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The antisense lncRNA of TAB2 that
prevents oxidative stress to enhance the
follicular growth in mammals

Check for updates

Nian Li1,4, Bing Yun1,4, Liqing Zeng1, Yuanyuan Lv1, Yinqi Zhou1, Ming Fang1, Shuo Li1, Yongcai Chen1,
Enyuan Huang1, Liuhong Zhang1, Yao Jiang1,2, Hao Zhang1, Jiaqi Li 1 & Xiaolong Yuan 1,3

LncRNAs are highly implicated in oxidative stress (OS) during the growth ofmammalian follicles.TAK1
binding protein 2 gene (TAB2) has been suggested to involve in the normal apoptosis and proliferation
of granulosa cells (GCs), themain supporting cells in ovarian follicles. In this study,we found thatTAB2
increased the expressions ofSOD1,P50, andP65 to suppress theOS, thereby inhibiting the apoptosis
and promoting the proliferation in GCs. Notably,DNMTs appeared tomediate the expression of TAB2
without the changes of DNA methylation at TAB2’s promoter. We identified an antisense lncRNA of
TAB2, discovered that DNA methylation regulated the transcription of TAB2-AS in GCs, and found
TAB2-AS medicated the follicular growth of ovaries in vivo. Mechanistically, the hypomethylation of
the CpG site (−1759/−1760) activated the transcription of TAB2-AS, and the 1–155 nt and 156-241 nt
of TAB2-ASwere respectively complementary to 4368–4534 nt and 4215–4300 nt of TAB2’smRNA to
increase the expression of TAB2. Moreover, TAB2-AS inhibited the OS and apoptosis of GCs, while
promoted the proliferation of GCs to expedite the follicular growth, whichwas in linewith that of TAB2.
Collectively, these findings revealed the antisense lncRNAmechanismmediated byDNAmethylation,
and TAB2-AS might be the target to control OS during follicular growth in mammals.

Many studies have shown that the intracellular oxidative stress (OS) caused
by the excess accumulation of reactive oxygen species (ROS) regulates the
tissue growth1 and diseases2,3 of mammals via inducing cell apoptosis
DNA4,5. In humans, the superfluous ROS promotes the apoptosis of
osteoblast through enhancing OS, thereby causing Aluminum-related bone
diseases6. Moreover, ROS enhances the apoptosis of human head and neck
cancer cells to inhibit the development of head and neck cancer7. As the
basic structural and functional unit of mammalian ovaries, the follicles are
composed of oocytes, granulosa cells (GCs), andmembrane cells8, in which
GCs regulate follicular growth and ovulation via mediating the maturation
of oocytes9. The normal differentiation and proliferation of GCs ensure the
growth of ovarian follicles10, while the excessive apoptosis of GCs decreases
the synthesis of extracellular matrix in follicular fluid to induce follicular
atresia in mammals11. Notably, the OS has been confirmed to be closely
related to the follicular growth and ovarian diseases including age-related
ovarian dysfunction and ovarian endometriosis12. However, the specific

mechanisms by which the OS regulates follicular growth through influen-
cing the apoptosis of GCs remain unclear in mammals.

The long non-coding RNAs (lncRNAs) are identified as transcripts
that are longer than 200 nt13, and they are found to be associated with the
follicular growth of mammalian ovaries14,15. Differentiation antagonizing
non-protein coding RNA (DANCR) counteracts the human premature
ovarian insufficiencyvia inhibiting theP53-dependentGCs aging16. In ovine
ovaries, follicular development-associated lncRNA (FDNCR) promotes
the transactivation of decorin (DCN) by targetingmiR-543-3p, resulting the
enhancement of GCs apoptosis and inhibition of follicular growth17. The
DNA methylation is an important epigenetic modification by which con-
trolled mainly by DNA methyltransferases (DNMTs)18, and regulates the
transcription and expression of genes via altering chromatin structure19,20.
The DNA hypermethylation suppresses the expressions of transcriptional
regulators ID2 and ID4during thedifferentiationof humanoligodendrocyte
precursor cells via decreasing the activation of promoter21. Notably, the
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hypomethylation of porcine R-spondin 2 (RSPO2) promoter enhanced the
transcription of RSPO2 to advance the proliferation of ovarian GCs22,
suggesting that the DNA methylation might play an important role in
growth of follicles14,15,23. However, the functional mechanism of lncRNAs
that are regulated by DNA methylation in the growth of ovarian follicles
remains to be investigated.

TAK1 binding protein 2 gene (TAB2) is a member of TAB family24,
which arouses the activation of nuclear factor kappa-B (NF-κB) signaling
pathway via activating TAK1 kinase25,26. Interestingly, the NF-κB tran-
scription factors have been shown to play a vital role in the follicular growth
ofmammals through regulating the function of ovarianGCs27,28. Inmice, the
high expressions of NF-κB/P50 and NF-κB/P65 proteins inhibit the folli-
cular atresia via inducing the proliferation of ovarianGCs29,30.Moreover, the
NF-κB is a pivotal molecular signaling pathway for the regulation of OS31,32.
The activation of NF-κB pathway inhibits the OS from alleviating the oxi-
dative damage of porcine intestinal epithelial cells33. Nevertheless, the spe-
cific regulationmechanisms thatTAB2 involves inNF-κB signaling pathway
to regulate the follicular growth remain to be further explored. Using cul-
tured GCs, we found that TAB2might involve the OS, apoptosis, and pro-
liferation, thereby regulating the follicular growth in ovaries. Ulteriorly,
TAB2 antisense RNA (TAB2-AS), a lncRNA was identified for TAB2, and
the specific mechanisms by which DNA demethylation upregulated the
expressions of TAB2 and TAB2-AS were further revealed. Our results
characterize a promising mechanism regarding the therapeutic benefit of
DNA methylation and lncRNA in OS for mammalian follicular growth.

Results
TAB2 activates NF-κB pathway to counteract OS of ovarian GCs
To explore the effects of TAB2 on OS in ovarian GCs, GCs were treated by
hydrogen peroxide (H2O2), an inducer of OS. We found that the accumu-
lation of ROS inGCs treatedwith 100 μMand200 μMH2O2were increased
significantly (Fig. 1A). There was no significant difference between GCs
treated with 100 μM and 200 μM of H2O2 in the accumulation of ROS
(Fig. 1A). Considering the tolerance of GCs and cytotoxicity of H2O2, H2O2

at a concentration of 100 μM was selected for subsequent experiments.
100 μM H2O2 significantly inhibited the mRNA (Fig. 1B) and protein
(Fig. 1C) expressions of TAB2 in GCs. We then markedly increased the
mRNA (Fig. 1D) and protein (Fig. 1E) levels of TAB2 (OE-TAB2) in GCs
using the overexpression vector ofTAB2, and 1500 ng/mL of vector showed
the greatest effect. Three siRNAs of TAB2 were synthesized, and 100 nM
siRNA2 decreased themRNA (Fig. 1F) and protein (Fig. 1G) levels ofTAB2
with the strongest knockdown efficiency.

Moreover, we analyzed the mRNA and protein levels of OS-related
genes and NF-κB signaling pathway-related genes in GCs after over-
expression and knockdown of TAB2. The TAB2 overexpression sig-
nificantly promoted the mRNA expressions of catalase (CAT), superoxide
dismutase 1 (SOD1), and P65 (Fig. 1H), and the protein counts of P50, P65,
and SOD1 (Fig. 1I), as well as inhibiting the ROS accumulation of GCs
(Fig. 1J). Correspondingly, TAB2 knockdown significantly decreased the
mRNA (Fig. 1K) and protein (Fig. 1L) expressions of P50, P65, and SOD1,
and increased the ROS accumulation of GCs (Fig. 1M).

Fig. 1 | TAB2 activates NF-κB pathway to inhibit the oxidative stress in
ovarian GCs. A The level of ROS accumulation in ovarian GCs after treating with
H2O2. The mRNA (B) and protein (C) expressions of TAB2 in GCs after treating
with H2O2. The overexpression efficiencies of the mRNA (D) and protein (E) of
TAB2. The knockdown efficiencies of the mRNA (F) and protein (G) of TAB2. The
mRNA (H) and protein (I) expressions of several OS-related and NF-κB pathway
genes after overexpression of TAB2 in GCs. J The effects of TAB2 overexpression on

ROS accumulation in GCs. The mRNA (K) and protein (L) expressions of several
OS-related and NF-κB pathway genes in after knockdown of TAB2 in GCs.M The
effects of TAB2 knockdown on the ROS accumulation in GCs. N The ROS accu-
mulation in GCs treated with H2O2 after knockdown of TAB2. O The number of
differentially expressed genes between KD-NC and KD-TAB2. The GO (P) and
KEGG (Q) results of differentially expressed genes. The scale bars in (A, J,M), are
250 μm, and the scale bars in (N) are 200 μm.
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Similarly, the TAB2 knockdown significantly decreased the tolerance
of GCs to H2O2 induced ROS accumulation (Fig. 1N).

Moreover, we further explored the transcriptomic changes of GCs
treated with TAB2 knockdown, and 116 differentially expressed genes, e.g.,
prostaglandin D2 receptor (PTGDR), matrix metallopeptidase 1 (MMP1),
and matrix metallopeptidase 9 (MMP9) were obtained, compared with
control group (Fig. 1O,Table S1). TheGeneOntology (GO)analysis of these
differentially expressed genes enriched in cell junction, extracellular region,
and cell periphery (Fig. 1P, Table S2), and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis showed that these genes enriched in TNF
signaling, PPAR signaling, and Estrogen signaling pathways (Fig. 1Q,
Table S3), which are highly related to functions of GCs. These results sug-
gested that TAB2 suppress the OS in ovarian GCs.

TAB2 inhibits theapoptosisbutpromotes theproliferationofGCs
Ulteriorly, we found that TAB2 overexpression significantly decreased the
mRNA (Fig. 2A) and protein (Fig. 2B) expressions of cysteine aspartic acid

specific protease 9 (Caspase-9) and BCL-2 interactingmediator of cell death
(BIM) of apoptosis-related genes, and the apoptosis levels of GCs (Fig. 2C).
TAB2 knockdown was likely to recover the mRNA (Fig. 2D) and protein
(Fig. 2E) expressions of Caspase-9 and BIM, as well as the apoptosis of GCs
(Fig. 2F). In addition, TAB2 overexpression significantly enhanced the
mRNA (Fig. 2G) and protein (Fig. 2H) expressions of proliferating cell
nuclear antigen (PCNA) and cyclin E1 (CCNE1) that were the cell
proliferation-related genes in GCs, and significantly increased the pro-
liferation rate of GCs (Fig. 2I). Oppositely, TAB2 knockdown significantly
weakened the mRNA (Fig. 2J) and protein (Fig. 2K) expressions of PCNA
andCCNE1 inGCs, and significantly decreased the proliferation rate ofGCs
(Fig. 2L). These results indicated that TAB2 might prevent OS, and thus
inhibit the apoptosis but promote the proliferation of ovarian GCs.

An antisense lncRNA TAB2-ASwas identified for TAB2
5-Aza-CdR, an DNMTs inhibitor, was found to significantly increase the
mRNA (Fig. 3A) and protein (Fig. 3B) levels of TAB2. Similarly, the

Fig. 2 | TAB2 inhibits the apoptosis but promotes the proliferation of GCs. The
mRNA (A) and protein (B) expressions of apoptosis-related genes treated with TAB2
overexpression in GCs.C The effect of TAB2 overexpression on the apoptosis of GCs.
The mRNA (D) and protein (E) expressions of apoptosis-related genes treated with
TAB2 knockdown in GCs. F The effect of TAB2 knockdown on the apoptosis of GCs.

The mRNA (G) and protein (H) expressions of proliferation-related genes treated
with TAB2 overexpression in GCs. I The effect of TAB2 overexpression on the pro-
liferation of GCs. The mRNA (J) and protein (K) expressions of proliferation-related
genes treated withTAB2 knockdown inGCs. LThe effect ofTAB2 knockdown on the
proliferation of GCs. The scale bars in (I, L) are 200 μm.
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knockdowns of DNA methyltransferase 1 (DNMT1), DNA methyl-
transferase 3 A (DNMT3A), and DNA methyltransferase 3B (DNMT3B)
genes significantly promoted the mRNA (Fig. 3C) and protein (Fig. 3D)
expressions of TAB2, suggesting DNA methylation might regulate the
transcription ofTAB2. Despite themRNA (Fig. 3F) and protein (Fig. 3G) of
TAB2 expressed the highest in large follicles, compared to the small and
medium follicles, and one CpG island (CGI, 265 bp, −327/−63 bp, tran-
scription start site [TSS] =+1) resided in the promoter region of TAB2
(Fig. 3E), but the CGI and non-CpG island (NCGI, 203 bp,−526/−324 bp)
regions of TAB2 were none methylated status in the small, medium, and
large follicles (Fig. 3H). These observations suggested that DNA methyla-
tion did not directly regulate the transcription of TAB2. To further inves-
tigate the specific regulatory mechanism of DNA methylation in the
expression of TAB2, we identified a lncRNAMSTRG 143.1 upregulated by
5-Aza-CdR based on RNA-seq14. MSTRG 143.1 was 241 nt in length, and
located at the antisense strand of TAB2 (Fig. 3I). We namedMSTRG 143.1
as TAB2 antisense RNA (TAB2-AS, submitting to GenBank with accession
number OR554882) (Fig. 3I). Subsequently, we found that 1000 ng/mL
overexpression vector and 100 nMantisense oligonucleotides 2 ofTAB2-AS
showed the strongest efficiency for the overexpression (OE-TAB2-AS)
(Fig. 3J) and knockdown (KD-TAB2-AS) (Fig. 3K) of TAB2-AS, respec-
tively. The mRNA (Fig. 3L) and protein (Fig. 3M) levels of TAB2 in GCs
were significantly enhanced after treating with TAB2-AS overexpression,
while the TAB2-AS knockdown significantly inhibited themRNA (Fig. 3N)
and protein (Fig. 3O) expressions of TAB2. Moreover, the mRNA (Fig. 3P)
and protein (Fig. 3Q) levels of TAB2 were significantly decreased by
knockdown of TAB2-AS in the GCs treated with H2O2.

DNAmethylation mediated TAB2-AS to promote the expression
of TAB2
Interestingly,TAB2-ASwas found to express earlier thanTAB2 inGCs from
12 h to 30 h (Fig. 4A), duringwhichGCs fully adhered to plate and began to

proliferate34. This observation suggested that TAB2-AS might activate the
transcription of TAB2. Using the specific ChIRP probes of TAB2-AS, we
found thatTAB2-AS significantly bound toTAB2’smRNA (Fig. 4B) but not
TAB2 protein (Fig. 4C). There were two overlap regions in the RNA
sequence ofTAB2-AS andTAB2 (Fig. 4D). Subsequently, the overlap region
1 (OR1, 1–155 nt) and overlap region 2 (OR2, 156-241nt) of TAB2-AS
sequence were cloned into pcDNA3.1 vector. The mRNA (Fig. 4E) and
protein (Fig. 4F) levels of TAB2 were increased significantly after over-
expressingOR1 andOR2, suggesting that 1-155 nt and 156-241 nt ofTAB2-
AS were bound with 4368-4534 nt and 4215-4300 nt of TAB2’s mRNA,
respectively. TheCPC2.0website predicted thatTAB2-ASwas a non-coding
RNA(Protein-codingprobability = 0.0125435) (Fig. 4G). To further explore
the coding potential of TAB2-AS, the pcDNA3.1, pcDNA3.1-EGFP,
pcDNA3.1-EGFP Mut, and pcDNA3.1-ORF-EGFP Mut vectors were
constructed (Fig. 4H), and then transfected intoGCs, respectively. TheGCs
transfected with pcDNA3.1-ORF-EGFP Mut vector didn’t show EGFP
fluorescence (Fig. 4I), indicating that TAB2-AS had no protein-encoding
potential. Using FISH analysis (Fig. 4J) and nuclear mass separation assay
(Fig. 4K), we identified that the enriched levels of TAB2-AS in the nucleus
and cytoplasm of GCs were similar.

Besides, 5-Aza-CdR (Fig. 4L) and knockdowns ofDNMT1,DNMT3A,
and DNMT3B genes (Fig. 4M) significantly promoted the expression of
TAB2-AS, which is similar to that of TAB2. Moreover, during the follicular
growth, the expression of TAB2-AS increased gradually along with the
expansion of follicular size (Fig. 4N). One CGI was identified in the pro-
moter region of TAB2-AS (CGI, 222 bp, −1946/−1725 bp, TSS =+1;
Fig. 4O).Compared tonon-CGI regionofTAB2-AS (NCGI, 281 bp,−2224/
−1944 bp), the methylation levels of the CGI gradually decreased in the
development of follicles (Small: 93.57%, Medium: 90%, Large: 88.57%).
Especially, themethylation level of oneCpG(−1759/−1760)weremarkedly
changed. along with the expansion of follicular size (Fig. 4P), and 5-Aza-
CdR seemed to markedly decrease the methylation levels of this CpG

Fig. 3 | LncRNA TAB2-AS, an antisense RNA, is identified for TAB2. The mRNA
(A) and protein (B) expressions of TAB2 in GCs after treating by 5-Aza-CdR. The
effects of DNMTs knockdown on the mRNA and protein (D) expressions of TAB2.
(E) Schematic distribution of the CpG sites and bisulfite sequencing primers in the
TAB2 promoter. The mRNA (F) and protein (G) expressions of TAB2 in small
(< 3 mm), medium (3-5 mm), and large (> 5 mm) follicles. (H) The methylation
status of CGI and NCGI of TAB2 promoter in small, medium, and large follicles.

(I) The identifications of TAB2-AS 5′ RACE and 3′ RACE. The overexpression
(J) and knockdown (K) efficiencies of TAB2-AS. The mRNA (L) and protein
(M) expressions of TAB2 treated with TAB2-AS overexpression in GCs. The mRNA
(N) and protein (O) expressions of TAB2 treated with TAB2-AS knockdown in GCs.
The mRNA (P) and protein (Q) levels of TAB2 in GCs co-treated with H2O2 and
TAB2-AS knockdown. CGI, CpG island; NCGI, non-CpG island.
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(−1759/−1760) (Fig. 4Q). Therefore, the methylation of CpG (−1759/
−1760) was speculated to inhibit the transcription of TAB2-AS.

TAB2-AS inhibits the OS and apoptosis but promotes the pro-
liferation of GCs via targeting TAB2
The mRNA (Fig. 5A) and protein (Fig. 5B) expressions of SOD1, P50, and
P65 in GCs were obviously increased by TAB2-AS overexpression. Mean-
while, TAB2-AS overexpression significantly inhibited the ROS accumula-
tion of GCs (Fig. 5C). The TAB2-AS knockdown significantly decreased the
mRNA (Fig. 5D) and protein (Fig. 5E) levels of SOD1, P50, and P65 in GCs,
and promoted the ROS accumulation of GCs (Fig. 5F). The TAB2-AS
overexpression observably inhibited the mRNA (Fig. 5G) and protein
(Fig. 5H) expressions of Caspase-9 and BIM, and then inhibited the apop-
tosis of GCs (Fig. 5I). Conversely, TAB2-AS knockdown significantly pro-
moted the mRNA (Fig. 5J) and protein (Fig. 5K) expressions of Caspase-9
and BIM, and promoted the apoptosis of GCs (Fig. 5L). We found that the
TAB2-AS overexpression significantly enhanced the expressions of PCNA
andCCNE1 (Fig. 6A, B) to promote the proliferation ofGCs (Fig. 6C), while
TAB2-AS knockdown suppressed the expressions of PCNA and CCNE1
(Fig. 6D, E) to inhibit the proliferation of GCs (Fig. 6F). Notably, TAB2
knockdown inhibited the proliferation of GCs treated by TAB2-AS over-
expression (Fig. 6G), and promoted the apoptosis of GCs treated by TAB2-
AS overexpression (Fig. 6H). Similarly, TAB2 overexpression partially

weaken the effects ofTAB2-AS knockdownon the proliferation (Fig. 6I) and
apoptosis (Fig. 6J) of GCs. It was likely that TAB2-AS regulated the OS,
apoptosis, and proliferation of GCs via inducing the expression of TAB2.

TAB2-AS promotes follicular growth and sexual maturity
To further explore the biological function of TAB2-AS in follicular growth,
the rLV-TAB2-AS or sh-TAB2-AS was infected into cultured porcine fol-
licles. We found that the rLV-TAB2-AS significantly promoted the mRNA
expressions of TAB2, PCNA, SOD1, P65, and P50 in follicles, and sig-
nificantly inhibited themRNAexpressions ofCaspase-9 andBIM in follicles
(Fig. 7A). The sh-TAB2-AS showed the opposite results (Fig. 7A). Mean-
while, the rLV-TAB2-AS obviously upregulated the protein levels of PCNA,
SOD1, P65, and P50, while obviously downregulated the protein levels of
Caspase-9 and BIM (Fig. 7B). The opposite results were observed with sh-
TAB2-AS (Fig. 7B). The apoptosis of GCs in follicles was markedly resisted
by rLV-TAB2-AS, while the sh-TAB2-AS enhanced the apoptosis of folli-
cular GCs (Fig. 7C). Besides, rLV-TAB2-AS inhibited the loss of follicular
blood vessels and the opacity of follicular fluid, while the opposite results
were observed by sh-TAB2-AS (Fig. 7D). We identified the expression of
TAB2-AS in mouse ovarian via FISH analysis (Fig. 7E). Subsequently, rLV-
TAB2-AS or sh-TAB2-AS was infected into mouse ovaries using intra-
peritoneal injection. The rLV-TAB2-AS significantly increased the mRNA
levels of PCNA, CCNE1, P50, and P65, while sh-TAB2-AS significantly

Fig. 4 | DNAmethylation mediates TAB2-AS to promote the expression of TAB2
via complementary to TAB2’s mRNA. A The mRNA expressions of TAB2-AS and
TAB2 at 12 h, 18 h, 24 h, and 30 h of cultured GCs. The binding status ofTAB2-AS to
mRNA (B) and protein (C) of TAB2. The Input and ChIRP-NC were selected as
positive and negative controls, respectively. D Schematic diagram of the overlap
regions between TAB2-AS and TAB2 mRNA. The effects of OE-TAB2-AS (OR1)
and OE-TAB2-AS (OR2) on the mRNA (E) and protein (F) expressions of TAB2.
(G) The predicted results of protein-encoding ability for TAB2-AS. (H) The sche-
matic diagram of EGFP fusion vectors. IThe fluorescence signal of EGFP in the GCs
transfected with fusion vectors. The FISH (J) and nucleoplasmic-qPCR (K) were

used to identify the subcellular localization of TAB2-AS. Actin beta (ACTB) and
GAPDH were used as cytosolic controls, and U6 was used as nuclear control. The
effects of 5-Aza-CdR treatment (L) andDNMTs knockdowns (M) on the expression
of TAB2-AS. N The expressions of TAB2-AS in small, medium, and large follicles.
O Schematic distribution of the CpG sites and bisulfite sequencing PCR (BSP)
primers in the TAB2 promoter. P The methylation status of the CGI and NCGI of
TAB2-AS promoter in small, medium, and large follicles. Q The CGI methylation
state in the GCs treated with 5-Aza-CdR. The scale bars in (I) are 500 μm, and the
scale bars in (J) are 200 μm.
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decreased the mRNA levels of TAB2, PCNA, and P50 (Fig. 7F). Meanwhile,
rLV-TAB2-AS enhanced the protein expression of P65, and sh-TAB2-AS
reduced the protein expressions of TAB2, PCNA, and P65 (Fig. 7G). We
found that the rLV-TAB2-AS induced the mouse ovaries to spawn more
corpus luteum (Fig. 7H). Compared to the control group, lesser corpus
luteum and more antral follicles appeared in the ovaries of mice with sh-
TAB2-AS (Fig. 7H). These findings indicated that TAB2-AS promoted
follicular growth and ovulation of mouse. The secretion of E2 was sig-
nificantly upregulated by rLV-TAB2-AS, while sh-TAB2-AS reduced the
secretion of estrogen (E2) inmouse serum (Fig. 7I). Furthermore, the sexual
maturity of mice was advanced and delayed by rLV-TAB2-AS and sh-
TAB2-AS, respectively (Fig. 7J). The litter size of mice with rLV-TAB2-AS
was significantly increased compared to control group, while the sh-TAB2-
AS obviously decreased the litter size of mice (Fig. 7K).

Discussion
The excessive mitochondrial redox reaction causes OS of GCs to induce
follicular injury and ovarian diseases, including human premature ovarian
insufficiency35,36 and polycystic ovarian syndrome37,38. In mice, the excess
ROS in ovarian GCs induced by FSH inhibits the normal follicular growth
and leads to follicular atresia39. Furthermore, the activation of NF-κB sig-
naling pathway is necessary for the growth of follicles in mammalian
ovaries40. In this study, we significantly induced the OS in GCs using H2O2

treatment. Notably, there was no significant difference between GCs treated
with 100 μMand 200 μMofH2O2 in the level of OS (Fig. 1A), indicating that
there was no dosage-dependent of H2O2 on the induction of OS in GCs.
Moreover, the expression of TAB2 was downregulated in GCs treated by
H2O2 (Fig. 1B, C). TAB2 enhanced the expressions of P50, P65, and SOD1 in
GCs, anddecreased theROSaccumulationofGCs (Fig. 1H–N).These results

Fig. 5 | TAB2-AS inhibits the oxidative stress and apoptosis of GCs. The mRNA
(A) and protein (B) expressions of several OS-related and NF-κB pathway genes in
GCs after overexpression of TAB2-AS. C The effect of TAB2-AS overexpression on
the ROS accumulation in GCs. The mRNA (D) and protein (E) expressions of
several OS-related and NF-κB pathway genes after knockdown of TAB2-AS in GCs.
FThe effect ofTAB2-AS knockdown on the ROS accumulation inGCs. The effects of

TAB2-AS overexpression on the mRNA (G) and protein (H) expressions of
apoptosis-related genes as well as the apoptosis levels (I) of GCs. The effects of
TAB2-AS knockdown on the mRNA (J) and protein (K) expressions of apoptosis-
related genes as well as the apoptosis levels (L) of GCs. The scale bars in (C) and (F)
are 250 μm.
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indicated that TAB2 inhibited the OS of GCs, and activated the NF-κB
signaling pathway in GCs. The excessive apoptosis of GCs breaks the folli-
cular growth and causes follicular atresia in mammalian ovaries41. For
example, theROSstimulates oxidative injury to facilitate the apoptosis ofGCs
in human ovaries42. In our study, TAB2 significantly inhibited the apoptosis
(Fig. 2A–F) and promoted the proliferation (Fig. 2G–L) of GCs. The change
in amount of protein in the treatment groups was restricted, compared with
control groups. We considered that the slight change in the amount of
multiple protein regulated the functions of GCs. Collectively,TAB2 inhibited
the apoptosis of GCs via reducing the OS of GCs, and stimulated the pro-
liferation andNF-κB signaling pathway of GCs. Notably, the GO andKEGG
analyses showed that the differentially expressed genes between KD-NC and
KD-TAB2were enriched in follicular growth-related pathways, such as TNF
signaling43, PPAR signaling44, and Estrogen signaling45 (Fig. 1P, Q). These
results indicated the biological targets of TAB2 were diverse during the reg-
ulation of follicular growth, rather than being limited to OS of GCs.

DNA methylation medicates the expressions of genes in ovarian GCs
via regulating the activity of gene promoter46,47, and plays a pivotal factor to
control follicular growth of mammals48,49. In mice, the genomic DNA of
proliferating GCs occurs large-scale demethylation, and the expression of
DNMT1 appears decline in GCs during follicular development of ovaries50.
We found that the expression of TAB2 was upregulated in ovarian GCs
treated by 5-Aza-CdR (Fig. 3A, B) and DNMTs knockdowns (Fig. 3C, D).
Unexpectedly, theCGI andNCIG in promoter region ofTAB2was virtually
unmethylated (Fig. 3H). Subsequently, lncRNA TAB2-AS, an antisense
RNA of TAB2 was identified based on previous RNA-seq data14 (Fig. 3I).
Similar to protein-coding genes, the transcriptions of lncRNAs are also
regulated by DNA methylation51,52. The expression of TAB2-AS was
increased significantly in GCs treated with 5-Aza-CdR (Fig. 4L). With the
expansion of follicular size, the expression of TAB2-AS was significantly
increased (Fig. 4N), while the methylation levels of CpG (-1759/-1760)
in TAB2-AS promoter was declined gradually (Fig. 4P). Interestingly,

Fig. 6 | TAB2-AS promotes the proliferation of GCs. The mRNA (A) and protein
(B) expressions of proliferation-related genes as well as the proliferation levels (C) of
GCs treated with TAB2-AS overexpression. The mRNA (D) and protein (E)
expressions of proliferation-related genes as well as the proliferation levels (F) of

GCs treated with TAB2-AS knockdown. The effects of TAB2 knockdown on the
proliferation (G) and apoptosis (H) of GCs treated with TAB2-AS overexpression.
The effects of TAB2 overexpression on the proliferation (I) and apoptosis (J) of GCs
treated with TAB2-AS knockdown. The scale bars in (C, F, G, I) are 200 μm.
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5-Aza-CdR inhibited the methylation of CpG (-1759/-1760) (Fig. 4Q), and
DNMTs knockdowns increased the expression of TAB2-AS (Fig. 4M),
suggesting that theDNMTs involved themethylationofCpG(-1759/-1760).
These results indicated that the hypomethylation of CpG (-1759/-1760)
promoted the transcription ofTAB2-AS to regulate the expression ofTAB2.

More recently, it is worth noting that lncRNAs have been demon-
strated to involve in follicular growth and diseases of ovaries through reg-
ulating target gene53–55. We demonstrated that TAB2-AS was expressed
earlier than TAB2 during the proliferation of GCs (Fig. 4A). Studies have
shown that PXN antisense RNA 1 (PXN-AS1) enhances the expression of
paxillin (PNX) via binding to thePNX’smRNA56, and the similar regulatory
mechanism was discovered between AR-regulated long noncoding RNA 1
(ARLNC1) and androgen receptor (AR)57. Similarly, we found that 1-155 nt
and 156-241 nt regions of TAB2-AS were bound respectively to the 4368-
4534 nt and 4215-4300 nt ofTAB2’smRNA, thus promoting the expression
of TAB2 (Fig. 4B–F). TAB2-AS significantly inhibited the ROS accumula-
tion (Fig. 5A–F) and apoptosis of GCs (Fig. 5G–L), while promoted the
proliferation of GCs (Fig. 6A–F).

To further characterize the function of TAB2-AS, the lentivirus infec-
tionwasperformed. Previous studies have confirmed that the atretic follicles
appear degeneration of blood vessels and turbidity of follicular fluid58,59. In
porcine follicles, we found that TAB2-AS inhibited the apoptosis of GCs

(Fig. 7C), the degeneration of blood vessels, and the turbidity of follicular
fluid (Fig. 7D), suggesting that TAB2-AS inhibited the follicular atresia.
Similarly, TAB2-AS facilitated the follicular growth (Fig. 7H), E2 secretion
(Fig. 7I), sexual maturity (Fig. 7J), and litter size (Fig. 7K) of mouse.
Therefore, we speculated that TAB2-AS accelerated the sexual maturity by
promoting follicular growth. Physiologically, we believed thatTAB2 resisted
OS to determine the fate of follicle selection. Strong expression of TAB2
might guarantee the high antioxidant activity of GCs, while the GCs that
express TAB2 weakly might be the specific cells with low antioxidant
activity. TAB2 ensured the normal growth of follicles, but suppression of
TAB2 induced follicular abnormalities via decreasing antioxidant activity.
There may be some limitations in our study. The genome epigenetic
modification widely regulates gene expression60, but the DNA methylation
analysis in this study had been limited in the promoter of TAB2. The
chromatin accessibility assay and ChIP assay appear to provide more
valuable insights to explore the mechanisms by which epigenetic mod-
ifications regulate TAB2 expression. The potential function by which FSH
and LH regulated follicular growth by changing the expressions of TAB2
and TAB2-ASwas ignored. Considering the effects of FSH and LH on ROS
accumulation, we did not add FSH and LH into the culture system of GCs.
Moreover, it was likely that TAB2-ASmight be a potential enhancer RNA61

mediated by DNAmethylation to enhance the transcription of TAB2.

Fig. 7 | TAB2-AS promotes follicular growth and sexual maturity in vivo. A The
RNA expressions of TAB2-AS, TAB2, PCNA, CCNE1, Caspase-9, BIM, SOD1, P65, and
P50 in the follicles treatedwith rLV-TAB2-AS and sh-TAB2-AS.BThe protein levels of
PCNA, Caspase-9, BIM, SOD1, P65, and P50 in the follicles treated with rLV-TAB2-AS
and sh-TAB2-AS. C The follicles treated with rLV-TAB2-AS and sh-TAB2-AS were
staining by TUNEL to assess the apoptosis status of GCs.DThemorphological pictures
of follicles treatedwith rLV-TAB2-AS and sh-TAB2-AS. The precision of ruler is 1mm.

E The FISH analysis on the expression of TAB2-AS in ovaries of mouse. F The mRNA
expressions of TAB2, PCNA, CCNE1, P50, and P65 in the ovaries of mouse treated by
rLV-TAB2-AS and sh-TAB2-AS.G The protein levels of TAB2, PCNA, and P65 in the
ovaries of mouse treated by rLV-TAB2-AS and sh-TAB2-AS. H The HE staining of
mouseovary treatedby rLV-TAB2-ASand sh-TAB2-AS.CLandarrows indicate corpus
luteum and antral follicle, respectively. The effects of rLV-TAB2-AS and sh-TAB2-AS
on the E2 concentration in serum (I), sexual maturity (J), and litter size (K) of mice.
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In conclusion, the DNMTs mediated TAB2-AS to promote the
expression ofTAB2 via targeting theTAB2’smRNA.The high expression of
TAB2weakened the OS of GCs via activating NF-κB pathway to inhibit the
apoptosis of GCs and promote the proliferation of GCs, ultimately expe-
diting the growth of mammalian follicles (Fig. 8).

Methods
Cell culture
The of healthy porcine ovaries were cleaned twice with PBS containing 1%
Penicillin-Streptomycin (Invitrogen, Shanghai, China) after collecting, and
transported back to the laboratory at low temperature. The follicular fluid of
3–5mmfollicleswas extractedusing syringe, and centrifuged to separate the
primaryGCs.TheGCswere resuspended in theDulbecco’smodifiedEagle’s
medium (DMEM; Hyclone, Logan, UT, USA) containing 10% fetal bovine
serum (Hyclone, Logan, UT, USA) and 1% Penicillin-Streptomycin (Invi-
trogen, Shanghai, China), and then incubated at 37 °C under 5% CO2 after
seeding into cultureflasks The 3–5mm follicleswere peeled fromovaries by
forceps and scalpels, and transferred to 24-well plates after washing twice
with PBS. The collected follicles were cultured in serum-free DMEM/F12
medium, and incubated at 38.5 °C under 5% CO2.

Quantitative reverse transcription PCR
The total RNA of cells and tissues were extracted using TRIzol reagent
(TaKaRa, Tokyo, Japan), and then reverse-transcribed into cDNA using
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham,
MA,USA). TheMaxima SYBRGreen qRT-PCRMasterMix (2×) (Thermo
Scientific, Waltham, MA, USA) was used for cDNA quantification,
according to the manufacturer’s protocol. The relative expression levels of
genemRNAswere calculatedwith the 2−ΔΔctmethod aftermeasuring theCT
value through CFX96 Touch Real-Time PCR system (Bio-Rad, Berkeley,
CA,USA).Glyceraldehyde phosphate dehydrogenase (GAPDH)was served
as the control gene. All primers for q-PCR are listed in Tables 1 and 2.

Transient transfection
Transfection was performed when GCs at high confluence (> 80%). The
plasmid or oligonucleotide were transfected intoGCs using Lipofectamine™
3000 reagent (Thermo Scientific, Waltham). The GCs were cultured in
Penicillin-Streptomycin-free medium during transfection. The modified
minimal essential medium (Opti-MEM, Gibco, USA) was used to dilute
liposome, plasmid, and oligonucleotide. The diluted liposome was incu-
bated with diluted plasmid or oligonucleotide for 15min at room tem-
perature to prepare transfection solution. Finally, the transfection solution
was added to cell medium and incubated for 5 h, and the original medium
was replacedwithmedium containing 1%Penicillin-Streptomycin after cell
transfection. All sequences of oligonucleotides are listed in Table 3.

Fig. 8 | The mechanism diagram by which DNAmethylation mediates TAB2-AS
to promote follicular development via regulating the oxidative stress, apoptosis,
and proliferation ofGCs.The knockdown ofDNMTs led to the hypomethylation of
CGI in TAB2-AS’s promoter, thus enhancing the transcription of TAB2-AS. TAB2-
AS bound with the 4215–4300 nt and 4368–4534 nt of TAB2’s mRNA to upregulate
the mRNA and protein expressions of TAB2, which further inhibited the oxidative
stress and apoptosis of GCs, promoted the proliferation of GCs, and ultimately
ameliorated the follicular growth.

Table 1 | Primers used for qPCR in pigs

Gene name Primer sequences (5′→ 3′) Size (bp)

LncRNA TAB2-AS F: GGGCTGTAGGTACTGCTATTGTT
R: GGTCACACTATATACTGACAGCAAC

132

TAB2
XM_013992499.2

F: GCTCACAGTCTTCTGCCCAT
R: CTCCTGTGGTGGCATTAGCA

279

GAPDH
NM_001206359.1

F: GGACTCATGACCACGGTCCAT
R: TCAGATCCACAACCGACACGT

220

PCNA
NM_001291925.1

F: GCAGAGCATGGACTCGTCTC
R: TTGGACATGCTGGTGAGGTT

120

BCL2
XM_021099602.1

F: TTGCCGAGATGTCCAGCCAG
R: TCAGTCATCCACAGGGCGAT

202

BCL-XL
NM_214285.1

F: TGACCACCTAGAGCCTTGGA
R: CGTCAGGAACCATCGGTTGA

124

MCL
NM_001348806.1

F: GAAGGCGTTAGAGACCCTGC
R: TGCCCCAGTTTGTTACTCCG

167

Caspase-3
NM_214131.1

F: GGATTGAGACGGACAGTGGG
R: CCGTCCTTTGAATTTCGCCA

124

Caspase-8
XM_021074714.1

F: CTCTGCCTACAGGGTCATGC
R: AGGATGGCCCTCTTCTCCAT

162

Caspase-9
XM_013998997.2

F: AACTTCTGCCATGAGTCGGG
R: CTGGCCTTGGCAGTCAGG

128

P53
NM_213824.3

F: ACGCTTCGAGATGTTCCGAG
R: TTTTATGGCGGGAGGGAGAC

137

BAX
XM_013998624.2

F: AGCGCATTGGAGATGAACTG
R: AAGTAGAAAAGCGCGACCAC

157

BAK
XM_013977773.2

F: CTCGTCCACATCAGAGGAGC
R: CTAGGTTCTAGGGGCAGGGT

147

BAD
XM_021082883.1

F: AGTCGCCACTGCTCTTACCC
R: TCTTGAAGGAACCCTGGAAATC

172

BIM
NM_001252194.1

F: TTTGACACAGACAGGAGCCC
R: AAGAAAACAGCATTACCCTCCT

226

CDK1
NM_001159304.2

F: AAGTGTGGCCAGAAGTGGAG
R: CCAGAAATTCGCTTGGCAGG

157

CDK2
NM_001285465.1

F: TTTGCTGAGATGGTGACCCG
R: GCTGAAATCCGCTTGTTGGG

254

CDK4
NM_00112309.7

F: GGCCCTCAAGAGCGTAAGAG
R: GTCTCTCGATCAGTTCGGGC

165

CCNA2
NM_001177926.1

F: AACTTCAGCTTGTGGGCACT
R: AACGAGGTGCTCCATTCTCA

140

CCNB1
NM_001170768.1

F: AGATCGCAGCAGGAGCTTTT
R: CCTCGATTCACCACGACGAT

151

CCNB2
NM_001114282.1

F: AGCCACCCAGGTAGCTAAGA
R: GAGAAGGACCCTTTGGAGCC

143

CCND1
XM_021082686.1

F: TTCATTTCCAACCCGCCCTC
R: AGAAGGGCTTCGATCTGCTC

182

CCND2
NM_214088.1

F: AAGAGACCATTCCGCTGACG
R: TTCTCATTGGGCTGAGGCAG

181

CCNE1
XM_005653265.2

F: GATGCGAAGGAACCTGACAC
R: AGGAACAGGGGTTTTCACAGG

196

CCNE2
NM_001243931.1

F: TGACGGTCATCTCCTGGCTA
R: CAGCAGCCGCCAGTATTCTA

177

CAT
NM_214301.2

F: GCCGCCTATTTGCCTATCCT
R: TCCCCAGAATAGCGGGTACA

226

SOD1
NM_001190422.1

F: CGAGCTGAAGGGAGAGAAGAC
R: CTTGATCCTTTGGCCCACCA

170

SOD2
NM_214127.2

F: TGCAGCTCGAGCAGGAATCT
R: CTTCTCCTCCACGACGTTCA

186

CYP1A1
NM_214412.1

F: CTGGGCACTTCGATCCCTAC
R: AGTCACCTCCCCGAACTCAT

143

CYP1B1
XM_021087620.1

F: GCCAGCAGCGTGATGATTTT
R: TGGGTTTAATGGTCAGGCCG

172

AHR
NM_001303026.1

F: CAGCCGGACTCTCAGCATAG
R: AAGTTCTGGCTTCTGACGGG

184
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RNA-seq
The GCs treated with knockdown control (KD-NC) and TAB2 knockdown
(KD-TAB2) were used for RNA-seq, and four biological replicates were
arranged for each group. The quality of total RNA extracted by TRIzol regen
was detected by Nanodrop 2000 spectrophotometer (Thermo Scientific,
USA) and gel electrophoresis. The ribosomal RNA (rRNA)-free total RNA
was obtained using the RiboMinus™ Eukaryote Kit (Thermo Scientific,
Waltham,MA, USA). The RNA sequencing was performed on the Illumina
Hiseq 2500platform (Illumina, SanDiego,CA,USA) after building of rRNA-
free total RNA libraries. The RNA reads were mapped to the Sus scrofa11.1

reference genome by HISAT262 and assembled by StringTie63. DESeq264 of
R software was used for the identification of differentially expression genes
(|log2FC | > log2 (1.5), P-value < 0.05) based on FPKM value.

Western blot assay and antibodies
The total protein of cells or tissues were extracted by RIPA buffer (Thermo
Scientific, Waltham, MA, USA), and the concentration of total protein was
detected using BCA reagent (BioSharp, Chengdu, China). The protein
samples were added into 4-20% SDS polyacrylamide gel (Solarbio, Beijing,
China) for electrophoresis. The eBlot™ L1 membrane converter (GenScript,
Nanjing, China) was used to transfer the separated proteins to poly-
vinylidene fluoride (PVDF) membrane. The PVDF membranes were
incubatedwith skimmilk powder dissolvedwithTris-buffered saline-Tween
(TBST) for 2 h and then incubated with diluted primary antibodies at 4°C
overnight. The information of primary antibody were as follows: anti-TAB2
(14410-1-AP,Proteintech, 1:3000), anti-GAPDH(10494-1-AP,Proteintech,
1:10000), anti-α-Tubulin (AF7010, Affinity, 1:5000), anti-PCNA (10205-2-
AP, Proteintech, 1:2000), anti-CCNE1 (AF4713, Affinity, 1:2000), anti-
Caspase-9 (AF6348, Affinity, 1:2000), anti-BIM (21280-1, Signalway,
1:1000), anti-P50 (21017, Signalway, 1:1000), anti-P65 (10745-1-AP, Pro-
teintech, 1:3000), anti-SOD1 (10269-1-AP, Proteintech, 1:3000). The PVDF
membranes were incubated with goat anti-rabbit IgG H&L (HRP)
(ab150079,Abcam, 1:10000) at room temperature for 2 h. Finally, BCL color
kit and theOdysseyFc Imaging System (LI-CORBiosciences, Lincoln,USA)
wereused for visualization, and Image J softwarewasused to analyze the gray
value of protein. All unedited blot images are provided in Fig. S1.

Bisulfite sequencing PCR
The MethPrimer website (http://www.urogene.org/cgi-bin/methprimer/
methprimer.cgi) was used to predict the CpG island of gene promoter and
design the specific primer of BSP. The genomic DNA was extracted from
follicular tissue by Tissue DNA Kit (D3396-02, Omega Bio-tek, USA).
According to the manufacturer’s protocol, the EZ DNA Methylation-
GoldTM Kit (D5006, ZYMO RESEARCH, CA, USA) was used to convert
the unmethylated cytosine of DNA sequence to uracil. Using the bisulfite-
converted DNA as template, the corresponding fragments were amplified
byBSP specificprimer. Finally, the bisulfite-convertedDNAfragmentswere
sequenced, and then compared with the original sequences via the QUMA
website (http://quma.cdb.riken.jp/). All primers for Bisulfite sequencing
PCR are listed in Table 4.

EdU assay
The GCs were cultured in a 48-well cell culture plates. 48 h after GCs were
transfected with plasmid or oligonucleotide, the Cell-LightTM EdU Apollo
567 In Vitro Kit (RiboBio, Guangdong, China) was used to analyze GCs
proliferation. Briefly, the GCs were incubated with 50 μM EdU solution
at 37°C for 2 h, and then fixed with 80% acetone after washing twice with
PBS. The GCs were permeated by 0.5% Triton X-100 solution, and then
incubated with 1× Apollo solution and 1× Hoechst for 30min in darkness,
respectively. Finally, the Nikon ECLIPSE Ti2 fluorescence microscope was
used to collected the images of EdU positive cells (red) andHoechst positive
cells (blue).

Flow cytometry
The GCs were transfected with plasmid or oligonucleotide for 48 h before
flow cytometry was performed, and three independent biological replicates
were set for each experimental group. The apoptosis of GCs was detected
using Annexin V-FITC Apoptosis Detection Kit (BioVision, Milpitas, CA,
USA). The GCs were collected and washed twice with cold PBS. Subse-
quently, 5 μL Annexin V-FITC and 5 μL PI staining solution were added to
GCs, and incubated 15min in darkness. Finally, the flow cytometry (BD,
USA) and Flowjo software were used to analyze the apoptosis rates of GCs.
The Annexin V single positive GCs and Annexin V-PI double positive GCs
were considered as viable apoptotic cells and non-viable apoptotic cells,
respectively. The flow cytometry gating strategy is provided in Fig. S2.

Table 1 (continued) | Primers used for qPCR in pigs

Gene name Primer sequences (5′→ 3′) Size (bp)

TAK1
NM_001114280.1

F: ATTCCAAGCCTAAACGGGGC
R: GGATGACTTCGAGCTGGCTT

226

P50
NM_001048232.1

F: CCCTGGCGCATCTAGTGAAA
R: TGCCTCTGTCATTCGTGCTT

274

P65
NM_001114281.1

F: CATGCGCTTCCGCTACAAG
R: GGTCCCGCTTCTTTACACAC

284

P52
XM_021072741.1

F: GACAGTTGCTACGACCCACA
R: CTGCTTAGGCTGTTCCACGA

144

RELB
XM_021094520.1

F: TCGCCATCGTGTTCAAGACA
R: TTCCGCTTCTTGTCCACTCC

166

REL
XM_005662527.3

F: ATGTACACCGCCAAGTAGCC
R: ACTCCACAATCCTGCCACAG

223

Table 2 | Primers used for qPCR in mouse

Gene name Primer sequences (5′→ 3′) Size (bp)

TAB2
XM_036155974.1

F: TCGCCAACTACTCCACAACC
R: GACCTTGGGTTGACTACGGG

297

GAPDH
NM_001289726.1

F: TGACCACAGTCCATGCCATC
R: GACGGACACATTGGGGGTAG

203

PCNA
NM_011045.2

F: GAACCTCACCAGCATGTCCA
R: ATTCACCCGACGGCATCTTT

221

CCNE1
NM_007633.2

F: CTCCCACAACATCCAGACCC
R: TGCTTCTTACTGCTGGGTGG

141

P50
NM_008689.2

F: CCCTACGGAACTGGGCAAAT
R: GCGGAATCGAAATCCCCTCT

153

P65
NM_009045.5

F: GAGACCTGGAGCAAGCCATT
R: CTGTCACCTGGAAGCAGAGG

123

Table 3 | List of oligonucleotides used in this study

Name Sequences (5′→ 3′)

ASO-TAB2-AS 1. GTCAGTATATAGTGTGACCT
2. AAAGGGCTGTAGGTACTGCT

siRNA-TAB2 1. AAAGGGCTGTAGGTACTGCT
2. CCCATAGCCAATATAACAT
3. GGGTCCTGCCTTTATTCAT

Table 4 | Primers used for BSP

Primer name Primer sequences (5′→ 3′) Size (bp)

TAB2-AS-NCGI F: TGGGTTTTAGATGAGGTTTAGATTT
R: CAAACCACAAACTAATATCAATAAACTTTA

281

TAB2-AS-CGI F: TTGATTTAGTTTGGTTATTTAAAAA
R: AAACTATAACCACCAACCTAC

222

TAB2-NCGI F: ATGTATATTTTGGATAGGGATAAAAA
R: AAACCAAAAACACTTTAACTTAAAAC

203

TAB2-CGI F: GTTTTGTTTTTAGGATTTTTAGGAA
R: AAAAAAAACACACCCCCTTAAA

262
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Detection of ROS
The 2.5 × 103 of GCs were seeded in each well of 96-well plate, and trans-
fected with plasmids or oligonucleotides for 48 h. The GCs were washed
twice by cold PBS, and incubated with 10mM DCFH-DA (Beyotime Bio-
tech, Shanghai, China) in the dark for 30min at 37 °C. The intracellular
DCFH was oxidized to produce DCF in the presence of ROS. The green
fluorescence intensity caused by DCH reflected the levels of ROS accu-
mulation. Finally, the fluorescence intensity of DCH was measured on the
Synergy Neo2 Hybrid MultiMode Reader (BioTek, Vermont, USA), and
then imaged using fluorescence microscope. All of the data were acquired
through averaging the results from three independent biological replicates.
Results were normalized by the fluorescence intensity of control group.

Chromatin Isolation by RNA Purification pull down assay
The binding mRNA and protein of TAB2-AS were identified using
the Pierce™ Magnetic RNA Protein Pull-Down Kit (Thermo Scientific,
Waltham, MA, USA) and specific ChIRP biotin probes (RiboBio, Guang-
dong, China). The GCs were lysed using standard lysate buffers, and then
centrifuged at 1000 rpm for 5min to collect the cell lysates. The magnetic
beads were incubated with the biotin probes in RNA Capture Buffer after
washing by 20mM Tris reagent. Then, the biotin probes captured the
binding mRNA and protein of TAB2-AS in cell lysates, and the magnetic
stand was used to collect beads. Finally, the magnetic beads were eluted
using Elution Buffer to collect the elution products for subsequent analysis.

RNA FISH assay
Thesubcellular localizationofTAB2-AS inovarianGCswasdeterminedusing
theRNAFluorescence In SituHybridization (FISH)Kit andprobes (RiboBio,
Guangdong,China). TheGCswere seeded in 24-well plates for 24 h, and then
fixed with 4% paraformaldehyde for 10min. Subsequently, the 0.5% Triton
X-100 was used to permeate GCs. The GCs were incubated with FISH Probe
Mix (20 μM) overnight at 37 °C after blocking by pre-hybridization solution.
The GCs was washed three times, stained by DAPI for 10min at room
temperature, and examined using fluorescence microscope.

5’ and 3’ RACE assays
The full-length sequence of TAB2-AS was obtained using the SMARTer
RACE 5’/3’ Kit (Takara, Japan). The total RNA of GCs was incubated with
1×E. coliPoly(A) Polymerase (NewEngland BioLabs, USA) for 1 h at 37 °C
to prepare Poly A+RNA. The Poly A+ RNAwas reverse-transcribed into
RACE-Ready first-strand cDNA using 5’/3’ CDS Primer and First-Strand
Buffer. Subsequently, the specific primers of 5’ RACE and 3’ RACE were
designed according the known sequence of TAB2-AS, respectively. The
RACE Nested-PCR was performed using cDNA as template. Finally, the
products of the 5’/3’ RACE were cloned into the pMD18-T clone vector
(Takara, Japan) and sequenced.

ELISA assay
The mouse E2 ELISA Kit (JINGMEI Biotech, Jiangsu, China) was used for
the detection of E2 levels in the serum. All reagents of ELISA assay were
balanced at room temperature for 1 h. The 50 μL of standards and 50 μL of
samples were added into the 96-wells ELISA plate, respectively. The anti-
body was added to eachwell, and then incubated at 37°C for 1 h. Then 50 μl
each of reagent A and B were added into each wells after cleaning, and
incubated at 37°C for 15min in dark. The microplate reader was used to
measure the absorbance at 450 nm. The ELISA standard curve was drawn
according to the absorbance of standard with different concentrations.
Finally, the E2 concentration was calculated through standard curve.

Animals and lentivirus delivery
All experiments were conducted according to Regulations for the Adminis-
trationofAffairsConcerningExperimentalAnimals issuedby theMinistry of
Science andTechnology of the People’s Republic of China (Revised inMarch
2017), and approved by the InstitutionalAnimalCare andUseCommittee of
Guangdong Laboratory Animals Monitoring Institute (Approval ID:

IACUC2021168). The 4-week-old female C57BL/6 J mice were selected as
model of in vivo experiment. All mice were bought from the Animal
Experiment Center of Guangdong Province (Guangzhou, Guangdong,
China). Mice were divided into 4 groups (rLV-NC, rLV-TAB2-AS, sh-NC,
sh-TAB2-AS) with 5 individuals in each group, and fed freely on standard
mouse chow. The environment temperature and humidity of mouse room
were controlled at 25 °C and 40%–70%, respectively, and the 12-h light/12-h
dark cycle was executed in mouse room. The ovaries of mice were infected
with lentiviral at adosageof 1 × 107TUthrough intraperitoneal injection.The
injection was given once a week for 3 weeks, during which the pubertal
initiation of mice was characterized by the opening of vaginal orifice. After
3 weeks, the mice were killed by cervical dislocation and the ovarian samples
were collected.The lentiviral vectorswere synthesizedbyGuangzhouDongze
(Guangzhou, China).

Follicular culture
The 3–5mm follicles of similar size were peeled from porcine ovaries by
forceps and scalpels, and cleaned twice with PBS containing 1% Penicillin-
Streptomycin (Invitrogen, Shanghai, China). The serum-free DMEM/F12
medium (Pricella, Wuhan, China) was used for follicular culture. Follicles
were assigned into rLV-NC (n = 3), rLV-TAB2-AS (n = 3), sh-NC (n = 3),
and sh-TAB2-AS (n = 3) groups, randomly. Subsequently, the follicles were
incubated at 38.5 °C under 5%CO2 after infectingwith lentivirus at a titer of
1 × 106 TU for 6 days before imaged.

Mouse fertility assay
The female C57BL/6 J mice were divided into 4 groups (rLV-NC, rLV-
TAB2-AS, sh-NC, sh-TAB2-AS) with 3 individuals in each group, and fed
freely on breeding mouse chow. The lentivirus injection was given once a
week for 3 weeks. Subsequently, each group of female C57BL/6 J mice that
completed lentivirus injection were assigned one male C57BL/6 J mouse
and mated, and the female mice were transferred to a separate cage after
pregnancy until the offspring were born. The litter numbers of each female
mice in the first litter were recorded and counted.

HE staining and TUNEL assay
The follicular growth andovulationofmouse ovarieswere analyzed through
HE staining. The ovarian tissueswere cut intomaximum transverse sections
after embedding in paraffin. Finally, sections were stained by HE. The
apoptosis ofGCs in follicles cultured in vitrowere detected using aOne Step
TUNEL Apoptosis Assay Kit (Beyotime Biotech, Shanghai, China). The
follicles were prepared into paraffin sections, and washed twice with cold
PBS. Subsequently, the sections were treated by xylene, ethanol, and pro-
tease K, respectively. Finally, the follicular sections were incubated with
TUNEL solution in the dark for 1 h, and the images were collected using
fluorescence microscope.

Statistics and reproducibility
R software (R Software, USA) and GraphPad Prism 7.0 software
(Chicago, IL, USA) were used to perform statistical analysis, and the
unpaired t-test (two-tailed) was used to determine significant differences.
All data are shown as mean value ± standard deviation (SD). The
P-value < 0.05 or P-value < 0.01 was judged as the statistical significance.
*P < 0.05, **P < 0.01.

The data of Western Blot were acquired through averaging the results
from at least two independent biological replicates, and other data were
acquired through averaging the results from three independent biological
replicates.

Data availability
The RNA-seq data have been deposited in the Sequence Read Archive
(SRA)database under accession numberPRJNA1147792.All uneditedblot/
gel images and the flow cytometry gating strategy in this study have been
included in Supplementary Information file. All data supporting of this
study have been included in Supplementary Data file.
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