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The list of long non-coding RNAs (lncRNAs) that participate in
the function of ovarian granulosa cells (GCs) is rapidly expand-
ing, but the mechanisms through which lncRNAs regulate GC
function are not yet fully understood. Here, we recognized a
minimally expressed lncRNA RP4-545C24.1 (which we named
DDGC) in GCs from patients with biochemical premature
ovarian insufficiency (bPOI). We further explored the role of
lncRNA DDGC in GC function and its contribution to the
development of bPOI. Mechanistically, silencing DDGC down-
regulated RAD51 by competitively binding with miR-589-5p,
and this resulted in significant inhibition of DNA damage
repair capacity. In addition, decreased expression of DDGC
promoted ubiquitin-mediated degradation of Wilms tumor 1
(WT1) protein through interactions with heat shock protein
90 (HSP90), which led to aberrant differentiation of GCs.
Moreover,DDGC was able to ameliorate the etoposide-induced
DNA damage and apoptosis in vivo. Taken together, these find-
ings provide new insights into the contribution of lncRNAs in
POI pathogenesis.

INTRODUCTION
Substantial advances in high-throughput sequencing technologies
have shown that the majority of the human genome is transcribed
into long non-coding RNAs (lncRNAs) rather than into proteins.1,2

LncRNAs are highly heterogeneous RNA molecules with lengths
exceeding 200 nt, and they play multiple roles in diverse cellular pro-
cesses.3,4 Our growing understanding of the tissue and cell specificity
of lncRNAs suggests that lncRNAsmight also be involved in the devel-
opment of pathological disorders such as cancers, immune dysfunc-
tion, and cardiovascular disease.5–7 However, clarifying the regulatory
role of lncRNAs in ovarian function has not been studied as intensely.

Premature ovarian insufficiency (POI) is one of the most common
reproductive disorders, and is defined as the decline or loss of ovarian
function before the age of 40 years, affecting�1% of women of child-
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bearing age, and it is accompanied by long-term health complica-
tions.8,9 A broad range of etiological factors have been studied, such
as genetic, autoimmune, and infectious factors,10 but these well-
known causes are behind fewer than half of all cases, implying that
other unknown mechanisms or regulators might contribute to the
pathogenesis of POI.

The pathology of POI is a multilayered process that is characterized
by unbalanced follicle formation, activation, and exhaustion. Granu-
losa cells (GCs), as a prominent component of ovarian somatic cells,
play an essential role in determining the growth or atresia of folli-
cles,11–13 and loss-of-function mutations in genes regulating the pro-
liferation or differentiation of GCs, such as BMP15,14 FSHR,15 and
WT1,16 have been shown to be causative for POI. Also, recent studies
in human GC lines have revealed the association between lncRNAs
and polycystic ovary syndrome (PCOS).17,18 However, the mecha-
nisms through which dysfunctional lncRNAs participate in POI
development remain poorly understood.

In the present work, RNA sequencing (RNA-seq) identified the differ-
entially expressed lncRNA DDGC in GCs from biochemical (b) POI
patients and further revealed its regulatory roles in DNA damage
repair processes and differentiation in vitro and in vivo. Mechanisti-
cally, DDGC sponged miR-589-5p to stabilize RAD51 mRNA, and
DDGC also regulated the ubiquitin-mediated degradation of the
Wilms tumor 1 (WT1) protein through direct interaction with the
heat shock 90 (HSP90) protein. Our study suggests that lncRNA
DDGC is involved in DNA damage repair and in the timely
The Author(s).
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Table 1. Baseline characteristics of study participants for RNA-seq

Characteristic Control (n = 9) bPOI (n = 8) p

Age (years) 32.00 ± 4.15 34.00 ± 4.41 0.351

BMI (kg/m2) 21.36 ± 1.89 22.33 ± 2.08 0.329

bFSH (IU/L) 6.37 ± 0.85 15.90 ± 3.73 <0.0001

bLH (IU/L) 4.67 ± 2.02 7.55 ± 2.95 0.032

bE2 (pg/mL) 33.89 ± 17.77 28.93 ± 11.93 0.516

AMH (ng/mL) 4.09 ± 2.08 0.63 ± 0.17 <0.001

bFSH, basal FSH; bLH, basal luteinizing hormone; bE2, basal estradiol.
Data are presented as mean ± SD, Students’ t test.
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differentiation of GCs and thus provides a new epigenetic perspective
on POI pathogenesis.

RESULTS
LncRNA DDGC is significantly minimally expressed in GCs from

bPOI patients

A total of 78 lncRNAs were differentially expressed in GCs between
the eight patients and the nine controls (Table 1, Figures 1A and
1B) according to RNA-seq analyses (GSE158526).19 To validate the
RNA-seq results, six lncRNAs with high conservative properties as
shown by the UCSC resources20 were chosen for further detection
by qRT-PCR. As shown in Figures 1C and S1, three lncRNAs—
RP4-545C24.1, AC112721.1, and ZNF674-AS1—were minimally ex-
pressed, and three lncRNAs—RP11-3D4.3, SNAI3-AS1, and GS1-
358P8.4—were upregulated in GCs from bPOI patients (Table 2).
Among them, lncRNA RP4-545C24.1, located at 7q35 and with
limited known functions, showed the greatest fold change (Table
S1, fold change = 2.12). We assessed the coding potential of RP4-
545C24.1 using the Coding-Potential Calculator21 and Coding-Poten-
tial Assessment Tool,22 which confirmed the non-coding character-
istic of RP4-545C24.1 (Figure S2A). Furthermore, RP4-545C24.1
had a relatively high expression level in the ovary according to the Ge-
notype-Tissue Expression database23 (Figure S2B), which was similar
to its expression profile in 21-week human fetal tissues (Figure 1D),
suggesting a potential regulatory role in ovarian function. In addition,
the single-cell RNA-seq analysis24 showed that the expression of
DDGC in human GCs was increased with follicle development (Fig-
ure S2C). Therefore, we focused on RP4-545C24.1 for subsequent ex-
periments. For simplicity, we refer to RP4-545C24.1 as DDGC (DNA
damage repair and differentiation of GC regulatory RNA), given its
roles in DNA damage repair and differentiation in GCs.

Silencing DDGC impairs DNA damage repair by downregulating

RAD51

Because DDGC is a transcript with limited known functions, we
analyzed transcriptome data by RNA-seq (GSE158555) in KGN cells
upon downregulation of DDGC with small interfering RNA (siRNA)
(Figure S3A). As shown in Figures 2A and S3B, a total of 728 genes
were differentially expressed as a consequence of DDGC silencing.
Analysis of Kyoto Encyclopedia of Genes and Genomes pathways
found that the most significantly enriched pathways included cell-
cycle-related pathways, the Fanconi anemia pathway, and the ho-
mologous recombination (HR) pathway (Figure 2B), which were
confirmed by qRT-PCR analysis (Figures S3C and S3D). Loss-of-
function experiments were performed to determine the effect of
DDGC knockdown in GCs.

As shown in Figures S3E–S3I, CCK8, 5-ethynyl-20-deoxyuridine
(EdU) staining, and flow cytometry analysis showed no significant
impact of DDGC silencing on cell-cycle progression or proliferation
of GCs. To measure DNA damage repair capacity and to evaluate
the cellular response to DNA damage induced by etoposide (ETO),
gH2AX levels were measured by western blot and immunofluores-
cence as an indicator of double-strand breaks (DSBs). After exposure
to ETO, gH2AX foci were observed and disappeared as the repair
process progressed (Figure 2C). DDGC silencing significantly pro-
longed the time to repair ETO-induced DSBs in both KGN and
SVOG cells (Figure 2D), which suggested that DDGC silencing in-
hibits the progress of DSB repair in GCs. As a consequence, silencing
of DDGC significantly increased GC apoptosis as evidenced by
increased levels of cleaved poly ADP-ribose polymerase protein
(PARP) (Figure 2E) and terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) signal (Figure 2F). Collectively,
these findings suggest that downregulation of DDGC inhibits DNA
damage repair in GCs.

To clarify the molecular mechanism underlying this phenomenon, we
measured the DNA repair proteins that were differentially expressed
after DDGC knockdown. As shown in Figure 2G, silencing DDGC led
to a significantly decreased RAD51 protein level, but there was no
significant effect on BRCA2, BARD1, or BRCA1 protein levels. There-
fore, we next explored whether downregulated RAD51 was respon-
sible for the impaired DNA damage repair seen in DDGC-silenced
cells. Downregulation of RAD51 by siRNA (Figure S3J) impaired
DNA damage repair of KGN and SVOG cells (Figure 2H), which
mimicked the phenotype upon DDGC silencing. Moreover, overex-
pression of RAD51 attenuated the levels of gH2AX induced by
ETO after DDGC silencing (Figures S3K and S3L). Considering the
vital role of RAD51 in the HR repair pathway, we validated the impact
of DDGC silencing on the repair of DNA damage induced by camp-
tothecin, which can be repaired only through the HR pathway, and
not the non-homologous end-joining pathway. Consistent with the
results of ETO treatment, gH2AX was observed after camptothe-
cin-induced damage and then decreased as the damage was repaired
(Figure 2I). Silencing DDGC or RAD51 extended the time for repair-
ing camptothecin-induced DSB in KGN cells as expected (Figure 2I),
which further demonstrated that the HR repair process was impaired
in DDGC-silenced or RAD51-silenced cells. Collectively, our findings
suggest that RAD51 is the critical target gene through which DDGC
participates in DNA damage repair processes in GCs.

DDGC is necessary for the stabilization of RAD51 mRNA by

serving as a sponge for miR-589-5p

DDGC was predominantly localized in the cytoplasm of KGN and
SVOG cells (Figures 3A and 3B), implying that it might serve as a
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Figure 1. LncRNA DDGC is significantly minimally

expressed in GCs from bPOI patients

(A) RNA-seq heatmap of lncRNAs with significantly altered

expression in GCs from controls (n = 9) or bPOI patients (n =

8). LncRNAs selected for validation are marked by a red

box. (B) Volcano plot showing the lncRNAs with significantly

altered expression. (C) The qRT-PCR analysis of the

expression levels of DDGC in GCs from controls (n = 27) or

bPOI patients (n = 17). Error bars show the mean ± SD.

**p < 0.01. (D) The qRT-PCR analysis of the expression

levels of DDGC in 21-week fetal tissues. The expression

level of DDGC in ovary was set to 1. GAPDH was regarded

as an endogenous control for (C) and (D).
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competitive endogenous RNA (ceRNA) by binding to microRNAs
(miRNAs) and mediating mRNA degradation.25 Cellular transcrip-
tion and translation were inhibited by actinomycin D and cyclohex-
imide, respectively. Then we conducted qRT-PCR and western blot
assays to observe the degradation rate of RAD51 mRNA and protein
after DDGC knockdown. Results showed that silencing DDGC pro-
moted the degradation of RAD51 mRNA (Figure 3C), while the pro-
tein degradation rate remained unchanged compared with that of
Table 2. Baseline characteristics of study participants for qRT-PCR

Characteristic Control (n = 27) bPOI (n = 17) p

Age (years) 31.48 ± 3.96 32.65 ± 3.97 0.347a

BMI (kg/m2) 21.85 ± 2.14 22.44 ± 3.76 0.510a

bFSH (IU/L) 6.31 ± 1.34 11.95 (11.33, 12.64) <0.0001b

bLH (IU/L) 5.83 ± 1.51 5.76 ± 1.85 0.893a

bE2 (pg/mL) 36.11 ± 16.02 36.76 ± 17.04 0.898a

AMH (ng/mL) 3.21 ± 1.34 0.513 ± 0.30 <0.0001a

bFSH, basal FSH; bLH, basal luteinizing hormone; bE2, basal estradiol.
Data are presented as mean ± SD.
aStudents’ t test. Data are presented as median (interquartile range).
bMann-Whitney U test.
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negative control cells (Figure 3D). Together, these
results suggest thatDDGC is necessary for RAD51
mRNA stabilization rather than for degradation
of RAD51 protein.

Because argonaute RISC catalytic component 2
protein (Ago2) is a central element of the RNA-
induced silencing complex involved in miRNA-
regulated mRNA instability, we performed RNA
immunoprecipitation (RIP) assays utilizing anti-
Ago2 antibody and found that endogenous
DDGC was preferentially co-precipitated by
Ago2 compared with IgG (Figure 3E). Moreover,
silencing of RAD51 mRNA also reduced DDGC
expression (Figure 3F). These results suggest
that DDGC serves as a ceRNA to regulate
RAD51mRNA stability and DNA damage repair.
Prediction using the publicly available starBase v.2.0 tool26 showed
that three miRNAs (miR-384, miR-589-5p, miR-653-5p) contained
seed regions complementary to both DDGC and RAD51 mRNA.
Thus, we transfected KGN cells with mimics of the three candidate
miRNAs, and the expression of lncRNAs DDGC and RAD51 was de-
tected via qRT-PCR and western blot. As shown in Figures 3G and
3H, both miR-384 and miR-589-5p could downregulate the expres-
sion of DDGC and RAD51 simultaneously. To further determine
whether these two miRNAs bind to DDGC and RAD51 mRNA, we
established luciferase reporters comprising either wild-type (WT)
or mutant (MT) DDGC or the 30 UTR of RAD51 mRNA (Figures
S4A and S4B). As shown in Figures 3I and 3J,miR-589-5p overexpres-
sion significantly suppressed the luciferase activity of WT reporter
vectors but not MT vectors in human embryonic kidney (HEK) 293
and HeLa cells. In contrast, miR-384 mimics had no effect on either
candidate target sequence (Figure S4C). Thus, we focused on miR-
589-5p in seeking further evidence for this interaction. A biotin-
labeled RNA pull-down assay showed that miR-589-5p precipitated
endogenous DDGC and RAD51 mRNA in KGN cells (Figure 3K).
Moreover, miR-589-5p was pulled down by biotin-labeled antisense
probes directed to DDGC (Figure 3L). These results indicate that
DDGC directly “absorbs”miR-589-5p in order to regulate the stability
of RAD51 mRNA.



Figure 2. Silencing of DDGC impairs DNA damage repair through downregulation of RAD51

(A) RNA-sequencing heatmap of differentially expressed mRNAs between DDGC-silenced (n = 2) and negative control KGN cells (n = 2). (B) KEGG analysis of RNA-

sequencing data for KGN cells after si-DDGC and si-NC transfection. (C) The etoposide (ETO)-induced gH2AX foci formation in KGN and SVOG cells after si-DDGC and

si-NC transfection. Scale bars, 15 mm. (D) After exposure to ETO, the expression levels of gH2AX were measured by western blot in KGN and SVOG cells after si-DDGC and

si-NC transfection. (E) The levels of cleaved PARP induced by ETO were measured by western blot in KGN and SVOG cells after si-DDGC and si-NC transfection. Protein

levels were quantified by ImageJ software and normalized to the loading controls. Error bars show the mean ± SD from three repeated experiments. n.s., not significant; *p <

0.05, ***p < 0.001. (F) TUNEL assays of KGN and SVOG cells with si-DDGC and si-NC transfection, followed by the addition of ETO for 12 h. Error bars show the mean ± SD

(legend continued on next page)
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Silencing ofDDGC leads to the aberrant differentiation of GCs by

downregulating WT1

Steroid hormone synthesis is indispensable for folliculogenesis, espe-
cially the conversion of androgen to estradiol, which is a characteristic
of differentiated GCs.27 Therefore, we further explored whether
DDGC participated in estradiol synthesis. Interestingly, we found
that the level of estradiol was significantly increased after DDGC
silencing (Figure 4A), as were the markers of GC differentiation,
i.e., FSHR and CYP19A1 (Figures 4B and 4C). In addition, genes
that are involved in steroid hormone synthesis and GC differentiation
were also found to be differentially expressed in the KGN RNA-seq
analysis (GSE158555). These findings suggest that the aberrant differ-
entiation of GCs can be attributed to DDGC silencing.

Because forkhead box O1 (FOXO1) and WT1 are two critical tran-
scription factors governing GC differentiation, we explored whether
FOXO1 and WT1 were involved in the DDGC silencing-mediated
aberrant differentiation of GCs. Intriguingly, WT1, but not FOXO1,
was significantly downregulated after DDGC silencing (Figure 4D).
Moreover, silencing WT1 resulted in an apparent increased level of
estradiol and expression of FSHR and CYP19A1 (Figures S4D, 4E,
and 4F), which mimicked the results of DDGC silencing. In contrast,
overexpression of WT1 led to a significant decline in the levels of
estradiol and FSHR and CYP19A1 expression, which partially
rescued the impact of DDGC silencing on GC differentiation (Figures
S4D, 4E, and 4F). In general, these data suggest that the aberrant dif-
ferentiation of GCs after DDGC silencing can be attributed to insuf-
ficient WT1 expression.

DDGC combines with HSP90 and mediates the degradation of

the WT1 protein

To elucidate the mechanism through which DDGC silencing leads to
decreased WT1 expression, we observed the changes in WT1 protein
and mRNA after DDGC silencing. The WT1 protein was notably
diminished, whereas the level of WT1 mRNA was not significantly
changed (Figure 5A), which indicated that DDGC might regulate
WT1 mRNA translation or protein degradation. As shown in Fig-
ure 5B, treatment of cells with cycloheximide after DDGC silencing
resulted in a notably shorter half-life of WT1 protein compared
with controls, which suggested that DDGC mediates the degradation
of WT1 protein. In addition to this, chloroquine and MG132 were
used to block the autophagy and proteasome pathways in GCs,
respectively. As shown in Figure 5C, treatment of cells with MG132
resulted in increased levels of endogenous WT1 protein compared
with control cells, whereas chloroquine treatment had no impact on
the decreasing level of WT1 protein upon DDGC knockdown (Fig-
ure S4E), thus indicating that DDGC modulates WT1 protein via
the ubiquitin-proteasome pathway but not through autophagy.
Indeed, the ubiquitination of the WT1 protein was dramatically
from three repeated experiments. ***p < 0.001. Scale bars, 50 mm (KGN) or 20 mm (S

damage repair in KGN and SVOG cells after si-DDGC and si-NC transfection. (H) Weste

transfection after ETO exposure. (I) After exposure to camptothecin (CPT), the gH2AX lev

KGN cells.
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increased in DDGC-silenced cells (Figure 5D). In summary, silencing
of DDGC led to aberrant differentiation of GCs by promoting the
ubiquitination and subsequent degradation of WT1.

Because the chaperone activity of HSP90 is essential for WT1 protein
stability,28 we focused on HSP90 to elucidate the possible mechanism
underlying the DDGC-mediated ubiquitination of WT1. Consistent
with the results presented above, diminished WT1 protein was
observed in KGN cells treated with the HSP90 inhibitor 17-AAG,
which could be rescued by MG132 (Figure 5E), indicating that inhi-
bition of HSP90 chaperone activity promotes the ubiquitin-protea-
some degradation of WT1 in GCs. As a molecular chaperone,
HSP90 interacts with hundreds of proteins to help maintain their ac-
tivity.29 Therefore, we hypothesized that DDGCmight act as an inter-
mediate in the interaction between HSP90 and WT1. Intriguingly,
immunofluorescence showed that HSP90 and WT1 were co-distrib-
uted in the nuclei of KGN cells (Figure S4F). DDGC silencing had
no impact on the expression of HSP90 (Figure S4G); however, it
impaired the interaction between HSP90 and WT1 in both nucleus
and cytoplasm (Figure 5F). Together, these results suggest that
DDGC mediates the interaction between HSP90 and WT1.

We further explored whether DDGC could directly bind to HSP90.
The biotin-labeled RNA pull-down assay and subsequent western
blot showed that HSP90 bound directly to DDGC, but not to
DDGC-AS (Figure 5G). Furthermore, the RIP assay indicated an
endogenous interaction between DDGC and HSP90 in KGN cells
(Figure 5H). Collectively, these results suggest that DDGC is essential
for the HSP90-WT1 interaction, and when DDGC is downregulated,
HSP90 can no longer efficiently bind to WT1, leading to subsequent
WT1 degradation.

DDGC regulates the expression of Rad51 and DNA damage

repair in vivo

To further verify the regulatory role of DDGC on the expression of
RAD51 andWT1,DDGCwas introduced into in vitro-culturedmouse
ovaries (Figure S4H) by infection or mouse ovaries (in vivo) by
ovarian bursa injection with adenovirus expressing DDGC (Fig-
ure 6A). Results showed that overexpressing DDGC significantly
decreased the protein levels of ETO-induced gH2AX and cleaved
PARP in in vitro-cultured ovaries (Figure 6B); however, it had no
impact on the ubiquitination of WT1 (Figure S4I). In vivo experi-
ments found that the mRNA and protein levels of Rad51 were signif-
icantly increased in ovaries overexpressing DDGC (Figures 6C and
6D), indicating the regulation of DDGC on Rad51 expression in vivo.
Meanwhile, no significant change was observed in the protein levels of
WT1, FSHR, and CYP19A1 after DDGC overexpression (Figure S4J).
The above-mentioned results suggested the protective role of DDGC
in mouse ovaries upon DNA damage. Then, we explored the
VOG). (G) Western blots of protein levels of several essential genes related to DNA

rn blots of protein levels of gH2AX in KGN and SVOG cells with si-RAD51 and si-NC

els were measured by western blot in si-DDGC-, si-RAD51-, and si-NC-transfected



(legend on next page)
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Figure 4. Silencing of DDGC leads to the aberrant differentiation of GCs through downregulation of WT1

(A) The estradiol (E2) level in the supernatant of KGN cells was measured after si-DDGC and si-NC transfection. Error bars show the mean ± SD from three repeated ex-

periments. ***p < 0.001. (B) The qRT-PCR analysis of relative mRNA levels of FSHR and CYP19A1 in KGN cells with si-DDGC and si-NC transfection. The qRT-PCR values

were obtained from three repeated experiments. Error bars show the mean ± SD. **p < 0.01, ***p < 0.001. (C) The protein levels of FSHR and CYP19A1 in si-DDGC- and si-

NC-transfected KGN cells were measured by western blot. (D) The protein levels of FOXO1 and WT1 in si-DDGC- and si-NC-transfected KGN cells were measured by

western blot. (E) The estradiol levels were measured in negative control, DDGC-silenced,WT1-silenced, and co-transfected KGN cells. Error bars show the mean ± SD from

three repeated experiments. n.s., not significant; **p < 0.01. (F) The protein levels of FSHR and CYP19A1 in negative control, DDGC-silenced, WT1-silenced, and co-

transfected KGN cells were measured by western blot.
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therapeutic effect of DDGC within mouse ovaries. After intraperito-
neal injection of ETO, lower gH2AX and cleaved PARP protein
levels, as well as TUNEL signals, were detected in ovaries overexpress-
ing DDGC (Figures 6E and 6F). These data indicate the therapeutic
effect of DDGC in mouse ovaries bearing DNA damage.
Figure 3. DDGC is necessary for the stabilization of RAD51 mRNA by serving a

(A) The qRT-PCR analysis of the expression levels of DDGC in the cytoplasm and nucleu

B1 and b-actin were used as the nuclear and cytoplasmic reference, respectively. (B) RN

of DDGC in KGN and SVOG cells. Scale bars, 10 mm. (C) RAD51mRNA expression in si-

different time points after the addition of actinomycin D (CHD). (D) Western blots of the

points after the addition of cycloheximide (CHX). Protein levels of RAD51 were quantifie

mean ±SD from three repeated experiments. (E) RIP assay of the enrichment ofDDGC af

and si-NC-transfected KGN and SVOG cells was measured by qRT-PCR. (G) qRT-PCR

miRNA mimics and negative-control-transfected KGN cells. (H) Western blots of the R

SVOG cells. (I, J) Luciferase activities were analyzed at 48 h after co-transfection of repo

are presented as the mean ± SD from three repeated experiments. (K) Enrichment of D

Enrichment of miR-589-5p pulled down by biotin-labeled probes directed to DDGC and

PCR values in (A), (C), (E–G), (K), and (L) were obtained from three repeated experimen
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DISCUSSION
In the ovary, the roles and mechanisms of lncRNAs have not been
extensively explored until recently. The latest reports have shown a
relationship between certain lncRNAs and PCOS; for instance,
LINC-01572:28 and Lnc-OC1 participate in PCOS development by
s a sponge for miR-589-5p

s of KGN cells.MALAT1 served as the cytoplasmic reference for lncRNA, and lamin

A fluorescence in situ hybridization (FISH) assay showing the subcellular localization

DDGC- and si-NC-transfected KGN and SVOG cells was measured by qRT-PCR at

RAD51 protein levels in si-DDGC- and si-NC-transfected KGN cells at different time

d by ImageJ software and normalized to the loading controls. Error bars show the

ter anti-Ago2 immunoprecipitation. (F) The relative expression ofDDGC in si-RAD51-

was applied to analyze the relative expression levels of DDGC and RAD51mRNA in

AD51 protein levels in miRNA-mimics and negative-control-transfected KGN and

rter vectors andmiR-589-5p or negative control in (I) HEK293 or (J) HeLa cells. Data

DGC and RAD51 after biotin-miR-589-5p or biotin-negative control pull-down. (L)

biotin-labeled negative control probes. Error bars show the mean ± SD. The qRT-

ts. n.s., not significant; *p < 0.05, **p < 0.01, ***p < 0.001.



Figure 5. DDGC combines with HSP90 and mediates the degradation of the WT1 protein

(A) The qRT-PCR analysis of the relative WT1 mRNA levels in si-DDGC- and si-NC-transfected KGN cells. The qRT-PCR values were obtained from three repeated ex-

periments. Error bars show the mean ± SD. n.s., not significant. (B) Western blots of the WT1 protein levels in si-DDGC- and si-NC-transfected KGN cells at different time

points after the addition of CHX. Protein levels of WT1 were quantified by ImageJ software and normalized to the loading controls. Error bars show the mean ± SD from three

repeated experiments. *p < 0.05. (C) Western blots of protein levels of WT1 in KGN cells with si-DDGC or si-NC transfection, followed by the addition of MG132 for 24 h. (D)

The polyubiquitination level of WT1 in si-DDGC- and si-NC-transfected KGN cells at 24 h after the addition of MG132 wasmeasured by western blot. The bottom blot depicts

the input of the cell lysates. (E) Western blots of protein levels of WT1 in KGN cells at 12 h after the addition of 17-AAG andMG132. (F) Western blots of protein levels ofWT1 in

si-DDGC- and si-NC-transfected KGN cells after anti-HSP90 immunoprecipitation. (G) Western blots of the proteins pulled down by biotin-labeledDDGC andDDGC-AS. (H)

RIP assays were conducted using the anti-HSP90 antibodies in KGN cells, and RT-PCR was used to measure DDGC.
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mediating GC proliferation.17,30 However, few lncRNAs have been
explored in POI pathogenesis. Here, we identified the lncRNA
DDGC, which plays dual roles in both DNA damage repair progres-
sion and the differentiation of GCs. Our mechanistic study showed
that DDGC modulated the stability of RAD51 mRNA and WT1 pro-
tein simultaneously (Figure 7). Interestingly, a similar mode of action
is seen for the lncRNAs GUARDIN and OVAAL, which have recently
been identified to play dual roles in the senescence and survival of
cancer cells.31,32 The dual functions of these lncRNAs are carried
out at the same time in a non-interfering manner, which provides
deeper insights into their RNA regulatory effects. However, a lack
of suchmolecules in GCs has impeded our understanding of the path-
ogenic mechanism behind the development of POI. Our findings are
the first to show that RAD51 andWT1, two pathogenic genes for POI,
are post-transcriptionally modulated by lncRNA DDGC in GCs,
providing new insights into the contribution of lncRNAs to POI
pathogenesis.
In mammals, abnormal GC function contributes to follicle atresia and
POI,13 and if DSBs in GCs are not repaired correctly or promptly this
can also lead to cell death and then atretic follicles and premature
ovarian aging.33,34 Variants within a series of DNA repair genes, such
as MCM8,35 MSH5,36 and BRCA2,37,38 have been proved as causative
factors for POI. In addition, lncRNA HCP5 was previously shown to
participate in the development of POI by mediating the process of
DNA damage repair in GCs.39 In this study, our results show that
downregulation of DDGC inhibited the DNA damage repair activity
of GCs by degrading RAD51 mRNA and impairing the HR pathway,
thereby leading to GC apoptosis. Thus, our results shed new light on
how lncRNAs regulate the process of DNA damage repair in GCs.

In the present study, we identified a ceRNA network through which
lncRNA DDGC regulates the expression of the DNA repair gene
RAD51. RAD51 is the eukaryotic ortholog of the bacterial recombi-
nase RecA, which plays a central role in the error-free HR pathway
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1099
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Figure 6. DDGC regulates the expression of Rad51 and DNA damage repair in vivo

(A) The RT-PCR analysis of the expression of DDGC in mouse ovaries infected with adenovirus. (B) The protein levels of gH2AX and cleaved PARP in DDGC-overexpressing

and negative control in vitro-cultured ovaries were measured by western blot at 48 h after the addition of ETO. (C) The qRT-PCR analysis of the relative mRNA levels of Rad51

in DDGC-overexpressing and negative control mouse ovaries. The qRT-PCR values were obtained from three repeated experiments. Error bars show the mean ± SD. (D)

Western blots of the protein levels of RAD51 inDDGC-overexpressing and negative control mouse ovaries. (E) Western blots of the protein levels of gH2AX and cleaved PARP

in DDGC-overexpressing and negative control mouse ovaries at 48 h after the addition of ETO. (F) The apoptosis of DDGC-overexpressing and negative control mouse

ovaries at 48 h after the addition of ETO wasmeasured by TUNEL assay. Scale bar, 100 mm. Error bars show the mean ± SD. Protein levels of (B), (D), and (E) were quantified

by ImageJ software and normalized to the loading controls. n.s., not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
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of DNA repair.40,41 The latest studies have shown that Rad51-medi-
ated HR is the predominant pathway in oocytes for repairing
DSBs,42 especially in primordial follicles.43 Furthermore, through
1100 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
whole-exome sequencing, a pathogenic variant of RAD51 has been
identified in POI patients with primary amenorrhea.44 Consistent
with this, our results show the impact of dysregulated RAD51 on



Figure 7. The schematic model for the post-

transcriptional regulation and function of lncRNA

DDGC
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GC function and survival, not only strengthening the role of DNA
repair deficiency in the pathogenesis of POI, but also highlighting
DDGC as an important modulator of RAD51. To our knowledge,
this is the first report of a ceRNA mechanism involved in POI
pathogenesis.

The second mechanism through which silencing of DDGC interferes
with GC function is the accelerated degradation of the WT1 protein
by binding to HSP90, and this leads to aberrant GC differentiation.
WT1 is a known causative gene for POI16,45 due to its role in regu-
lating genes responsible for GC differentiation, including SF1, FSHR,
and CYP19A1.45,46 However, the post-transcriptional regulation of
WT1 in the ovary has not been previously described. We show
here that the chaperone activity of HSP90 governs the stability of
the WT1 protein in GCs. In addition, we show the essential role
of DDGC in the HSP90-WT1 interaction, thereby protecting the
WT1 protein from ubiquitin-mediated protein degradation. Simi-
larly, lncRNA GLCC1 and GALNT5 UTR-associated RNA have
been reported to interact with HSP90 and to mediate the ubiquitina-
tion of substrate proteins such as c-Myc and IKK in colorectal can-
cer and gastric cancer.47,48 We have identified DDGC as a novel
regulator of WT1 ubiquitination by binding to HSP90 in GCs, sug-
gesting the protein binding domain within DDGC. Based on the cur-
rent findings, it is reasonable to hypothesize that lncRNA DDGC
might maintain the efficient combination of HSP90 and WT1
through the secondary structure formed by itself. Spatial structure
is an essential feature of non-coding RNAs and is closely related
to cellular conditions and processes, such as capping, splicing, poly-
adenylation, and folding.49,50 For example, the lncRNA HOTAIR
tethers multiple histone-modifying complexes through its intricate
secondary structure.51,52 However, inappropriate modification could
Molecular Thera
be made by endonucleases and spliceosomes in
mouse GCs due to the low conservative property
of the DDGC sequence, resulting in incorrect
folding and inaccurate structure formation. In
the present study, protein levels of WT1 remain
unchanged upon DDGC overexpression in vivo,
which might be because DDGC of adenovirus
origin could not form the homologous spatial
structure in mouse ovaries. Further studies are
warranted to elucidate the physiological role of
DDGC in vivo and whether this lncRNA-protein
regulatory mechanism exists in mouse GCs.

In summary, we have demonstrated here that
lncRNA DDGC participates in POI pathogenesis
by post-transcriptionally regulating the stability
of RAD51mRNA andWT1 protein. In particular,
our study has expanded on the two regulatorymechanisms of lncRNAs
in POI, and we propose a new epigenetic mechanism in the etiology of
POI in which the two causative genes, RAD51 andWT1, are regulated
simultaneously. Therefore, DDGC might be a potential therapeutic
approach for POI.

MATERIALS AND METHODS
Clinical samples

The participants in this study were recruited from the Reproductive
Hospital affiliated with Shandong University after written informed
consent was obtained. The groups contained 25 bPOI patients and
36 age and BMI-matched healthy women (control group). All of the
participants were undergoing in vitro fertilization or intracytoplas-
mic sperm injection and embryo transfer (IVF/ICSI-ET) treatment
because of tubal or male factors. The bPOI patients were recruited
according to the following criteria: (1) <40 years of age; (2) men-
strual cycle 23–35 days; (3) basal follicle-stimulating hormone
(bFSH) 10 < serum bFSH < 25 (IU/L); (4) serum anti-Müllerian
hormone (AMH) <1.1 ng/mL. Women with chromosomal abnor-
malities or carrying POI-causative mutations, or with an experience
of ovarian radiotherapy, chemotherapy, or surgery, were precluded.
The study was under approval from the Institutional Review Board
(IRB) of Reproductive Medicine of Shandong University. The clin-
ical indicators of all participants are summarized in Tables 1 and 2.
GCs were collected from participants and prepared as previously
described.39

RNA-seq analysis

The total RNA was purified from the GCs of eight bPOI patients and
nine controls utilizing the TRIzol reagent (TaKaRa, China). The
degradation, contamination, purity, concentration, and integrity of
py: Nucleic Acids Vol. 26 December 2021 1101
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total RNAwere monitored by agarose gels, spectrophotometer instru-
ments (IMPLEN, USA), a Qubit RNA detection kit (Life Technolo-
gies, USA), and an RNA Nano 6000 Assay Kit (Agilent Technologies,
USA). The input RNA for sample preparations was set as 3 mg RNA
per sample. An rRNA Removal Kit (Epicentre, USA) and subsequent
ethanol precipitation were utilized to remove rRNA. Subsequently,
the rRNA-free RNA was used to generate the libraries for sequencing
using a NEBNext Ultra Directional RNA Library Prep Kit for Illu-
mina (NEB, USA) according to the manufacturer’s instructions. An
AMPure XP system (Beckman Coulter, Beverly, MA, USA) was uti-
lized to purify the library fragments and subsequently collect cDNA
fragments with length ranging from 150 to 200 bp. The generation
of the cluster was conducted via the TruSeq PE Cluster Kit v.3-
cBot-HS (Illumina) following the manufacturer’s guidelines. Then,
the sequencing was performed on the Illumina HiSeq 4000 platform
with 150-bp paired-end reads generated. Low-quality reads, as well as
reads containing adapter and poly-N, were removed, thereby gener-
ating clean reads. Coding potential analysis was performed utilizing
CNCI, CPC, Pfam-sca, and phyloCSF software. The Cuffdiff
(v.2.1.1) was applied to calculate the fragments per kilobase of tran-
script per million mapped reads (FPKMs) of both lncRNAs and
mRNAs in each sample. Differentially expressed transcripts were as-
signed as p-adjust <0.05. Significantly enriched gene ontology (GO)
terms were assigned as p < 0.05. Significantly enriched KEGG path-
ways were determined by KOBAS software. The raw data have been
uploaded as GEO: GSE158526.

For KGN RNA-seq analysis, the total RNA was extracted from KGN
cells at 48 h after transfection with DDGC siRNA (si-DDGC) or with
negative control siRNA (si-NC). RNA-seq and data analyses were car-
ried out by Annoroad (China). A Kaiao K5500 spectrophotometer
(Kaiao, China) was used to check the purity of total RNA. The input
RNA for sample preparations was set as 2 mg RNA per sample. The li-
brary RNA concentration was diluted to 1 ng/mL after quantification
using a Qubit RNA Assay Kit in Qubit 3.0. The Agilent Bioanalyzer
2100 system (Agilent Technologies) and StepOnePlus Real-Time
PCR System were utilized to quantify the insert size. The cluster was
generated via HiSeq PE Cluster Kit v.4-cBot-HS (Illumina) following
the manufacturer’s guidelines. Subsequently, the sequencing was con-
ducted on an Illumina platform. The remaining steps were the same as
in the above paragraph. The raw data have been uploaded as GEO:
GSE158555.

Isolation of RNA and qRT-PCR assays

The expression of DDGC in GCs was validated from an independent
cohort consisting of 17 bPOI patients and 27 controls. The extraction
of RNA from GCs or cell lines was conducted according to protocols
as described above. The PrimeScript RT Reagent Kit (TaKaRa) was
utilized to reverse transcribe all mRNAs and lncRNAs, whereas
miRNA-specific reverse transcription primers (GenePharma, China)
were used to reverse transcribe miRNAs individually. The SYBR
Green Master Mix (TaKaRa) was applied for quantitative RT-PCR,
and GAPDH was regarded as an endogenous control for qRT-PCR
of mRNAs and lncRNAs. U6 was regarded as an endogenous control
1102 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
for qRT-PCR of miRNAs. The qRT-PCR assay per sample was run in
triplicate, and the 2�DDCt method was applied to analyze all obtained
values. Table S2 shows the primers used for qRT-PCR analysis.

Cell lines, cell culture, and transfection of vectors

The KGN GC tumor cell line was purchased from RIKEN BRC
(Japan).53 SVOG (luteinized GC line) was generously provided by
Professor Peter C.K. Leung. The culture medium was prepared, to
which 10% fetal bovine serum (FBS) (Gibco, USA) and 1% peni-
cillin/streptomycin (P/S) (Invitrogen, USA) were added. KGN and
SVOG cells were grown in DMEM/F12 culture medium (HyClone,
USA), and the HEK293 and HeLa (human cervix carcinoma) cells
were cultured in DMEM high-glucose culture medium (HyClone).
All cells were incubated under humid conditions at 37�C and 5%CO2.

The siRNA duplexes and miRNA mimics applied in this study were
generated at GenePharma. The cDNA sequence encoding human
RAD51 was subcloned into the pEGFP-N1 vector (pEGFP-N1-
RAD51), and an empty vector served as the control (pEGFP-N1). Ad-
enoviruses for overexpressingWT1 (Ad-WT1) were designed by Cya-
gen (China). The virus that expresses only GFP was regarded as a
negative control (Ad-null) and cells were infected with 1 � 106

PFU/mL for the in vitro experiments. Transfection of siRNA du-
plexes, pEGFP-N1 vectors, and miRNA mimics was conducted using
the Lipofectamine 3000 reagent (Invitrogen) following the manufac-
turer’s protocols. Downstream experiments were conducted 48 h after
transfection or infection. Table S3 shows the sequences of all siRNAs
involved in this study.

CCK8 assay

KGN cells were seeded onto 96-well dishes at a density of 4,000 cells/
well. Cell Counting Kit-8 (CCK8, Beyotime, China) was used to mea-
sure the viability of KGN cells at different times after transfection.

EdU assay

KGN cells were seeded onto 96-well plates and fixed at 48 h after
transfection. Then, a cell proliferation assay (EdU, RiboBio, China)
was performed in triplicate following the manufacturer’s protocols.

Cell-cycle analysis by flow cytometry

KGN cells were cultured in 10-cm2 plates and collected at 48 h after
transfection. Then, 70% prechilled ethanol was utilized to fix cells at
4�C for 2 h. Subsequently, cells were stained with 7-AAD (Multi Sci-
ences, China) followed by flow cytometry cell-cycle analysis.

Western blot

Cell pellets were lysed by SDS or RIPA solution incorporating an in-
hibitor of proteinase (Cell Signaling Technology, USA), and total pro-
tein was extracted immediately following the manufacturer’s instruc-
tions. Approximately 20 mg of protein was loaded and separated on
NuPAGE bis-tris mini gels (Invitrogen) or SDS polyacrylamide gels
and subsequently transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, USA). Then, the PVDF membranes were
blocked after treatment with 5% non-fat milk at room temperature
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for 1 h. Blocked membranes were mixed with a solution of specific
primary antibodies at 4�C overnight. Subsequently, secondary anti-
bodies (Proteintech, China) were added and reacted with the primary
antibodies at room temperature for 1 h. After staining via ECL chem-
iluminescence kit (Millipore), protein bands were detected by a
ChemiDoc MP imaging system (Bio-Rad, USA). Table S4 shows
the antibodies used for western blot.

DNA damage assay

KGN and SVOG cells were cultured in 12-well plates. Cells were har-
vested immediately at 48 h after transfection, or were exposed to 5 mg/
mL ETO or 10 mM camptothecin for 6 h, followed by recovery for 2 or
4 h. The expression of the DNA damage marker gH2AX was
measured by western blot.

Immunofluorescence

KGN and SVOG cells were fixed by treatment with paraformaldehyde
at a concentration of 4% at 37�C for 20 min. Permeabilization and
blocking were accomplished after treatment with 0.3% Triton X-
100 and 10% BSA at room temperature for 30 min. The samples
were incubated at 4�C overnight with specific primary antibodies.
Subsequently, the antibodies were labeled at room temperature
through treatment with Alexa Fluor secondary antibody for 1 h.
Nuclei were stained with DAPI. A laser confocal microscope (AN-
DOR, UK) was utilized to capture images. Table S4 shows the anti-
bodies used for immunofluorescence.

Terminal deoxynucleotidyl transferase dUTP nick-end labeling

assays

At 48 h after transfection, ETO was added to the culture medium of
KGN and SVOG cells at a concentration of 5 mg/mL for 12 h to induce
DNA damage, followed by TUNEL assays using a TUNEL kit (Key-
Gen, China) following the manufacturer’s protocols.

Nuclear and cytoplasmic component separation

The nuclear and cytoplasmic components were isolated via the
PARIS� Kit (Invitrogen) following the manufacturer’s protocols. Af-
ter purification, proteins or RNAs were subjected to western blot or
qRT-PCR analysis. For qRT-PCR analysis, the input RNA was set
at 100% to normalize the expression levels of DDGC along with the
reference genes in the cytoplasmic and nuclear fractions.

Fluorescence in situ hybridization

DDGC probes were synthesized by RiboBio and labeled with Cy3.
Then, assays were conducted using a fluorescence in situ hybridiza-
tion (FISH) kit (RiboBio) following the manufacturer’s protocols.
The samples were observed using a laser confocal microscope
(ANDOR, UK).

Actinomycin D exposure

KGN and SVOG cells were cultured in 12-well plates. At 24 h after
transfection, cellular transcription was blocked for 0, 2, 4, 8, or 12 h
through the addition of actinomycin D to the culture medium at
the final concentration of 10 mM. The qRT-PCR assay was performed
to measure RAD51 mRNA expression levels.

Cycloheximide exposure

KGN cells were cultured in 12-well plates. At 24 h after transfection,
cellular translation was blocked for 0, 2, or 4 h through the addition of
cycloheximide to the culture medium at the final concentration of
100 mg/mL. Cells were harvested and the proteins were analyzed by
western blot.

RNA immunoprecipitation

RIP assays were carried out using the EZ-Magna RIP kit (Millipore)
following the manufacturer’s protocols. The cells (107 per sample)
were lysed by RIP lysis solution containing inhibitors of RNase and
protease. After one period of freezing and melting, specific primary
antibodies or homologous IgG (negative control) was added to cell ly-
sates and incubated overnight at 4�C. TRIzol reagent and subsequent
qRT-PCR were used to extract and quantify the immunoprecipitated
RNA as described above. The antibodies used for RIP assays are listed
in Table S4.

Dual luciferase reporter assay

The pmirGLO plasmids containing approximately 150 bp of RAD51
mRNA 30 UTR or DDGC sequences with WT or deleted miRNA
binding sites were generated and purchased from Promega (Madison,
WI, USA). Plasmids and miRNA mimics or negative controls were
co-introduced into HEK293 or HeLa cells. At 48 h after transfection,
the cells were lysed and the luciferase activity of HEK293 or HeLa cells
was assessed based on the protocols of the Dual-Luciferase Reporter
Assay System (Promega).

Biotin-labeled RNA pull-down assay

For the biotin-labeled miRNA pull-down assays, bio-589-5p (biotin-
labeled miR-589-5p) or bio-NC (empty vector) was designed by Gen-
ePharma and subsequently introduced into KGN cells. Cells were
lysed followed by incubation with Pierce IP lysis buffer (Invitrogen)
supplemented with inhibitors of protease and RNase. For the
DDGC pull-down assay, KGN cells were lysed followed by incubation
with the biotinylated DDGC probe (Bio-DDGC-probe) or negative
control probe (Bio-NC-probe) or with the in vitro-transcribed
DDGC sense strand and anti-sense strand (DDGC-AS). In vitro tran-
scription was performed to generate biotin-labeled RNA via the
MEGAscript T7 transcription kit (Invitrogen). Then magnetic strep-
tavidin beads (Invitrogen) were added to the cell lysates, followed by
incubation with RNA capture buffer at room temperature for 2 h.
TRIzol reagent and qRT-PCR were used to isolate and quantify the
RNA bound to the beads. Co-precipitated proteins were analyzed
by western blot.

Detection of estradiol

KGN cells were cultured in 12-well plates. The KGN cell culture me-
dium was replaced with DMEM without phenol red at 48 h after
transfection, followed by treatment with 10 nM androstenedione
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1103
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for 24 h. The Roche Cobas e 801 system was used to determine the
concentration of estradiol from the supernatant.

Chloroquine and MG132 exposure

KGN cells were cultured and transfected in 12-well plates. Subse-
quently, the cellular pathway of autophagy or proteasome was
blocked through treatment with 50 mM chloroquine or 10 mM
MG132 for 24 h, respectively. Then, the cells were harvested and
the proteins were analyzed by western blot.

Co-immunoprecipitation and ubiquitination assay

KGN cells were harvested with Pierce IP lysis buffer containing
proteinase protease. Proteins were extracted and subsequently
treated with the specific primary antibodies at 4�C overnight. Pure-
Proteome Protein A/G magnetic beads (Millipore) were applied to
precipitate the proteins at room temperature for 1 h. Loading
buffer was used to resuspend the reaction mixtures after immuno-
precipitation. Immunoprecipitated proteins were denatured and
further analyzed by western blot. Table S4 shows the antibodies
for co-immunoprecipitation.

17-AAG exposure

KGN cells were cultured in 12-well plates, followed by exposure to
10 mM 17-AAG alone or combined with 10 mM MG132 for 12 h,
and the cells were harvested and the proteins were analyzed by west-
ern blot.

Ovary culture in vitro

All experiments involving mice were approved by the IRB of Repro-
ductive Medicine of Shandong University and conformed to NIH
regulatory standards. The in vitro culture system was established as
previously described.54 Briefly, 21-day-old female mice with C57BL/
6 background were purchased from Charles River Laboratories
(China) and sacrificed by cervical dislocation. After isolation by
microdissection, mouse ovaries were cultured in six-well culture
dishes (NEST, China) with a plate (Sigma, USA). The culture medium
contained 1,200 mL DMEM/F12 (Gibco) plus 1 mg/mL AlbuMAX II
(Gibco), 0.18% L-ascorbic acid (Sigma), 1% ITS (Sigma, USA), and
penicillin/streptomycin. Ovaries were incubated under humidified
conditions at 37�C and 5% CO2. Adenoviruses for overexpressing
DDGC (Ad-DDGC) and empty virus (Ad-NC) were synthesized by
HanBio (China). A total of 1 mL Ad-DDGC or Ad-NC at 1 � 1011

PFU/mL was introduced into the medium. In vitro-cultured ovaries
were harvested or treated with 5 mg/mL ETO or 10 mM MG132 at
48 h after infection, followed by H&E staining, co-immunoprecipita-
tion, or western blot.

In vivo assays

A total of 10 mL Ad-DDGC or Ad-NC at 1 � 1011 PFU/mL was in-
jected into 21-day-old female mouse ovarian bursa. Seven days after
injection, the expression levels of RNA and protein were analyzed by
RT-PCR and western blot. DNA damage was induced by intraperito-
neal injection of ETO at 10 mg/g. The ovaries were harvested for west-
ern blot and TUNEL assay at 48 h after ETO injection. The TUNEL
1104 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
assays were performed using a TUNEL detection kit (KeyGen, China)
following the manufacturer’s protocols.

Statistics

All the statistical analyses were performed by SPSS software and
GraphPad Prism 7 software. Except where indicated otherwise, the
statistical significance was determined by the two-tailed Student t
test. A p < 0.05 was considered statistically significant.
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