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ABSTRACT

Zearalenone (ZEA), a pathogenic toxin produced by Fusarium, is widely detected in moldy
feed materials. Previous studies have reported that ZEA exerts a harmful influence to animal
reproductive systems, however, its effects on the changes of long noncoding RNAs (IncRNAs)
remain unclear. Here, tackling this question, we performed RNA-seq on porcine granulosa cells
(GCs) after being exposed to 10 uM and 30 uM ZEA in vitro. The results showed that ZEA
exposure observably changed the expression of IncRNAs in porcine GCs and increased the rate
of apoptosis. Furthermore, Gene Ontology analysis showed that ZEA exposure induced
variation of the JAK2-STAT3 signaling pathway in porcine GCs. To verify our bioinformatics
analysis, western blotting and immunofluorescence analysis were performed and the results
demonstrated that porcine GCs after ZEA exposure increased the expression of key proteins in
the JAK2-STAT3 signaling pathway. Further bioinformatics analysis found that
MSTRG.22680 and MSTRG.23882 played a pivotal role in activating the JAK2-STAT3
signaling pathway. To summarize, our results throw light on the fact that ZEA exposure
dramatically increases the apoptosis of porcine GCs and alters the expression of IncRNAs that

play an anti-apoptotic role in porcine GCs via activating the JAK2-STAT3 signaling pathway.

Key words: Zearalenone; porcine granulosa cells; apoptosis; IncRNA; JAK2-STAT3 signaling

pathway
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Introduction

Zearalenone (ZEA), produced by Fusarium', tends to lead to reproductive toxicity and can be
easily detected in contaminated livestock feeds?. It was reported that ZEA contamination was
as high as 800-1,000 mg/kg in some feed materials in some regions>. Moreover, numerous
studies reported that ZEA had a structure similar to 17B-estradiol (E2), and ZEA and estrogen
combined competitively with estrogen receptors (ERs)*, which led to ZEA exerting estrogenic
effects when animals were exposed to it’. ZEA has been shown to perform a bad effect on the
reproductive system of exposed animals, mainly influencing the ovary, uterus and so on, in
which ERs tend to show high levels of expression®. Notably, the findings of a previous research
revealed that ZEA exposure affected follicular development and oocyte maturation’, and
studies else indicated that ZEA induced oxidative stress in porcine granulosa cells (GCs)® and
affected the progression of meiosis in mouse oocytes’. In addition, ZEA exposure down-
regulated the expression of LIM Homeobox 8 (LAx8), in turn, impaired ovarian primordial
follicle formation in mice!. Thus, ZEA exposure exerts negative effects on animal production
systems, the research of the mechanism of ZEA exposure is necessary to alleviate the loss
resulting from ZEA exposure, unfortunately, so far, it remains an unanswered question.

How does ZEA affect animal reproductive systems? There are the two primary events,
such as follicular growth and atresia. During folliculogenesis, atresia largely results from the
apoptosis of granulosa cells (GCs)!!. GCs were indispensable for folliculogenesis and the
studies demonstrated that GCs affected follicular development via releasing signal molecules
that were essential for follicular development and maturation'?. In addition, recent work has

shown that ZEA exposure induces apoptosis of the GCs in several species'*'*. Though we have
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8-9,13-14 " the exact

done many works to reveal the potential effects caused by ZEA exposure
molecular mechanism underlying ZEA induced cytotoxicity remains unclear. In fact, most
studies focused on the dynamical changes at the mRNA level, while limited studies are
available that investigated the mechanism of how ZEA exposure affects cellular apoptosis by
the changes of long non-coding RNAs (IncRNAs).

LncRNAs are referred to cellular RNAs molecules, which length is longer than 200 bp
and cannot be translated into proteins!®>. LncRNAs studies on the ovary have mainly been
focused on their effects on ovarian cancers. Many IncRNAs have been shown to play the vital
roles in promoting cellular proliferation and inhibiting cellular apoptosis in ovarian cancers
including PVT1, LSINCT5, MEG3 and others!*!8, A growing number of studies have
illustrated that IncRNAs perform an important function in multiple biologic processes, such as
apoptosis'??%2!, Additionally, one of the mechanisms by which IncRNAs regulate cellular
apoptosis is the silencing of microRNA??. Currently, IncRNAs are emerging as new
participants in gene regulation but the mechanism of how IncRNAs work to regulate growth
and apoptosis in GCs remains to be fully described.

The JAK-STAT signaling pathway is relevant to many important biological processes
including cellular proliferation, differentiation, apoptosis and immune regulation?*. Compared
with other signaling pathways, JAK-STAT signaling pathway is relatively simple and consists
of three components, namely, tyrosine kinase associated receptor, Janus kinase (JAK) and the
signal transducer and activator of transcription (STAT)?*. One of the branches is the JAK2-
STAT3 signaling pathway, which main function of it is anti-apoptosis®. It's worth noting that

STATS3 is an anti-apoptosis transcription factor?.
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Distinct from previous reports, the aim here is to better uncover the in-depth mechanism
of IncRNAs in porcine GCs after ZEA exposure. The function of IncRNAs about apoptosis of
porcine GCs after ZEA exposure was preliminarily explored in this research. The findings of
our research will provide a theoretical basis for the mitigation of the harmful effects of ZEA in

animal husbandry.

Materials and Methods

Porcine granulosa cell culture and experimental design

Porcine ovaries were collected into saline supplemented with 1 % penicillin-streptomycin from
Qingdao Wanfu Group Co., Ltd. (Qingdao, Shandong, China) and taken it back to the
laboratory within 2 h. Briefly, follicular fluid in 3 to 5 mm follicles was collected by a 10 ml
syringe, then the GCs were isolated and cultured in DMEM high glucose medium (HyClone,
SH30022.01, Beijing, China). 10 % fetal bovine serum (FBS, Gibco, 10099-141, Australia),
1 % penicillin-streptomycin (HyClone, SV30010, Beijing, China) and 0.2 % gentamicin (BBI,
EB30KAO0357, Shanghai, China) were added to medium, then the GCs were cultured at 37 °C
in a 5 % CO; atmosphere.

When primary GCs grew to about 50 % - 70 % confluency, they were treated with 10 uM
or 30 uM ZEA (Sigma-Aldrich, Z2125, MO, USA), Dimethyl sulfoxide (DMSO) was adopted
to dissolve ZEA and it was stored at -20 °C, meanwhile the control (Ctrl) group was treated
with vehicle only. Concentrations used in this study were based on our previous finding that
10 and 30 uM of ZEA had dramatic adverse effects on porcine GCs'*. All the animal treatment

procedures in this paper have been approved by the Ethics Committee of Qingdao Agricultural
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University.

Sequencing and quality control

Briefly, about total 4 ug RNA was isolated per sample and the sequencing libraries were
generated according to standard protocol, then the libraries were sequenced using the
Hiseq4000 platform at Novogene Co., Ltd. (Beijing, China).

FastQC (version v0.11.8) was adopted to assess the quality of the raw data. Moreover,
Fastp (version v0.19.5) was used to remove low quality data, adapter and poly-N sequences.
Clean data were collected, and then the basic information, including the value of GC content,
Q20 and Q30, of it was calculated®. All analysis of downstream steps was done using the

filtered clean data.

Transcriptome assembly

We downloaded porcine reference genome and gene model annotation files from the NCBI
database (version Sscrofall.l). STAR (version STAR 2.7.0b) was selected to build the index
of reference genome, subsequently we utilized STAR to put paired-end clean reads aligned to
the reference genome. Moreover, we utilized Stringtie (version 1.3.4d) to assemble the
transcriptome of each library?’. Stringtie run with “-rf’, “FPKM=0.5", “TPM=0.5" and other

options were set as default.

Filtering pipeline in order to identify IncRNAs

We selected candidate IncRNAs using the following filtering pipeline: 1) The transcripts,
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€E199  CC, 9% ¢C 9% ¢ 9

annotated as “1”, “x”, “u”, “0” or “e” by the bio-software gffcompare (version v0.10.6), were
left for the moreover filter. 2) The transcripts of single-exon, length <200, FPKM (Fragments
Per Kilobase per Million reads) < 0.5 and TPM (Transcripts Per Kilobase Million) < 0.5 were
filtered by Stringtie when merging the file of transcripts. 3) The remaining transcripts which
passed above filtered steps, were assessed their coding potential by the Coding Potential
Calculator 2 (CPC2), Coding-Non-Coding-Index (CNCI) and Pfamscan, and the threshold of
these softwares were that score < 0 and tag as ‘noncoding’, score < 0 and tag as ‘noncoding’,
tag as ‘noncoding’, respectively?®=°. 4) The left behind was perceived as the transcriptome of
IncRNA. The HTSeq software was adopted to count reads of IncRNAs for providing input for

later analysis. Parameters were ‘-s yes’ and default of others.

Expression analysis

The expression of mRNA and IncRNA was confirmed with FPKM calculated by a custom
script and in this study all expression of mRNA and LncRNA was used in this data. The
DESeq2 software package was used to determine differentially expressed mRNAs (DEMs) and
differentially expressed IncRNAs (DELs). We used the padj < 0.05 and | log2FoldChange | >1
as threshold to determine the differently expressed IncRNAs or mRNAs?!. The trend of

expression level and trend of IncRNAs were observed by the Chord Diagram and Heatmap.

Co-location analysis

Cis-role of IncRNA is aimed at adjacent genes*>*. The FEELnc (version v0.1.1) was used to

search for all coding genes which located at 10 kb — 100 kb upstream or downstream of all the
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confirmed IncRNAs*. We only made co-location analysis of the core IncRNAs. The core
IncRNA that we used a step - by - step reduction scheme to determine. Briefly, we obtained the

intersection of different difference groups, finally we gained the core IncRNAs.

Co-expression analysis

It was reported that the trans-role of IncRNAs was related to their co-expressed genes®. The
DEMs and DELs were identified by co-expression analysis. In order to investigate the function
of DELs, we calculated Pearson’s correlation coefficients (r) between DELs and DEMs using
R package named Hmisc (version 4.2-0, http://biostat.mc.vanderbilt.edu/Hmisc). We selected

relational pair with | r | > 0.9 and pvalue < 0.05 as the co-expressed genes of IncRNAs.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling
pathway enrich analysis

The co-location and co-expression genes were performed function enrich analysis, including
GO terms and KEGG signaling pathway analysis, by clusterProfiler (R package, version 3.8.1,
R version 3.5.1) and ClueGo (a plugin of Cytospace, version v2.5.4, Cytospace version
v3.7.1)*37. GO terms with pvalue < 0.01 and KEGG pathways with pvalue < 0.05 were

considered as significantly enriched.

Flow cytometry analysis of apoptosis

After porcine GCs exposed 10 uM or 30 uM ZEA for 48 h, the flow cytometry was utilized to

detect the level of apoptosis of it. Briefly, GCs were collected and we utilized PBS to wash it
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at least three times. Then, according to the manufacturer’s instructions the Annexin V-FITC/PI
kit (Tran, Fal01, Beijing, China) was added to samples. Notably, the PI has adhesion, so before
flow cytometry, the GCs were filtered using 150 mesh sieves and washed clean as much as

possible. Subsequently, the FACSCalibur flow cytometer detected these samples.

Immunofluorescence

Immunofluorescence analysis (IF) was performed by a standard method with minor
modifications®®. Briefly, immunofluorescence was performed with the following steps: 1) We
collected the adherent GCs, which were digested with trypsin for 3 minutes at 37 °C. 2) GCs
were put into 4 % paraformaldehyde at 4 °C for at least 45 minutes. 3) About 30 ul cell
suspensions were smeared on slide glass. The smears were permeabilized for 10 minutes in
PBST (PBS added 0.5 % Triton X-100) then blocked for 45 minutes in PBST supplemented
with 10 % goat serum (BOSTER, AR0009, Wuhan, China). 4) Slides were then incubated with
primary antibodies (Table S1) at 4 °C overnight. 5) Then the secondary antibodies were added
and incubated for at least 45 minutes at 37 °C. 6) We used Hoechst33342 to perform nuclei
staining for 5 minutes and the slides were finally mounted with Antifade Mounting Medium.
The fluorescence imaging system (Olympus BX51, Tokyo, Japan) was used to take photos and

performed subsequent analysis.

Western blotting

Western blotting (WB) analysis was performed by a standard method with minor modifications

and was used to detect the expression of proteins ***°. Briefly, the SDS-PAGE separated the
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total proteins and then shifted it to PVDF membranes. Subsequently, blocked the PVDF
membranes carrying protein in TBST (Tris-buffered saline with Tween-20) buffer added 5 %
bovine serum albumin (BSA, Solarbio, A8020, Beijing, China) at 4 °C for at least 2 h, the
PVDF membranes were then incubated in TBST buffer added 10 % BSA with primary antibody
(Table S2) for at least 7 h at 4 °C. The next step is that the PVDF membranes were incubated
in TBST buffer with secondary antibodies for 2 h. Finally, we adopted AlphaView SA software

to determine the levels of expression of proteins.

Statistical analysis

All experiments were subjected to at least three independent replicates, except for Flow
cytometry analysis of apoptosis, because we only wanted to verify the repeatability of previous
studies. We adopted mean = SEM (Standard Error of Mean) to show data, used one-way
ANOVA with Duncan’s multiple range test to determine differences among samples and further

rechecked the results by Student’s t test via Graphpad Prism 8.0 software.

Results

Overview of RNA sequencing and IncRNAs identification in porcine GCs exposed to ZEA
in vitro

Previous research has indicated that ZEA exposure causes toxic effects on animal ovarian cells
13-14 "but the effect on IncRNA expression in porcine GCs has not been described. To investigate
the IncRNA expression dynamics following ZEA exposure, the porcine GCs were cultured in

vitro and exposed to different concentration ZEA, including 10 uM and 30 puM, respectively
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(Fig. 1A).

As culture proceeded, cellular apoptosis increased from 24 h and 48 h groups (Fig. 1B).
Annexin-V fluorescence analysis showed that after ZEA exposure for 48 h, in terms of the
experimental group, the percentage of positive GCs was dramatically increased with ZEA
concentration (Fig. 1C). Early apoptotic cells were slightly elevated in the Ctrl (3.28 %), 10
uM (4.72 %) and 30 uM (5.59 %) groups, respectively. A larger change was seen in the late
apoptotic cells where the 30 uM ZEA exposed group (29.3 %) was significantly higher when
comparing to the Ctrl (10.0 %) and the 10 uM (14.3 %) groups (Fig. 1D).

To further study the toxic effect of ZEA exposure on porcine GCs, we performed an RNA-
seq study. A brief diagrammatic drawing of the porcine GCs in vitro culture model and
experimental procedures of this study are in Fig. 1A. With the RNA-seq 64,164,686 raw reads
were generated in all 6 libraries, and after quality control we gained 63,587,260 clean reads
(Fig. S1A). We adopted a highly strict filtering pipeline to identify the IncRNAs, which could
remove transcripts without the characteristics of IncRNA (Fig. 1E). We compared the length of
mRNA and IncRNA and revealed that mRNA was located on 0 to 10,000 bp, while the IncRNA
was located on 200 to 5,000 bp (Fig. 1F). This pipeline produced 3,202 IncRNA genes with
3,811 IncRNA transcripts relevant to this (Figs. 1G and S1B). To verify the stability of samples,
we made the correlation analysis based on Euclidean distances and the principal components

analysis (Figs. S1C and S1D).

Identification of differential expression of IncRNAs and mRNAs

To further explore the effect of ZEA on the differential expression of IncRNAs and mRNAs in
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porcine GCs, DESeq2 was utilized. For IncRNAs, there were 100, 106 and 12 up-regulated
IncRNAs in the Ctrl vs. 10 uM group, the Ctrl vs. 30 uM group and the 10 uM vs. 30 uM group,
respectively; conversely, the down-regulated IncRNAs were 115, 139 and 28, respectively (Fig.
2A). For mRNAs, the up-regulated expression was 332, 442 and 11 in the different groups,
respectively. Meanwhile, the down-regulated expression was 615, 837 and 24 in the different
groups, respectively (Fig. 2B).

Furthermore, Chord Diagram was utilized to show the distribution and expression of each
IncRNA and mRNA per chromosome (Fig. 2C). Interestingly, overall the number of DELs was
less than DEMs. In chromosome 2, chromosome 3 and chromosome X, the DEMs were much
more than the DELs. In chromosome 7, there was an expressional peak of IncRNAs, and in
chromosome X, there was an expressional peak of mRNAs, which may be related to their

respective functions.

Function overview of DELs
It has been reported that the trans-role of IncRNAs is related to their co-expressed genes*. To
investigate the function of DELSs, in the different treatment groups, we calculated the Pearson’s
correlation coefficients between DELs and DEMs using Hmisc. The results showed that 947
co-expressed mRNAs (CEMs) related to IncRNAs were differentially expressed in the Ctrl vs.
10 uM group, and 1,248 CEMs related to IncRNAs were differentially expressed in the Ctrl vs.
30 uM group (Fig. 3A).

Subsequently, we performed the GO enrich analysis of these CEMs. In the Ctrl vs. 10 uM

group (Figs. 3B and 3D), we found that the CEMs carried 70 biological process GO terms and
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we showed the top 20 according to pvalues. Furthermore, ClueGo, showed 26 biological
process GO terms. We found that the top 3 GO terms according to pvalues were GO:0051607
(defense response to virus), GO:0009615 (response to virus) and GO:0043330 (response to
exogenous dsRNA), using clusterProfiler. Moreover, ClueGo also showed the biological
process GO term, GO:0043330. In the Ctrl vs. the 30 uM group (Figs. 3C and 3E) we found
that the CEMs carried 54 biological process GO terms and we showed the top 20 according to
pvalues. ClueGo, showed 11 biological process GO terms. We found that the top 3 GO terms
according to pvalues were G0O:0051607, GO:0043604 (amide biosynthetic process), and
GO:0006412 (translation). Moreover, ClueGo also showed the biological process GO term,
GO:0051607.

In addition, some biological process GO terms related to the JAK-STAT signaling
pathway were enriched, including GO:0033139 (regulation of peptidyl-serine phosphorylation
of STAT protein), GO:0033141 (positive regulation of peptidyl-serine phosphorylation of
STAT protein) and GO:0042501 (serine phosphorylation of STAT protein), which suggested

that the JAK-STAT signaling pathway plays crucial roles in porcine GCs after ZEA exposure.

Further analysis of DELs
Further exploration of the function of different clustered IncRNAs was performed. We explored
the function of IncRNAs, including the intersection between the differentially expressed
IncRNA in the Ctrl vs. 10 uM group and the Ctrl vs. 30 uM group (Fig. 4A).

We found the Chord Diagram and Heatmap showed dynamic expression patterns (Figs.

4B-4C). Subsequently, GO and KEGG signaling pathway enrichment analysis of CEMs were
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performed in the Ctrl vs. 10 uM group. We found 936 CEMs and in the Ctrl vs. 30 uM group
co-expression of mRNAs was 1,248 (Fig. 4D). Similarly, we utilized the two software
platforms, clusterProfiler and ClueGO, to perform GO and KEGG signaling pathway
enrichment analysis. We identified GO terms related to the JAK-STAT signaling pathway,
including GO:0033141 and GO:0033139 (Figs. 4E and 4F). KEGG signaling pathway
enrichment analysis showed that many terms related to disease, such as ssc05414 (dilated
cardiomyopathy (DCM)) were enriched (Figs. S2A and S2B).

Next, we performed the same analysis for the following IncRNAs, including the
intersection between the DELs in the Ctrl vs. 10 uM group and the 10 uM vs. 30 uM group
(Figs. S3) and the intersection between the DELSs in the Ctrl vs. 30 uM group and the 10 uM

vs. 30 uM group (Figs. S4).

Identification of the core IncRNA cluster
In order to identify the core IncRNA cluster, we believed that the intersections between the
differentially expressed IncRNA in the Ctrl vs. 10 uM group, the Ctrl vs. 30 uM group and the
10 uM vs. 30 uM group would identify the core IncRNA cluster. To identify the function of
this cluster of IncRNAs (Fig. 5A), the Chord Diagram and Heatmap showed dramatically
dynamic expression patterns in this cluster (Figs. 5C and 5E). Cis-regulation analysis and
trans-regulation analysis were performed.

On the one hand, IncRNA could serve as trans-regulatory elements and control the
expression of adjacent genes, here we detected 780, 1,101 and 26 CEMs in the Ctrl vs. 10 uM

group, the Ctrl vs. 30 uM group and the 10 uM vs. 30 uM group, respectively (Fig. 5B). Two
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methods, GO and KEGG signaling pathway enrichment analysis, were used to predict the
function of the IncRNAs.

In the Ctrl vs. 10 uM groups we found that the CEMs carried 30 biological process GO
terms while ClueGo showed 17 biological process GO terms (Figs. 5G and 5I). In these GO
terms, many were related to the JAK2-STAT3 signaling pathway, including GO:0033139,
GO0:0033141, GO:0042501 and so on. For KEGG signaling pathway terms in this group, the
results indicated that many terms were related to disease, such as ssc05414 (Fig. SSA). In the
Ctrl vs. 30 uM group, we found that the CEMs carried 48 biological process GO terms while
ClueGO showed 14 Biological process GO terms (Figs. SH and 5J). Many of the GO terms
were related to the JAK-STAT signaling pathway by further analysis, including GO:0033139,
G0O:0046425 (regulation of JAK-STAT cascade), GO:1904892 (regulation of STAT cascade),
and so on. We analyzed all biological process GO terms and the Venn diagram showed a
relationship between the different group, including 7 shared terms (Fig. 5D). We analyzed the
7 shared terms and found that some terms were related to the JAK-STAT signaling pathway,
including GO:0033139, GO:0033141 and GO:0042501, this GO terms hinted that it was
related to regulation STAT protein.

The results of KEGG signaling pathway analysis in this group showed that this part of
IncRNA (Fig. 5A) may be related to disease, such as ssc05414 (Fig. S5B). One the other hand,
we searched for all coding genes, which were located at 10 kb-100 kb upstream and
downstream of this part of IncRNAs (Fig. 5A). The results showed that MSTRG.26353,
MSTRG.26354 and MSTRG.26355 were next to TOP2A (Fig. 5F). It had been reported that

TOP2A was related to cell cycle, cell survival and so on*!™,
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Based on the above analysis, we chose to verify the core proteins of the JAK-STAT
signaling pathway by WB and IF analysis, such as JAK2 and STAT3. The results of [F analysis
showed that porcine GCs significantly up-regulated the expression of STAT3 after ZEA
exposure (Figs. 6A and 6C). Porcine GCs also up-regulated the expression of JAK2 after ZEA
exposure, however it was not as obvious as STAT3 (Figs. 6B and 6D). The results of WB
analysis showed that porcine GCs up-regulated the expression of JAK2 and STAT3 after ZEA
exposure, meanwhile the functional STAT3 protein, p-STAT3, was also up-regulated though

not significantly (Figs. 6E-6G).

Prediction of the key IncRNA of regulating JAK-STAT signaling pathway

In order to find which IncRNA played a core role in regulating the JAK-STAT signaling
pathway, we performed hierarchical cluster analysis. The results showed that for the left branch,
the correlation between MSTRG.26353 and MSTRG.26355 was strongest, and for the right,
the correlation between MSTRG.22680 and MSTRG.23882 was strongest (Fig. 7A). We
hypothesize that either MSTRG.26353 and MSTRG.26355 or MSTRG.22680 and
MSTRG.23882 played pivotal role in regulating JAK-STAT signaling pathway.

We then performed co-expression analysis of MSTRG.26353 and MSTRG.26355 or
MSTRG.22680 and MSTRG.23882. The results showed that in the Ctrl vs. 10 uM groups
MSTRG.26353 and MSTRG.26355 carried 3 CEMs, and in the Ctrl vs. 30 uM group it carried
9 (Fig. 7A). For MSTRG.22680 and MSTRG.23882, it carried 587 CEMs in the Ctrl vs. 10
uM groups and 994 in the Ctrl vs. 30 uM groups (Fig. 7A). We performed GO enrichment

analysis for co-expression. There were no GO terms enriched in the CEMs of MSTRG.26353
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and MSTRG.26355. However, these CEMs of MSTRG.22680 and MSTRG.23882 showed GO
terms related to the JAK2-STAT3 signaling pathway (Fig. 7B), which indicated that
MSTRG.22680 and MSTRG.23882 may play a vital role in regulating JAK2-STAT3 signaling

pathway.

Discussion

ZEA, a harmful toxin commonly found in contaminated feedstuffs, played negative influences
in the development of GCs. Consistent to previous studies!® >4 we also found that ZEA
exposure was able to induce the apoptosis of porcine GCs. Based on this, the study of porcine
GCs after ZEA exposure carries a certain significance, which may provide the theoretical basis
to reduce the loss resulting from ZEA exposure to the animal industry.

Recently, studies of ZEA exposure have been mainly focused on mRNAs rather than on
IncRNAs!" . In this paper, for the first time we focused on the changes of IncRNA in porcine
GCs after ZEA exposure. To obtain a better comprehension of regulation of IncRNAs in
porcine GCs after ZEA exposure, we adopted RNA-seq technology in this research. Moreover,
RNA-seq also revealed that porcine GCs after ZEA exposure had altered IncRNAs and mRNAs
expression. Notably, the potential coding capability was the key to distinguish the non-coding
and protein-coding genes. In this research, we performed a highly rigorous filtering workflow
to maximize the identification of positive candidate IncRNAs. We selected Stringtie to perform
transcriptome assembly and identified 3202 candidate IncRNAs?’. In agreement with similar
studies, the candidate IncRNAs had these basic characteristics, compared with the protein-

coding genes, they had fewer exon numbers and their transcript lengths were shorter***>. Our
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data showed that the expression of IncRNA was dramatically changed. In general, there were
more up-regulated IncRNAs in porcine GCs after ZEA exposure, which indicated that porcine
GCs after ZEA exposure caused changes in genomic expression'*,

In order to better understand the functional mechanism of IncRNAs, we took the function
of the DELs after exposure to ZEA into consideration. The GO terms of CEMs were related to
the JAK-STAT signaling pathway. Moreover, through further analysis of the GO terms we
specifically identified the JAK2-STAT3 signaling pathway, which was a branch of JAK-STAT
signaling pathway, playing a major role. Interestingly, JAK2-STAT3 signaling pathway is
related to anti-apoptosis mechanism?’. The above analysis seems to be at odds with previous
studies'®, but may be interpreted that it is a self-protection mechanism. In order to explore this,
we analyzed the intersection of differentially expressed IncRANSs in different groups. We found
that some IncRNAs were indeed related to the regulation of the JAK2-STAT3 signaling
pathway. In addition, we determined the core IncRNA cluster showing that its function was
related to regulating the JAK2-STAT3 signaling pathway. Many studies illustrated that the
JAK2-STAT3 signaling pathway exerts a vital role in regulating apoptosis since STAT3 has
anti-apoptosis abilities***’. After ZEA exposure, the expression of related proteins was up-
regulated. GCs will regulate IncRNAs to activate the JAK2-STAT3 signaling pathway when
their survival is threatened as an instinctive form of self-preservation. For the core IncRNA
cluster, MSTRG.22680 and MSTRG.23882 played a key role in activating the JAK2-STAT3
signaling pathway, which provides guidance for subsequent studies.

In summary, our findings suggest that ZEA exposure dramatically increases the porcine

GCs apoptosis and the change of IncRNAs expression promotes GCs anti-apoptosis via
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activating the JAK2-STAT3 signaling pathway.

Abbreviations used

ZEA, Zearalenone; GCs, granulosa cells; JAK, Janus kinase; STAT, signal transducer and
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kilobase per million reads; TPM, transcripts per kilobase million; CPC2, coding potential
calculator 2; CNCI, coding-non-coding-index; DMEM, Dulbecco's modified Eagle's medium;
FBS, fetal bovine serum; BSA, bovine serum albumin; GO, gene ontology; KEGG, kyoto
encyclopedia of genes and genomes; WB, western blotting; IF, immunofluorescence; SEM,
standard error of mean; DELs, differentially expressed IncRNAs; DEMs, differentially

expressed mRNAs; CEMs, co-expressed mRNAs.
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Figure legends

Figure 1. The effects of ZEA exposure on porcine GCs in vitro culture and the identification
of IncRNAs. (A) Brief porcine GCs in vitro culture model and the experimental procedures of
this study. (B) Bright field imaging of porcine GCs during different stages in vitro culture.

Scale bar, 100 um. (C) Annexin-V/PI staining of porcine GCs during different stages in vitro
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culture. Scale bar, 50 um. (D) Porcine GCs were cultured in the presence of ZEA (0, 10 pM
and 30 uM) for 48 h and cell apoptosis levels were determined using flow cytometry. (E)
Bioinformatics pipeline for identifying IncRNAs, and “Material and methods” for details. (F)
The Joyplot of the length of IncRNAs and mRNAs. (G) Filtration of the candidate IncRNAs
indicated by the Venn diagrams based on our filter pipeline. Coding potential analysis of

candidate IncRNAs was performed by using three tools (CNCI, CPC2, Pfamscan).

Figure 2. Overview of the differential expression levels of IncRNAs and mRNAs. (A) The
Volcano Plot showed the differential expression levels of IncRNAs in different group, and the
Bar Chart showed the results. (B) The Volcano Plot showed the differential expression levels
of mRNAs in different group, and the Bar Chart showed the results. (C) The Chord Diagram

showed the distribution and expression of each IncRNA and mRNA in chromosome.

Figure 3. Overview of the function of DELs. (A) The co-expression mRNAs related to DELs.
(B) The results of biological process GO terms of DELSs in the Ctrl vs. 10 uM group by ClueGO.
(C) The results of biological process GO terms of DELSs in the Ctrl vs. 30 uM group by ClueGO.
(D) The results of biological process GO terms of DELs in the Ctrl vs. 10 uM group by
clusterProfiler. (E) The results of biological process GO terms of DELs in the Ctrl vs. 30 uM

group by clusterProfiler.

Figure 4. Further analysis of DELs in porcine GCs after ZEA exposure. (A) The Venn diagram

showed DELs that it was the intersection between the differentially expressed IncRNA in Ctrl
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vs. 10 uM group and Ctrl vs. 30 uM group. (B, C) The Chord Diagram and Heatmap showed
the expression model of IncRNAs. (D) The Bar Chart showed the co-expression genes related
to IncRNAs. (E) The Bar Chart showed the top 20 biological process GO terms according to
pvalues by clusterProfiler (Up was the Ctrl vs. 10 uM group, down was the Ctrl vs. 30 uM
group). (F) The Network cahrt showed the Biological process GO terms according to pvalues

by ClueGO (Lift was the Ctrl vs. 10 uM group, right was the Ctrl vs. 30 uM group).

Figure 5. Identification of the core IncRNA cluster. (A) The Venn diagram showed DELSs that
we believed it was the core IncRNA cluster. (B) The Bar Chart showed the co-expression genes
related to IncRNAs. (C, E) The Chord Diagram and Heatmap showed the expression model of
IncRNAs. (D) The Venn diagram showed the shared GO terms between different groups. (F)
The Bar Chart showed the results of co-location analysis (10 kb-100 kb) and co-expression
analysis (|r] > 0.9 & pvalue < 0.05) of core IncRNAs. * means co-location genes, ** means co-
location and co-expression genes. (G) The Bar Chart showed the top 20 biological process GO
terms according to pvalues in the Ctrl vs. 10 uM group by clusterProfiler. (H) The Bar Chart
showed the top 20 biological process GO terms according to pvalues in the Ctrl vs. 30 uM
group by clusterProfiler. (I) The Network Polt showed the Biological process GO terms
produced by ClueGO in the Ctrl vs. 10 uM group. (J) The Network Polt showed the Biological

process GO terms produced by ClueGO in the Ctrl vs. 30 uM group.

Figure 6. The verification of bioinformatic analysis. (A) Immunostaining of STAT3 (Red) in

porcine GCs exposed to 0 (Ctrl), 10 or 30 uM ZEA for 48 h, Hoechst 33342 (Blue) was used
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for nuclei staining. (B) Immunostaining of JAK2 (Green) in porcine GCs exposed to 0 (Ctrl),
10 or 30 uM ZEA for 48 h, Hoechst 33342 (Blue) was used for nuclei staining. (C) The analysis
of the mean intensity of STAT3. (D) The analysis of the mean intensity of JAK2. (E-G)
Analysis of the expression level of JAK2-STAT3 signaling pathway related protein by WB in
porcine GCs after 0 (Ctrl), 10 and 30 uM ZEA exposure for 48 h. GAPDH was used as loading
control. The data are demonstrated as the means £ SEM (n > 3), * meant pvalue < 0.05, **

meant pvalue < 0.01, *** meant pvalue < 0.001.

Figure 7. Prediction of the key IncRNA related to regulating JAK-STAT signaling pathway.
(A) Left: The co-expression analysis of MSTRG.26353 and MSTRG.26355. Middle: The Tree
Diagram showed the results of hierarchical cluster analysis of core IncRNAs. Right: The co-
expression analysis of MSTRG.22680 and MSTRG.23882. (B) The results of GO enrichment

terms of MSTRG.22680 and MSTRG.23882.

Supplementary figure legends

Figure S1. Overview of RNA-seq. (A) The data output and related information in this study.

(B) The transcripts of IncRNAs that we finally determined. (C) The Euclidean distances

Analysis of samples. (D) The Principal Components Analysis of samples.

Figure S2. KEGG analysis support Figure 4. (A) The KEGG analysis of co-expression

mRNAs in the Ctrl vs. 10 uM group (Up was produced by clusterProfiler, down was produced
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by ClueGo). (B) The KEGG analysis of co-expression mRNAs in the Ctrl vs.30 uM group (Up

is produced by clusterProfiler, down is produced by ClueGo).

Figure S3. Expression and function prediction of IncRNAs that it was the intersection between
the differentially expressed IncRNA in the Ctrl vs. 10 uM group and the 10 uM vs. 30 uM
group. (A) The Venn diagram showed DELs that it was the intersection between the
differentially expressed IncRNA the Ctrl vs. 10 uM group and the 10 uM vs. 30 uM group. (B,
C) The Chord Diagram and Heatmap showed the expression model of IncRNAs. (D) The Bar
Chart showed the co-expression genes related to IncRNAs. (E) The Bar Chart showed the top
20 biological process GO terms according to pvalues in the Ctrl vs. 10 uM group produced by
clusterProfiler. (F) The Network Polt showed the Biological process GO terms produced by
ClueGO in the Ctrl vs. 10 uM group. (G) The Bar Chart showed the KEGG terms produced by
clusterProfiler in the Ctrl vs. 10 uM group. (H) The Bar Chart showed the KEGG terms

produced by ClueGO in the Ctrl vs. 10 uM group.

Figure S4. Expression and function prediction of IncRNAs that it was the intersection between
the differentially expressed IncRNA in the Ctrl vs. 30 uM group and the 10 uM vs. 30 uM
group. (A) The Venn diagram showed DELs that it was the intersection between the
differentially expressed IncRNA in the Ctrl vs. 30 uM group and the 10 uM vs. 30 uM group.
(B, C) The Chord Diagram and Heatmap showed the expression model of IncRNAs. (D) The
Bar Chart showed the co-expression genes related to IncRNAs. (E) The Bar Chart showed the

top 20 biological process GO terms according to pvalues in the Ctrl vs. 30 uM group by
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clusterProfiler. (F) The Network Polt showed the Biological process GO terms produced by
ClueGO in the Ctrl vs. 30 uM group. (G) The Bar Chart showed the KEGG terms produced by
clusterProfiler in the Ctrl vs. 30 uM group. (H) The Bar Chart showed the KEGG terms

produced by ClueGO in the Ctrl vs. 30 uM group.

Figure S5. KEGG signaling pathway enrichment analysis support Figure 5. (A) The KEGG
analysis of co-expression mRNAs in the Ctrl vs. 10 uM group (Lift is produced by
clusterProfiler, right is produced by ClueGo). (B) The KEGG analysis of co-expression
mRNAs in the Ctrl vs.30 uM group (Left is produced by clusterProfiler, right is produced by

ClueGo).

Supplementary tables

Table S1. Primary antibody of IF.

Table S2. Primary antibody of WB.
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Figure 3
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Figure 4
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Figure S2
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@

A C

Ctrl vs. 30 pM 10 pM vs. 30 uM

S & o

100

300

Number of co-expression mRNAs

P value o
Dilated cardiomyopathy (DCM) high

Biosynthesis of amino acids

Ribosome

=3

10 20 30 40

H Ribosome

[=]
—
=]
[s=]
<
LVS)
(=]

40

659
660

phospharylation of STAT prete

Journal of Agricultural and Food Chemistry

STAT cascade P value

high

th

JAK-STAT cascade:

E lipid biosynthetic process
regulation of STAT cascade:

regulation of JAK-STAT cascade

response to exogenous dsRNA

B cell proliferation

regulation of peptidyl-serine phospharylation:

positive regulation of peptidyl-serine phospharylation

natural killer cell activation involved in immune response:
serine phosphorylation of STAT protein

regulation of peptidyl-serine phosphorylation of STAT protein
regulation of peptidyl-serine phosphorylation of STAT protein
cellular amide metabolic process:

peptide metabolic process

response 1o virus

peptide biosynthetic process

translation

defense response 1o virus

amide biosynthetic process:

0 10
Gene Counts

20 30 40 30
GO trems-Biological Process

natural killer cell
activation involved
in immune
response

ACS Paragon Plus Environment



Journal of Agricultural and Food Chemistry Page 40 of 90

Figure S5
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Table S1. Primary antibody of IF

Primary antibody Art.No. Manufacturers
STAT3 #9139 Cell Signal Technology, US
JAK2 #3230 Cell Signal Technology, US
Table S2. Primary antibody of WB
Primary antibody Art.No. Manufacturers
STAT3 #9139 Cell Signal Technology, US
p-STAT3 #9134 Cell Signal Technology, US
JAK2 #3230 Cell Signal Technology, US
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ABSTRACT

Zearalenone (ZEA), a pathogenic toxin produced by Fusarium, is widely detected in moldy
feed materials. Previous studies have reported that ZEA exerts a harmful influence to animal
reproductive systems, however, its effects on the changes of long noncoding RNAs (IncRNAs)
remain unclear. Here, tackling this question, we performed RNA-seq on porcine granulosa cells
(GCs) after being exposed to 10 uM and 30 uM ZEA in vitro. The results showed that ZEA
exposure observably changed the expression of IncRNAs in porcine GCs and increased the rate
of apoptosis. Furthermore, Gene Ontology analysis showed that ZEA exposure induced
variation of the JAK2-STAT3 signaling pathway in porcine GCs. To verify our bioinformatics
analysis, western blotting and immunofluorescence analysis were performed and the results
demonstrated that porcine GCs after ZEA exposure increased the expression of key proteins in
the JAK2-STAT3 signaling pathway. Further bioinformatics analysis found that
MSTRG.22680 and MSTRG.23882 played a pivotal role in activating the JAK2-STAT3
signaling pathway. To summarize, our results throw light on the fact that ZEA exposure
dramatically increases the apoptosis of porcine GCs and alters the expression of IncRNAs that

play an anti-apoptotic role in porcine GCs via activating the JAK2-STAT3 signaling pathway.

Key words: Zearalenone; porcine granulosa cells; apoptosis; IncRNA; JAK2-STAT3 signaling

pathway
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Introduction

Zearalenone (ZEA), produced by Fusarium', tends to lead to reproductive toxicity and can be
easily detected in contaminated livestock feeds?. It was reported that ZEA contamination was
as high as 800-1,000 mg/kg in some feed materials in some regions>. Moreover, numerous
studies reported that ZEA had a structure similar to 17B-estradiol (E2), and ZEA and estrogen
combined competitively with estrogen receptors (ERs)*, which led to ZEA exerting estrogenic
effects when animals were exposed to it’. ZEA has been shown to perform a bad effect on the
reproductive system of exposed animals, mainly influencing the ovary, uterus and so on, in
which ERs tend to show high levels of expression®. Notably, the findings of a previous research
revealed that ZEA exposure affected follicular development and oocyte maturation’, and
studies else indicated that ZEA induced oxidative stress in porcine granulosa cells (GCs)® and
affected the progression of meiosis in mouse oocytes’. In addition, ZEA exposure down-
regulated the expression of LIM Homeobox 8 (LAx8), in turn, impaired ovarian primordial
follicle formation in mice!. Thus, ZEA exposure exerts negative effects on animal production
systems, the research of the mechanism of ZEA exposure is necessary to alleviate the loss
resulting from ZEA exposure, unfortunately, so far, it remains an unanswered question.

How does ZEA affect animal reproductive systems? There are the two primary events,
such as follicular growth and atresia. During folliculogenesis, atresia largely results from the
apoptosis of granulosa cells (GCs)!!. GCs were indispensable for folliculogenesis and the
studies demonstrated that GCs affected follicular development via releasing signal molecules
that were essential for follicular development and maturation'?. In addition, recent work has

shown that ZEA exposure induces apoptosis of the GCs in several species'*'*. Though we have

ACS Paragon Plus Environment



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

Journal of Agricultural and Food Chemistry

8-9,13-14 " the exact

done many works to reveal the potential effects caused by ZEA exposure
molecular mechanism underlying ZEA induced cytotoxicity remains unclear. In fact, most
studies focused on the dynamical changes at the mRNA level, while limited studies are
available that investigated the mechanism of how ZEA exposure affects cellular apoptosis by
the changes of long non-coding RNAs (IncRNAs).

LncRNAs are referred to cellular RNAs molecules, which length is longer than 200 bp
and cannot be translated into proteins!®>. LncRNAs studies on the ovary have mainly been
focused on their effects on ovarian cancers. Many IncRNAs have been shown to play the vital
roles in promoting cellular proliferation and inhibiting cellular apoptosis in ovarian cancers
including PVT1, LSINCT5, MEG3 and others!*!8, A growing number of studies have
illustrated that IncRNAs perform an important function in multiple biologic processes, such as
apoptosis'??%2!, Additionally, one of the mechanisms by which IncRNAs regulate cellular
apoptosis is the silencing of microRNA??. Currently, IncRNAs are emerging as new
participants in gene regulation but the mechanism of how IncRNAs work to regulate growth
and apoptosis in GCs remains to be fully described.

The JAK-STAT signaling pathway is relevant to many important biological processes
including cellular proliferation, differentiation, apoptosis and immune regulation?*. Compared
with other signaling pathways, JAK-STAT signaling pathway is relatively simple and consists
of three components, namely, tyrosine kinase associated receptor, Janus kinase (JAK) and the
signal transducer and activator of transcription (STAT)?*. One of the branches is the JAK2-
STAT3 signaling pathway, which main function of it is anti-apoptosis®. It's worth noting that

STATS3 is an anti-apoptosis transcription factor?.
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Distinct from previous reports, the aim here is to better uncover the in-depth mechanism
of IncRNAs in porcine GCs after ZEA exposure. The function of IncRNAs about apoptosis of
porcine GCs after ZEA exposure was preliminarily explored in this research. The findings of
our research will provide a theoretical basis for the mitigation of the harmful effects of ZEA in

animal husbandry.

Materials and Methods

Porcine granulosa cell culture and experimental design

Porcine ovaries were collected into saline supplemented with 1 % penicillin-streptomycin from
Qingdao Wanfu Group Co., Ltd. (Qingdao, Shandong, China) and taken it back to the
laboratory within 2 h. Briefly, follicular fluid in 3 to 5 mm follicles was collected by a 10 ml
syringe, then the GCs were isolated and cultured in DMEM high glucose medium (HyClone,
SH30022.01, Beijing, China). 10 % fetal bovine serum (FBS, Gibco, 10099-141, Australia),
1 % penicillin-streptomycin (HyClone, SV30010, Beijing, China) and 0.2 % gentamicin (BBI,
EB30KAO0357, Shanghai, China) were added to medium, then the GCs were cultured at 37 °C
in a 5 % CO; atmosphere.

When primary GCs grew to about 50 % - 70 % confluency, they were treated with 10 uM
or 30 uM ZEA (Sigma-Aldrich, Z2125, MO, USA), Dimethyl sulfoxide (DMSO) was adopted
to dissolve ZEA and it was stored at -20 °C, meanwhile the control (Ctrl) group was treated
with vehicle only. Concentrations used in this study were based on our previous finding that
10 and 30 uM of ZEA had dramatic adverse effects on porcine GCs'*. All the animal treatment

procedures in this paper have been approved by the Ethics Committee of Qingdao Agricultural
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University.

Sequencing and quality control

Briefly, about total 4 ug RNA was isolated per sample and the sequencing libraries were
generated according to standard protocol, then the libraries were sequenced using the
Hiseq4000 platform at Novogene Co., Ltd. (Beijing, China).

FastQC (version v0.11.8) was adopted to assess the quality of the raw data. Moreover,
Fastp (version v0.19.5) was used to remove low quality data, adapter and poly-N sequences.
Clean data were collected, and then the basic information, including the value of GC content,
Q20 and Q30, of it was calculated®. All analysis of downstream steps was done using the

filtered clean data.

Transcriptome assembly

We downloaded porcine reference genome and gene model annotation files from the NCBI
database (version Sscrofall.l). STAR (version STAR 2.7.0b) was selected to build the index
of reference genome, subsequently we utilized STAR to put paired-end clean reads aligned to
the reference genome. Moreover, we utilized Stringtie (version 1.3.4d) to assemble the
transcriptome of each library?’. Stringtie run with “-rf’, “FPKM=0.5", “TPM=0.5" and other

options were set as default.

Filtering pipeline in order to identify IncRNAs

We selected candidate IncRNAs using the following filtering pipeline: 1) The transcripts,
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€E199  CC, 9% ¢C 9% ¢ 9

annotated as “1”, “x”, “u”, “0” or “e” by the bio-software gffcompare (version v0.10.6), were
left for the moreover filter. 2) The transcripts of single-exon, length <200, FPKM (Fragments
Per Kilobase per Million reads) < 0.5 and TPM (Transcripts Per Kilobase Million) < 0.5 were
filtered by Stringtie when merging the file of transcripts. 3) The remaining transcripts which
passed above filtered steps, were assessed their coding potential by the Coding Potential
Calculator 2 (CPC2), Coding-Non-Coding-Index (CNCI) and Pfamscan, and the threshold of
these softwares were that score < 0 and tag as ‘noncoding’, score < 0 and tag as ‘noncoding’,
tag as ‘noncoding’, respectively?®=°. 4) The left behind was perceived as the transcriptome of
IncRNA. The HTSeq software was adopted to count reads of IncRNAs for providing input for

later analysis. Parameters were ‘-s yes’ and default of others.

Expression analysis

The expression of mRNA and IncRNA was confirmed with FPKM calculated by a custom
script and in this study all expression of mRNA and LncRNA was used in this data. The
DESeq2 software package was used to determine differentially expressed mRNAs (DEMs) and
differentially expressed IncRNAs (DELs). We used the padj < 0.05 and | log2FoldChange | >1
as threshold to determine the differently expressed IncRNAs or mRNAs?!. The trend of

expression level and trend of IncRNAs were observed by the Chord Diagram and Heatmap.

Co-location analysis

Cis-role of IncRNA is aimed at adjacent genes*>*. The FEELnc (version v0.1.1) was used to

search for all coding genes which located at 10 kb — 100 kb upstream or downstream of all the
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confirmed IncRNAs*. We only made co-location analysis of the core IncRNAs. The core
IncRNA that we used a step - by - step reduction scheme to determine. Briefly, we obtained the

intersection of different difference groups, finally we gained the core IncRNAs.

Co-expression analysis

It was reported that the trans-role of IncRNAs was related to their co-expressed genes®. The
DEMs and DELs were identified by co-expression analysis. In order to investigate the function
of DELs, we calculated Pearson’s correlation coefficients (r) between DELs and DEMs using
R package named Hmisc (version 4.2-0, http://biostat.mc.vanderbilt.edu/Hmisc). We selected

relational pair with | r | > 0.9 and pvalue < 0.05 as the co-expressed genes of IncRNAs.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling
pathway enrich analysis

The co-location and co-expression genes were performed function enrich analysis, including
GO terms and KEGG signaling pathway analysis, by clusterProfiler (R package, version 3.8.1,
R version 3.5.1) and ClueGo (a plugin of Cytospace, version v2.5.4, Cytospace version
v3.7.1)*37. GO terms with pvalue < 0.01 and KEGG pathways with pvalue < 0.05 were

considered as significantly enriched.

Flow cytometry analysis of apoptosis

After porcine GCs exposed 10 uM or 30 uM ZEA for 48 h, the flow cytometry was utilized to

detect the level of apoptosis of it. Briefly, GCs were collected and we utilized PBS to wash it
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at least three times. Then, according to the manufacturer’s instructions the Annexin V-FITC/PI
kit (Tran, Fal01, Beijing, China) was added to samples. Notably, the PI has adhesion, so before
flow cytometry, the GCs were filtered using 150 mesh sieves and washed clean as much as

possible. Subsequently, the FACSCalibur flow cytometer detected these samples.

Immunofluorescence

Immunofluorescence analysis (IF) was performed by a standard method with minor
modifications®®. Briefly, immunofluorescence was performed with the following steps: 1) We
collected the adherent GCs, which were digested with trypsin for 3 minutes at 37 °C. 2) GCs
were put into 4 % paraformaldehyde at 4 °C for at least 45 minutes. 3) About 30 ul cell
suspensions were smeared on slide glass. The smears were permeabilized for 10 minutes in
PBST (PBS added 0.5 % Triton X-100) then blocked for 45 minutes in PBST supplemented
with 10 % goat serum (BOSTER, AR0009, Wuhan, China). 4) Slides were then incubated with
primary antibodies (Table S1) at 4 °C overnight. 5) Then the secondary antibodies were added
and incubated for at least 45 minutes at 37 °C. 6) We used Hoechst33342 to perform nuclei
staining for 5 minutes and the slides were finally mounted with Antifade Mounting Medium.
The fluorescence imaging system (Olympus BX51, Tokyo, Japan) was used to take photos and

performed subsequent analysis.

Western blotting

Western blotting (WB) analysis was performed by a standard method with minor modifications

and was used to detect the expression of proteins ***°. Briefly, the SDS-PAGE separated the
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total proteins and then shifted it to PVDF membranes. Subsequently, blocked the PVDF
membranes carrying protein in TBST (Tris-buffered saline with Tween-20) buffer added 5 %
bovine serum albumin (BSA, Solarbio, A8020, Beijing, China) at 4 °C for at least 2 h, the
PVDF membranes were then incubated in TBST buffer added 10 % BSA with primary antibody
(Table S2) for at least 7 h at 4 °C. The next step is that the PVDF membranes were incubated
in TBST buffer with secondary antibodies for 2 h. Finally, we adopted AlphaView SA software

to determine the levels of expression of proteins.

Statistical analysis

All experiments were subjected to at least three independent replicates, except for Flow
cytometry analysis of apoptosis, because we only wanted to verify the repeatability of previous
studies. We adopted mean = SEM (Standard Error of Mean) to show data, used one-way
ANOVA with Duncan’s multiple range test to determine differences among samples and further

rechecked the results by Student’s t test via Graphpad Prism 8.0 software.

Results

Overview of RNA sequencing and IncRNAs identification in porcine GCs exposed to ZEA
in vitro

Previous research has indicated that ZEA exposure causes toxic effects on animal ovarian cells
13-14 "but the effect on IncRNA expression in porcine GCs has not been described. To investigate
the IncRNA expression dynamics following ZEA exposure, the porcine GCs were cultured in

vitro and exposed to different concentration ZEA, including 10 uM and 30 puM, respectively
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(Fig. 1A).

As culture proceeded, cellular apoptosis increased from 24 h and 48 h groups (Fig. 1B).
Annexin-V fluorescence analysis showed that after ZEA exposure for 48 h, in terms of the
experimental group, the percentage of positive GCs was dramatically increased with ZEA
concentration (Fig. 1C). Early apoptotic cells were slightly elevated in the Ctrl (3.28 %), 10
uM (4.72 %) and 30 uM (5.59 %) groups, respectively. A larger change was seen in the late
apoptotic cells where the 30 uM ZEA exposed group (29.3 %) was significantly higher when
comparing to the Ctrl (10.0 %) and the 10 uM (14.3 %) groups (Fig. 1D).

To further study the toxic effect of ZEA exposure on porcine GCs, we performed an RNA-
seq study. A brief diagrammatic drawing of the porcine GCs in vitro culture model and
experimental procedures of this study are in Fig. 1A. With the RNA-seq 64,164,686 raw reads
were generated in all 6 libraries, and after quality control we gained 63,587,260 clean reads
(Fig. S1A). We adopted a highly strict filtering pipeline to identify the IncRNAs, which could
remove transcripts without the characteristics of IncRNA (Fig. 1E). We compared the length of
mRNA and IncRNA and revealed that mRNA was located on 0 to 10,000 bp, while the IncRNA
was located on 200 to 5,000 bp (Fig. 1F). This pipeline produced 3,202 IncRNA genes with
3,811 IncRNA transcripts relevant to this (Figs. 1G and S1B). To verify the stability of samples,
we made the correlation analysis based on Euclidean distances and the principal components

analysis (Figs. S1C and S1D).

Identification of differential expression of IncRNAs and mRNAs

To further explore the effect of ZEA on the differential expression of IncRNAs and mRNAs in
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porcine GCs, DESeq2 was utilized. For IncRNAs, there were 100, 106 and 12 up-regulated
IncRNAs in the Ctrl vs. 10 uM group, the Ctrl vs. 30 uM group and the 10 uM vs. 30 uM group,
respectively; conversely, the down-regulated IncRNAs were 115, 139 and 28, respectively (Fig.
2A). For mRNAs, the up-regulated expression was 332, 442 and 11 in the different groups,
respectively. Meanwhile, the down-regulated expression was 615, 837 and 24 in the different
groups, respectively (Fig. 2B).

Furthermore, Chord Diagram was utilized to show the distribution and expression of each
IncRNA and mRNA per chromosome (Fig. 2C). Interestingly, overall the number of DELs was
less than DEMs. In chromosome 2, chromosome 3 and chromosome X, the DEMs were much
more than the DELs. In chromosome 7, there was an expressional peak of IncRNAs, and in
chromosome X, there was an expressional peak of mRNAs, which may be related to their

respective functions.

Function overview of DELs
It has been reported that the trans-role of IncRNAs is related to their co-expressed genes*. To
investigate the function of DELSs, in the different treatment groups, we calculated the Pearson’s
correlation coefficients between DELs and DEMs using Hmisc. The results showed that 947
co-expressed mRNAs (CEMs) related to IncRNAs were differentially expressed in the Ctrl vs.
10 uM group, and 1,248 CEMs related to IncRNAs were differentially expressed in the Ctrl vs.
30 uM group (Fig. 3A).

Subsequently, we performed the GO enrich analysis of these CEMs. In the Ctrl vs. 10 uM

group (Figs. 3B and 3D), we found that the CEMs carried 70 biological process GO terms and
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we showed the top 20 according to pvalues. Furthermore, ClueGo, showed 26 biological
process GO terms. We found that the top 3 GO terms according to pvalues were GO:0051607
(defense response to virus), GO:0009615 (response to virus) and GO:0043330 (response to
exogenous dsRNA), using clusterProfiler. Moreover, ClueGo also showed the biological
process GO term, GO:0043330. In the Ctrl vs. the 30 uM group (Figs. 3C and 3E) we found
that the CEMs carried 54 biological process GO terms and we showed the top 20 according to
pvalues. ClueGo, showed 11 biological process GO terms. We found that the top 3 GO terms
according to pvalues were G0O:0051607, GO:0043604 (amide biosynthetic process), and
GO:0006412 (translation). Moreover, ClueGo also showed the biological process GO term,
GO:0051607.

In addition, some biological process GO terms related to the JAK-STAT signaling
pathway were enriched, including GO:0033139 (regulation of peptidyl-serine phosphorylation
of STAT protein), GO:0033141 (positive regulation of peptidyl-serine phosphorylation of
STAT protein) and GO:0042501 (serine phosphorylation of STAT protein), which suggested

that the JAK-STAT signaling pathway plays crucial roles in porcine GCs after ZEA exposure.

Further analysis of DELs
Further exploration of the function of different clustered IncRNAs was performed. We explored
the function of IncRNAs, including the intersection between the differentially expressed
IncRNA in the Ctrl vs. 10 uM group and the Ctrl vs. 30 uM group (Fig. 4A).

We found the Chord Diagram and Heatmap showed dynamic expression patterns (Figs.

4B-4C). Subsequently, GO and KEGG signaling pathway enrichment analysis of CEMs were
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performed in the Ctrl vs. 10 uM group. We found 936 CEMs and in the Ctrl vs. 30 uM group
co-expression of mRNAs was 1,248 (Fig. 4D). Similarly, we utilized the two software
platforms, clusterProfiler and ClueGO, to perform GO and KEGG signaling pathway
enrichment analysis. We identified GO terms related to the JAK-STAT signaling pathway,
including GO:0033141 and GO:0033139 (Figs. 4E and 4F). KEGG signaling pathway
enrichment analysis showed that many terms related to disease, such as ssc05414 (dilated
cardiomyopathy (DCM)) were enriched (Figs. S2A and S2B).

Next, we performed the same analysis for the following IncRNAs, including the
intersection between the DELs in the Ctrl vs. 10 uM group and the 10 uM vs. 30 uM group
(Figs. S3) and the intersection between the DELSs in the Ctrl vs. 30 uM group and the 10 uM

vs. 30 uM group (Figs. S4).

Identification of the core IncRNA cluster
In order to identify the core IncRNA cluster, we believed that the intersections between the
differentially expressed IncRNA in the Ctrl vs. 10 uM group, the Ctrl vs. 30 uM group and the
10 uM vs. 30 uM group would identify the core IncRNA cluster. To identify the function of
this cluster of IncRNAs (Fig. 5A), the Chord Diagram and Heatmap showed dramatically
dynamic expression patterns in this cluster (Figs. 5C and 5E). Cis-regulation analysis and
trans-regulation analysis were performed.

On the one hand, IncRNA could serve as trans-regulatory elements and control the
expression of adjacent genes, here we detected 780, 1,101 and 26 CEMs in the Ctrl vs. 10 uM

group, the Ctrl vs. 30 uM group and the 10 uM vs. 30 uM group, respectively (Fig. 5B). Two
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methods, GO and KEGG signaling pathway enrichment analysis, were used to predict the
function of the IncRNAs.

In the Ctrl vs. 10 uM groups we found that the CEMs carried 30 biological process GO
terms while ClueGo showed 17 biological process GO terms (Figs. 5G and 5I). In these GO
terms, many were related to the JAK2-STAT3 signaling pathway, including GO:0033139,
GO0:0033141, GO:0042501 and so on. For KEGG signaling pathway terms in this group, the
results indicated that many terms were related to disease, such as ssc05414 (Fig. SSA). In the
Ctrl vs. 30 uM group, we found that the CEMs carried 48 biological process GO terms while
ClueGO showed 14 Biological process GO terms (Figs. SH and 5J). Many of the GO terms
were related to the JAK-STAT signaling pathway by further analysis, including GO:0033139,
G0O:0046425 (regulation of JAK-STAT cascade), GO:1904892 (regulation of STAT cascade),
and so on. We analyzed all biological process GO terms and the Venn diagram showed a
relationship between the different group, including 7 shared terms (Fig. 5D). We analyzed the
7 shared terms and found that some terms were related to the JAK-STAT signaling pathway,
including GO:0033139, GO:0033141 and GO:0042501, this GO terms hinted that it was
related to regulation STAT protein.

The results of KEGG signaling pathway analysis in this group showed that this part of
IncRNA (Fig. 5A) may be related to disease, such as ssc05414 (Fig. S5B). One the other hand,
we searched for all coding genes, which were located at 10 kb-100 kb upstream and
downstream of this part of IncRNAs (Fig. 5A). The results showed that MSTRG.26353,
MSTRG.26354 and MSTRG.26355 were next to TOP2A (Fig. 5F). It had been reported that

TOP2A was related to cell cycle, cell survival and so on*!™,
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Based on the above analysis, we chose to verify the core proteins of the JAK-STAT
signaling pathway by WB and IF analysis, such as JAK2 and STAT3. The results of [F analysis
showed that porcine GCs significantly up-regulated the expression of STAT3 after ZEA
exposure (Figs. 6A and 6C). Porcine GCs also up-regulated the expression of JAK2 after ZEA
exposure, however it was not as obvious as STAT3 (Figs. 6B and 6D). The results of WB
analysis showed that porcine GCs up-regulated the expression of JAK2 and STAT3 after ZEA
exposure, meanwhile the functional STAT3 protein, p-STAT3, was also up-regulated though

not significantly (Figs. 6E-6G).

Prediction of the key IncRNA of regulating JAK-STAT signaling pathway

In order to find which IncRNA played a core role in regulating the JAK-STAT signaling
pathway, we performed hierarchical cluster analysis. The results showed that for the left branch,
the correlation between MSTRG.26353 and MSTRG.26355 was strongest, and for the right,
the correlation between MSTRG.22680 and MSTRG.23882 was strongest (Fig. 7A). We
hypothesize that either MSTRG.26353 and MSTRG.26355 or MSTRG.22680 and
MSTRG.23882 played pivotal role in regulating JAK-STAT signaling pathway.

We then performed co-expression analysis of MSTRG.26353 and MSTRG.26355 or
MSTRG.22680 and MSTRG.23882. The results showed that in the Ctrl vs. 10 uM groups
MSTRG.26353 and MSTRG.26355 carried 3 CEMs, and in the Ctrl vs. 30 uM group it carried
9 (Fig. 7A). For MSTRG.22680 and MSTRG.23882, it carried 587 CEMs in the Ctrl vs. 10
uM groups and 994 in the Ctrl vs. 30 uM groups (Fig. 7A). We performed GO enrichment

analysis for co-expression. There were no GO terms enriched in the CEMs of MSTRG.26353
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and MSTRG.26355. However, these CEMs of MSTRG.22680 and MSTRG.23882 showed GO
terms related to the JAK2-STAT3 signaling pathway (Fig. 7B), which indicated that
MSTRG.22680 and MSTRG.23882 may play a vital role in regulating JAK2-STAT3 signaling

pathway.

Discussion

ZEA, a harmful toxin commonly found in contaminated feedstuffs, played negative influences
in the development of GCs. Consistent to previous studies!® >4 we also found that ZEA
exposure was able to induce the apoptosis of porcine GCs. Based on this, the study of porcine
GCs after ZEA exposure carries a certain significance, which may provide the theoretical basis
to reduce the loss resulting from ZEA exposure to the animal industry.

Recently, studies of ZEA exposure have been mainly focused on mRNAs rather than on
IncRNAs!" . In this paper, for the first time we focused on the changes of IncRNA in porcine
GCs after ZEA exposure. To obtain a better comprehension of regulation of IncRNAs in
porcine GCs after ZEA exposure, we adopted RNA-seq technology in this research. Moreover,
RNA-seq also revealed that porcine GCs after ZEA exposure had altered IncRNAs and mRNAs
expression. Notably, the potential coding capability was the key to distinguish the non-coding
and protein-coding genes. In this research, we performed a highly rigorous filtering workflow
to maximize the identification of positive candidate IncRNAs. We selected Stringtie to perform
transcriptome assembly and identified 3202 candidate IncRNAs?’. In agreement with similar
studies, the candidate IncRNAs had these basic characteristics, compared with the protein-

coding genes, they had fewer exon numbers and their transcript lengths were shorter***>. Our
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data showed that the expression of IncRNA was dramatically changed. In general, there were
more up-regulated IncRNAs in porcine GCs after ZEA exposure, which indicated that porcine
GCs after ZEA exposure caused changes in genomic expression'*,

In order to better understand the functional mechanism of IncRNAs, we took the function
of the DELs after exposure to ZEA into consideration. The GO terms of CEMs were related to
the JAK-STAT signaling pathway. Moreover, through further analysis of the GO terms we
specifically identified the JAK2-STAT3 signaling pathway, which was a branch of JAK-STAT
signaling pathway, playing a major role. Interestingly, JAK2-STAT3 signaling pathway is
related to anti-apoptosis mechanism?’. The above analysis seems to be at odds with previous
studies'®, but may be interpreted that it is a self-protection mechanism. In order to explore this,
we analyzed the intersection of differentially expressed IncRANSs in different groups. We found
that some IncRNAs were indeed related to the regulation of the JAK2-STAT3 signaling
pathway. In addition, we determined the core IncRNA cluster showing that its function was
related to regulating the JAK2-STAT3 signaling pathway. Many studies illustrated that the
JAK2-STAT3 signaling pathway exerts a vital role in regulating apoptosis since STAT3 has
anti-apoptosis abilities***’. After ZEA exposure, the expression of related proteins was up-
regulated. GCs will regulate IncRNAs to activate the JAK2-STAT3 signaling pathway when
their survival is threatened as an instinctive form of self-preservation. For the core IncRNA
cluster, MSTRG.22680 and MSTRG.23882 played a key role in activating the JAK2-STAT3
signaling pathway, which provides guidance for subsequent studies.

In summary, our findings suggest that ZEA exposure dramatically increases the porcine

GCs apoptosis and the change of IncRNAs expression promotes GCs anti-apoptosis via
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activating the JAK2-STAT3 signaling pathway.
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standard error of mean; DELs, differentially expressed IncRNAs; DEMs, differentially

expressed mRNAs; CEMs, co-expressed mRNAs.
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Figure legends

Figure 1. The effects of ZEA exposure on porcine GCs in vitro culture and the identification
of IncRNAs. (A) Brief porcine GCs in vitro culture model and the experimental procedures of
this study. (B) Bright field imaging of porcine GCs during different stages in vitro culture.

Scale bar, 100 um. (C) Annexin-V/PI staining of porcine GCs during different stages in vitro
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culture. Scale bar, 50 um. (D) Porcine GCs were cultured in the presence of ZEA (0, 10 pM
and 30 uM) for 48 h and cell apoptosis levels were determined using flow cytometry. (E)
Bioinformatics pipeline for identifying IncRNAs, and “Material and methods” for details. (F)
The Joyplot of the length of IncRNAs and mRNAs. (G) Filtration of the candidate IncRNAs
indicated by the Venn diagrams based on our filter pipeline. Coding potential analysis of

candidate IncRNAs was performed by using three tools (CNCI, CPC2, Pfamscan).

Figure 2. Overview of the differential expression levels of IncRNAs and mRNAs. (A) The
Volcano Plot showed the differential expression levels of IncRNAs in different group, and the
Bar Chart showed the results. (B) The Volcano Plot showed the differential expression levels
of mRNAs in different group, and the Bar Chart showed the results. (C) The Chord Diagram

showed the distribution and expression of each IncRNA and mRNA in chromosome.

Figure 3. Overview of the function of DELs. (A) The co-expression mRNAs related to DELs.
(B) The results of biological process GO terms of DELSs in the Ctrl vs. 10 uM group by ClueGO.
(C) The results of biological process GO terms of DELSs in the Ctrl vs. 30 uM group by ClueGO.
(D) The results of biological process GO terms of DELs in the Ctrl vs. 10 uM group by
clusterProfiler. (E) The results of biological process GO terms of DELs in the Ctrl vs. 30 uM

group by clusterProfiler.

Figure 4. Further analysis of DELs in porcine GCs after ZEA exposure. (A) The Venn diagram

showed DELs that it was the intersection between the differentially expressed IncRNA in Ctrl
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vs. 10 uM group and Ctrl vs. 30 uM group. (B, C) The Chord Diagram and Heatmap showed
the expression model of IncRNAs. (D) The Bar Chart showed the co-expression genes related
to IncRNAs. (E) The Bar Chart showed the top 20 biological process GO terms according to
pvalues by clusterProfiler (Up was the Ctrl vs. 10 uM group, down was the Ctrl vs. 30 uM
group). (F) The Network cahrt showed the Biological process GO terms according to pvalues

by ClueGO (Lift was the Ctrl vs. 10 uM group, right was the Ctrl vs. 30 uM group).

Figure 5. Identification of the core IncRNA cluster. (A) The Venn diagram showed DELSs that
we believed it was the core IncRNA cluster. (B) The Bar Chart showed the co-expression genes
related to IncRNAs. (C, E) The Chord Diagram and Heatmap showed the expression model of
IncRNAs. (D) The Venn diagram showed the shared GO terms between different groups. (F)
The Bar Chart showed the results of co-location analysis (10 kb-100 kb) and co-expression
analysis (|r] > 0.9 & pvalue < 0.05) of core IncRNAs. * means co-location genes, ** means co-
location and co-expression genes. (G) The Bar Chart showed the top 20 biological process GO
terms according to pvalues in the Ctrl vs. 10 uM group by clusterProfiler. (H) The Bar Chart
showed the top 20 biological process GO terms according to pvalues in the Ctrl vs. 30 uM
group by clusterProfiler. (I) The Network Polt showed the Biological process GO terms
produced by ClueGO in the Ctrl vs. 10 uM group. (J) The Network Polt showed the Biological

process GO terms produced by ClueGO in the Ctrl vs. 30 uM group.

Figure 6. The verification of bioinformatic analysis. (A) Immunostaining of STAT3 (Red) in

porcine GCs exposed to 0 (Ctrl), 10 or 30 uM ZEA for 48 h, Hoechst 33342 (Blue) was used
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for nuclei staining. (B) Immunostaining of JAK2 (Green) in porcine GCs exposed to 0 (Ctrl),
10 or 30 uM ZEA for 48 h, Hoechst 33342 (Blue) was used for nuclei staining. (C) The analysis
of the mean intensity of STAT3. (D) The analysis of the mean intensity of JAK2. (E-G)
Analysis of the expression level of JAK2-STAT3 signaling pathway related protein by WB in
porcine GCs after 0 (Ctrl), 10 and 30 uM ZEA exposure for 48 h. GAPDH was used as loading
control. The data are demonstrated as the means £ SEM (n > 3), * meant pvalue < 0.05, **

meant pvalue < 0.01, *** meant pvalue < 0.001.

Figure 7. Prediction of the key IncRNA related to regulating JAK-STAT signaling pathway.
(A) Left: The co-expression analysis of MSTRG.26353 and MSTRG.26355. Middle: The Tree
Diagram showed the results of hierarchical cluster analysis of core IncRNAs. Right: The co-
expression analysis of MSTRG.22680 and MSTRG.23882. (B) The results of GO enrichment

terms of MSTRG.22680 and MSTRG.23882.

Supplementary figure legends

Figure S1. Overview of RNA-seq. (A) The data output and related information in this study.

(B) The transcripts of IncRNAs that we finally determined. (C) The Euclidean distances

Analysis of samples. (D) The Principal Components Analysis of samples.

Figure S2. KEGG analysis support Figure 4. (A) The KEGG analysis of co-expression

mRNAs in the Ctrl vs. 10 uM group (Up was produced by clusterProfiler, down was produced
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by ClueGo). (B) The KEGG analysis of co-expression mRNAs in the Ctrl vs.30 uM group (Up

is produced by clusterProfiler, down is produced by ClueGo).

Figure S3. Expression and function prediction of IncRNAs that it was the intersection between
the differentially expressed IncRNA in the Ctrl vs. 10 uM group and the 10 uM vs. 30 uM
group. (A) The Venn diagram showed DELs that it was the intersection between the
differentially expressed IncRNA the Ctrl vs. 10 uM group and the 10 uM vs. 30 uM group. (B,
C) The Chord Diagram and Heatmap showed the expression model of IncRNAs. (D) The Bar
Chart showed the co-expression genes related to IncRNAs. (E) The Bar Chart showed the top
20 biological process GO terms according to pvalues in the Ctrl vs. 10 uM group produced by
clusterProfiler. (F) The Network Polt showed the Biological process GO terms produced by
ClueGO in the Ctrl vs. 10 uM group. (G) The Bar Chart showed the KEGG terms produced by
clusterProfiler in the Ctrl vs. 10 uM group. (H) The Bar Chart showed the KEGG terms

produced by ClueGO in the Ctrl vs. 10 uM group.

Figure S4. Expression and function prediction of IncRNAs that it was the intersection between
the differentially expressed IncRNA in the Ctrl vs. 30 uM group and the 10 uM vs. 30 uM
group. (A) The Venn diagram showed DELs that it was the intersection between the
differentially expressed IncRNA in the Ctrl vs. 30 uM group and the 10 uM vs. 30 uM group.
(B, C) The Chord Diagram and Heatmap showed the expression model of IncRNAs. (D) The
Bar Chart showed the co-expression genes related to IncRNAs. (E) The Bar Chart showed the

top 20 biological process GO terms according to pvalues in the Ctrl vs. 30 uM group by
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clusterProfiler. (F) The Network Polt showed the Biological process GO terms produced by
ClueGO in the Ctrl vs. 30 uM group. (G) The Bar Chart showed the KEGG terms produced by
clusterProfiler in the Ctrl vs. 30 uM group. (H) The Bar Chart showed the KEGG terms

produced by ClueGO in the Ctrl vs. 30 uM group.

Figure S5. KEGG signaling pathway enrichment analysis support Figure 5. (A) The KEGG
analysis of co-expression mRNAs in the Ctrl vs. 10 uM group (Lift is produced by
clusterProfiler, right is produced by ClueGo). (B) The KEGG analysis of co-expression
mRNAs in the Ctrl vs.30 uM group (Left is produced by clusterProfiler, right is produced by

ClueGo).

Supplementary tables

Table S1. Primary antibody of IF.

Table S2. Primary antibody of WB.
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Figure S1
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Figure S2
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Figure S5
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663 Table S1. Primary antibody of IF

Primary antibody Art.No. Manufacturers
STAT3 #9139 Cell Signal Technology, US
JAK?2 #3230 Cell Signal Technology, US
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665 Table S2. Primary antibody of WB

Primary antibody Art.No. Manufacturers
STAT3 #9139 Cell Signal Technology, US
p-STAT3 #9134 Cell Signal Technology, US
JAK?2 #3230 Cell Signal Technology, US
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