA_010915 -3.991287 0.041435 9.066669 11.06352
rno_circRNA_016089 -3.704793 0.01211 10.07340 11.96279
rno_circRNA_010899 -3.514956 0.030103 8.954184 10.76769
rno_circRNA_008876 —-3.421548 0.014662 6.818012 8.592661
rno_circRNA_016117 -3.400489 0.001901 10.14188 11.90762
rno_circRNA_ 010902 -3.381989 0.037659 7.887483 9.645355
rmo_circRNA_014760 —3.230040 0.006623 11.50289 13.19444
rno_circRNA_002963 —-3.142970 0.021231 5.789300 7.441429
rno_circRNA_010913 -3.099887 0.036277 8.177894 9.810110
rno_circRNA_005883 —3.086863 0.026067 10.17528 11.80142
rno_circRNA_005882 -3.081514 0.033885 10.29693 11.92057
rno_circRNA_005660 —-3.072068 0.009121 8.645405 10.26462
rno_circRNA_010906 -2.986607 0.037284 8.198861 9.777369
rno_circRNA_003480 —2.986285 0.039800 9.770678 11.34903
rmo_circRNA_012677 -2.983265 0.044019 9.761154 11.33805
rmo_circRNA_017723 —2.959720 0.021731 10.71122 12.27668
rmo_circRNA_014763 —2.914996 0.01344 11.61251 13.15600
rno_circRNA_007793 —2.896697 0.031253 10.58902 12.12343
rno_circRNA_016115 -2.837164 0.017310 8.701161 10.20561

FC, fold change.

3.3 Exploration of Biological Significance of mRNAs with
Differential Expression in POF

Next, the current study further probed the biological
significance of mRNAs with abnormal expressions. As il-
lustrated in Fig. 3A, diverse metabolic (carboxylic acid,
lipid, organic acid, cholesterol, sterol, efc.) and biosyn-
thetic (steroid, isoprenoid, lipid, cholesterol, etc.) pro-
cesses were notably enriched. In addition, nRNAs with dif-
ferential expression were especially linked to intracellular
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Fig. 1. Characterization of circular RNAs (circRNAs) with differential expression in premature ovarian failure (POF) rats (n

= 3) versus controls (n = 3). (A,B) Scatter and volcano plots illustrate the circRNAs with differential expression in POF compared to

controls based upon the criteria of |FC| >1.5 together with p-value < 0.05. Blue denotes downregulated circRNA, while red indicates

upregulated circRNA. (C) Heatmap illustrates the expression levels of circRNAs with differential expression across POF and control

specimens. Colors from blue to red represent downregulated to upregulated circRNA levels. (D) Heatmap depicts the top twenty up- or

downregulated circRNAs in POF compared to controls.

membrane-bounded organelles (Fig. 3B) and transaminase
activity (Fig. 3C). For KEGG pathway enrichment analysis,
metabolic (cysteine and methionine, 2-Oxocarboxylic acid,
phenylalanine, efc.), biosynthesis (steroid, terpenoid back-
bone, valine leucine and isoleucine, phenylalanine tyrosine,
tryptophan, etc.), and necroptosis pathways were promi-
nently correlated to mRNAs with differential expression
(Fig. 3D). The accumulated evidence unveiled that necrop-
tosis participates in gynecological endocrine diseases [33].

Nonetheless, no current studies have uncovered the func-
tion of necroptosis in POF. Notably, the necroptosis path-
way was visualized, and among mRNAs with differential
expression, IFNA1, TRADD, H2AFY2, STAT5A, SPATA2,
PYGL, PPID, PLA2G4A, and HMGB1 were enriched in this
pathway (Fig. 3E), thereby demonstrating the potential im-
plication of necroptosis in POF.
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Fig. 2. Characterization of mRNAs with differential expression in POF (n = 3) versus controls (n = 3) in the GSE33423 dataset.

(A,B) Scatter and volcano plots displaying the mRNAs with differential expression in POF compared to control specimens after applying
the criteria of |[FC| >1.2 together with p-value < 0.05. Blue represents downregulated mRNA and red indicates upregulated mRNA. (C)
Heatmap exhibits the expression levels of mRNAs with differential expression across POF and controls. Colors from blue to red denote

downregulated to upregulated mRNA levels. (D) Heatmap illustrates the top twenty up- or downregulated mRNAs in POF versus control

specimens.

3.4 Establishing Necroptosis-Based
circRNA-miRNA-mRNA Networks in POF

Next, the circRNA-targeted miRNAs with differential
expressions were inferred from the CircAtlas 2.0 database.
Totally, there were 82 circRNA-miRNA relationships in
the POF dataset (Supplementary Table 1). By integrating
any two databases (miRDB, miRanda, and miTarBase), a
total of 271 miRNAs were estimated that potentially tar-
geted the downregulated mRNAs (Fig. 4A) and 3 miRNAs

&% IMR Press

that potentially targeted the upregulated mRNAs (Fig. 4B).
Thereafter, circRNA-miRNA-mRNA regulatory networks
were comprised (Supplementary Table 2). Fig. 4C depicts
the circRNA-miRNA-mRNA network of downregulated
necroptosis genes, comprising rmo_circRNA 004995-
rno-miR-148b-5p-H2afy2, rno_circRNA 016998-rno-
miR-29a-5p-Hmgbl, and o circRNA 017593-rno-
miR-29a-5p-Hmgbl. In addition, Fig. 4D illustrates the
circRNA-miRNA-mRNA network of upregulated necrop-
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Fig. 3. Exploration of the biological significance of differentially expressed mRNAs in POF. (A) Biological process, (B) cellular
component, (C) molecular function, and (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway terms for mRNAs with

differential expression. (E) Visualization of necroptosis pathway enriched by mRNAs with differential expression.
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Fig. 4. Establishment of necroptosis-based circRNA-miRNA-mRNA networks in POF. (A) Venn diagram depicting the microRNAs
(miRNAs) of the downregulated mRNAs by integrating any two databases from miRDB, miRanda, and miTarBase. (B) Venn diagram
exhibiting the miRNAs of the upregulated mRNAs by integrating any two databases from miRDB, miRanda, and miTarBase. (C) The
circRNA-miRNA-mRNA network of downregulated necroptosis genes. Hexagon: circRNA; diamond: miRNA; circle: mRNA. (D)
The circRNA-miRNA-mRNA network of upregulated necroptosis genes.

tosis genes, which is composed of rno_circRNA_015900- 5p-Stat5a, rmo_circRNA_005115-rno-miR-22-3p-
rno-miR-935-Stat1, rmo_circRNA 007946-rno-miR- Stat1, rno_circRNA 009028-rno-miR-342-5p-Statl,
328a-3p-Stat5a, rmo_circRNA_007947-rno-miR- rmo_circRNA_011240-rno-miR-1224-Stat5a, and
328a-3p-Stat5a, rno_circRNA_005064-rno-miR- rno_circRNA 016078-rno-miR-711-Stat5a.

18a-5p-Statl, rno_circRNA 005064-rno-miR-18a-
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Table 2. The top twenty up- or downregulated mRNAs in

POF.
Gene name log2FC FC p-value Control POF
HLA-DMB 1.339337 2.53035 0.000703 3.960311 5.299648

SCX 1.251103 2.380233 0.027407 4.912758 6.163861

FMOI1 1.181962 2.268852 0.034462 5.072154 6.254117
TM7SF2 1.159257 2.233424 0.007453 7.273177 8.432434
AVPII 1.062881 2.089099 0.021522 7.454662 8.517543
CREGI1 1.010444 2.01453 0.006158 9.326441 10.33688
PHLPB 0.95061 1.93269 0.022663 5.07795 6.02856
KLHDC84 0.914542 1.88497 0.01541 7.581941 8.496483
RTP4 0.883455 1.844788 0.044253 4.041173 4.924628
KIFI14 0.874577 1.833471 0.015266 5.560563 6.435141
MVD 0.859178 1.814005 0.020772 6.970943 7.830121
RTI-BB 0.849308 1.801637 0.04091 3.850027 4.699335

ST 0.830043 1.777739 0.026082 8.230059 9.060102
SC4MOL 0.829731 1.777354 0.011409 10.46872 11.29845
RGD1306105 0.824457 1.770869 0.02750 6.058627 6.883084
RGD1563970 0.822133 1.768018 0.04576 4.838298 5.660432

AACS 0.815731 1.76019 0.033827 6.79135 7.607082
IRGM 0.812023 1.755671 0.013265 4.466822 5.278845
HMGCS! 0.810962 1.754381 0.016833 9.649483 10.46044
RAB31 0.779148 1.716117 0.008018 6.337587 7.116735
MGC72973  —-1.318907 0.400838 0.028898 10.4612 9.142297

HBB —1.163998 0.446274 0.019027 10.96394 9.799939
LOC689064 —0.967847 0.511269 0.04029 10.66235 9.694503
LOC501799 —0.944384 0.519651 0.018445 8.031888 7.087504
RGD1560207 —0.915775 0.530059 0.014688 5.268186 4.352411

B3GALT2 —0.867188 0.548214 0.03276 5.537539 4.670351
NPFFRI —0.862749 0.549904 0.00052 6.857978 5.995229
LOC689244 —0.858338 0.551588 0.028302 8.036131 7.177793

RGD1564382 —0.782047 0.581541 0.01782 5.137303 4.355256
FAMI122B —0.763428 0.589095 0.011551 6.507824 5.744397
OMD —0.760595 0.590253 0.027355 9.168484 8.407889
RGD1562220 —0.740425 0.598563 0.003858 9.688917 8.948492

LOC680073 —0.738289 0.59945 0.004297 7.124413 6.386123
LOC680643 —0.730959 0.602503 0.002497 6.573561 5.842602
SGOL2 —0.725299 0.604872 0.044427 7.248221 6.522922
LOC298442 —0.703668 0.614009 0.006042 5.272925 4.569257
CENPF —0.687667 0.620857 0.0298  7.27351 6.585843
DBF4 —0.680194 0.624081 0.024012 7.111396 6.431202
CENPE —0.677426 0.62528 0.028993 6.313592 5.636167
LOC690538 —0.670059 0.628481 0.022419 7.574661 6.904602

FC, fold change.

3.5 Biological Implications of mRNAs Derived from the
circRNA-miRNA-mRNA Network

Then, we investigated the biological implications of
mRNAs derived from the circRNA-miRNA-mRNA net-
work. Consequently, they exhibited prominent associations
with biosynthetic (sterol, cholesterol, isoprenoid, steroid,
lipid, efc.) and metabolic (cholesterol, sterol, alpha-amino
acid, etc.) processes (Fig. 5A). Moreover, carboxylic acid
binding, protein phosphatase binding, efc. (Fig. 5B) and

intracellular membrane-bounded organelles (Fig. 5C) were
notably enriched. Various biosynthetic (steroid, terpenoid
backbone, phenylalanine tyrosine, tryptophan, arginine,
etc.) and metabolic (2-Oxocarboxylic acid, phenylalanine,
cysteine, methionine, tyrosine, efc.) pathways were no-
tably linked to mRNAs that formed the circRNA-miRNA-—
mRNA network (Fig. 5SD). Specifically, we visualized the
tyrosine metabolism pathway that was enriched by Aldh3b1
and Gotl (Fig. 5E).

3.6 Identification of POF-Specific Necroptosis Genes and
any Underlying Molecular Mechanisms

Supplementary Fig. 1 illustrates the complex
interactions between the differentially expressed mRNAs.
Then, a PPI subnetwork of POF-specific-necroptosis
genes was conducted, which comprised STATI, STAT5A,
PLA2G4A4, HMGILI, HMGBI, AGER, EGFR, HDAC?7,

IFNAI, ILIORB, IL27RA, PYGL, SOCSI, TRADD,
CXCL10, DDX5, EZH2, FADS2, FER, HZ2AFY2,
HISTIH2AF, IFI44L, IL27, IRGM, MXI, NFKB2,

PAFAH2, PEMT, PGM2L1, PGR, PHKA2, and PLBI
(Fig. 6A). Their differential expression was demonstrated
in POF versus the controls (Fig. 6B). Afterward, the
biological processes and KEGG pathways underlying
POF-specific necroptosis genes were probed.  Here,
H2AFY2, HMGBI, STATI, and STAT5A exhibited positive
associations with the negative regulation of mitotic nuclear
division and female meiotic nuclear division, while it
also regulated the centrosome duplication processes and
Fanconi anemia, homologous recombination, and the DNA
replication pathways. Furthermore, negative correlations
were found relating to the receptor signaling pathway, via
JAK-STAT, in skeletal muscle fiber development, and
cellular-modified amino acid catabolic processes alongside
steroid biosynthesis, glycosaminoglycan degradation, and
2-Oxocarboxylic acid metabolism (Fig. 6C-J).

3.7 Landscape of POF Immunological Features

Utilizing the ssGSEA algorithm, we estimated the
abundance of 28 immune cell types across POF and control
specimens (Fig. 7A). Significant relationships between im-
mune cells were observed (Fig. 7B). A higher abundance of
most immune cells was exhibited in POF samples compared
to the control, such as activated B cell, activated CD8* T
cell, activated dendritic cell, CD56 bright and CD56 dim
natural killer cells, central memory CD4™" and CD8™ T cell,
effector memory CD8F T cell, macrophage, mast cell, T
follicular helper cell, and Type 1 T helper cells (Fig. 7C).
In addition, the current study observed differences between
the POF and control samples in the transcriptional levels
of immune checkpoints, chemokines, HLA molecules, and
immune receptors (Fig. 7D-G).
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Fig. 5. Biological implications of mRNAs derived from the circRNA-miRNA-mRNA network. (A) Biological process, (B) molec-
ular function, (C) cellular component, and (D) KEGG pathway terms for mRNAs derived from the circRNA-miRNA-mRNA network.
(E) Visualization of the tyrosine metabolism pathway enriched by mRNAs derived from the circRNA-miRNA-mRNA network.
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3.8 Associations of POF-Specific Necroptosis Genes with
POF Immunological Features

Further analysis exhibited that POF-specific necrop-
tosis genes were significantly linked to most immune cells
(Fig. 8A), immune checkpoints (Fig. 8B), chemokines
(Fig. 8C), HLA molecules (Fig. 8D), and immune receptors
(Fig. 8E).

4. Discussion

POF pathogenesis is attributed to premature follicle
loss owing to expedited atresia as well as mature or re-
cruited primordial follicles that result in a folliculogene-
sis deficiency, which is an organized and complex pro-
cess where small primordial follicles continue to mature
into large ovulations anterior follicle [34]. Nonetheless,
the molecular mechanisms underlying POF remain indis-
tinct. CircRNAs are a form of single-stranded noncoding
RNAs, which are circular in conformation owing to non-
canonical splicing as well as back-splicing events [35]. Evi-
dence has demonstrated that circRNAs participate in modu-
lating granulosa cell functions [36]. For instance, Pan et al.
[37] proposed that circRNA-induced inhibin-activin bal-
ance modulation in the apoptosis of ovarian granulosa cells
as well as follicular atresia. Circular DDX10 exhibits an as-
sociation with ovarian function via the modulation of prolif-
erative capacity and steroidogenesis in granulosa cells [38].
Circ-ANKHDI1 mediates granulosa cell apoptosis by tar-
geting miR-27a-3p/SFRP1 signaling [39]. Circ-SLC41A1
is capable of resisting apoptosis in porcine granulosa cells
and follicular atresia through miR-9820-5p/SRSF1 signal-
ing [40]. These findings reveal that altered circRNAs par-
ticipate in the onset of POF.

This study conducted circRNA sequencing analysis in
ovarian tissues of POF and control rats to comprehensively
analyze the expression profiles of circRNAs in POF. Pre-
viously, Chen et al. [41] performed circRNA microarray
analysis of granulosa cells from females with POF and
found that circRNAs with differential expression were pre-
dominantly linked to FoxO-related and cellular senescence
pathways. In the current study, we identified abnormally
expressed circRNAs and mRNAs in POF rats versus
controls. Intriguingly, the differentially expressed mRNAs
were found to be predominantly related to necroptosis.
It has been accepted that DNA damage repair in ovarian
granulosa cells exhibits a strong association with POF.
Depleted oocytes with damaged DNA occur via distinct
cellular death mechanisms, especially necroptosis [42].
However, limited evidence is available that proves the reg-
ulatory functions of circRNAs in cell death mechanisms.
For instance, circRNA CNEACR attenuates necroptosis of
cardiomyocytes in ischemia heart myocardial ischemia—
reperfusion damage by suppressing Foxa2 expression [17].
In addition, circ_ 0004354 competes with circ_0040039
to trigger apoptosis and pyroptosis in nucleus pulposus
cells as well as an inflammatory response by modulating
miR-345-3p-FAF1/TP73 signaling in intervertebral disc

12

degeneration [43]. Herein, the current research established
the circRNA-miRNA-mRNA networks of downregulated
necroptosis genes (comprising rno_circRNA_ 004995-
rno-miR-148b-5p-H2afy?2, rno_circRNA_016998-
rno-miR-29a-5p-Hmgbl, and o circRNA 017593-
rno-miR-29a-5p-Hmgbl) and upregulated necrop-
tosis genes (comprising rno_circRNA 015900-rno-
miR-935-Statl, rno_circRNA_007946-rno-miR-
328a-3p-StatSa, rno_circRNA 007947-rno-miR-
328a-3p-StatSa, rmo_circRNA_005064-rno-miR-
18a-5p-Statl1, rno_circRNA 005064-rno-miR-18a-
Sp-StatSa, rmo_circRNA_005115-rno-miR-22-3p-
Stat1, rmo_circRNA 009028-rno-miR-342-5p-Statl,
rno_circRNA 011240-rno-miR-1224-Stat5a, and
rno_circRNA 016078-rno-miR-711-Stat5a).  Our study
indicated that these circRNAs might participate in the
mediation of necroptosis in POF by serving as miRNA
sponges and regulating the miRNA-targeted necroptosis
mRNAs. Thus, these circRNAs might become potential
diagnostic and therapeutic targets for POF.

Based upon the PPI subnetwork, we determined POF-
specific necroptosis genes (STATI, STAT5A, PLA2G4A,
HMGILI, HMGBI, AGER, EGFR, HDAC7, IFNAI,
ILIORB, IL27RA, PYGL, SOCSI, TRADD, CXCLIO0,
DDXS5, EZH2, FADS2, FER, H2AFY2, HISTIH2AF,
IFI44L, IL27, IRGM, MXI, NFKB2, PAFAH2, PEMT,
PGM2LI1, PGR, PHKA2, AND PLBI), which exhibited
abnormal expressions in POF samples compared to the
controls, thereby further proving the aberrantly regulated
necroptosis process in POF. Accumulated evidence un-
veils immune dysfunction in POF. For instance, the up-
regulation of circulating CD8%" CD28~ T cells can restore
ovarian functions in POF mice [44]. In addition, atten-
uating the ratios of T-helper 17 (Th17)/cytotoxic T and
Th17/Treg cells improved ovarian functions in POF mice
[45]. During necroptosis, the dying cells are ruptured and
release intracellular components, thereby triggering an in-
nate immune response [46]. The current study displayed
the notable associations of POF-specific necroptosis genes
with most immune cells, immune checkpoints, chemokines,
HLA molecules, and immune receptors, thereby proving
the presence of relationships between necroptosis and im-
munity and immune responses in POF.

However, the limitations of our study should be
highlighted. Although we identified the circRNA-
mediated post-transcriptional regulatory mechanisms un-
derlying necroptosis in POF, further experimental valida-
tion is required. Thus, in future studies, we will further
validate our findings on the regulatory mechanisms of cir-
cRNAs in necroptosis. Furthermore, we found that necrop-
tosis genes were remarkably linked to immunity and im-
mune responses in POF. Therefore, our future research will
conduct an in-depth analysis of the interactions between
necroptosis and immunity and immune responses as well
as their interactions in POF.

&% IMR Press


https://www.imrpress.com

Neutrophil

Activated B ce!l [NV

Type 17 T helper cell

Activated CD4 T cell
Type 1 T helper cell
Immature B cell
Type 2 T helper cell

T follicular helper cell
Activated dendritic cell
Effector memeory CD4 T cell
CDS6bright natural kiler cell
Natural killer cell

Central memory CD8 T cell

Immature dendritic cell
Gamma delta T cell
Plasmacytoid dendritic cell
Central memory CD4 T cell O D O B OD B,
O N A U RO PEN

o @0@&()&&0"0";@3@@@@o&@‘g&*

QQ@%‘ 3

Tradd
Tnfrsf25

Statba

Stat1

Socs1
RGD1564767
Rage

X1
LOC687721
LOC367808

Irgm
1127ra
l110rb

Ifna1

Hmgb1
Hmg111
Hdac7a
H2afy2

H28
Fert2
Fads2
Ezh2
Egfr.
Ddx5
Cxcl10

d
N Uk & &
R SESSES o ~

NSO 4 o> A2 N o N N
S S F S S & & F St

o &F

Fig. 8. Associations between POF-specific necroptosis genes and POF immunological features. (A) Heatmap illustrates the relation-
ships between POF-specific necroptosis genes and diverse immune cell types in POF and control specimens. Blue denotes the negative
correlation coefficient, while red is the positive correlation coefficient. The shade of colors is proportional to the correlation. (B-E)
Heatmaps exhibit the associations between POF-specific necroptosis genes and (B) immune checkpoints, (C) chemokines, (D) HLA

molecules, and (E) immune receptors in POF and control samples.

&% IMR Press 13


https://www.imrpress.com

5. Conclusions

In summary, the present research proposed the
widespread regulatory mechanisms of circRNAs in necrop-
tosis during POF, demonstrating that abnormal circRNA
biogenesis can potentially affect necroptosis, which might
result in the onset of POF.
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