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N-Acetyl-L-cysteine restores reproductive defects caused by

Ggtl deletion in mice

Dear Editor,
Polycystic ovary syndrome (PCOS) is an autoimmune dis-
ease that is characterized by follicular growth arrest
and chronic anovulation and linked with female
infertility in 5%-20% of reproductive-aged women.!
y-Glutamyltranspeptidase (GGT1), which is one of the
membrane-associated enzymes in mammalian cells, may
lead to an altered glucose metabolism and abnormal
lipid profile that are main clinical phenotypes of PCOS.?
Here, we discovered that Ggtl-deficient female mice had
similar phenotypes to those of women with PCOS. The
reproductive defects in Ggtl-null mice were restored
by N-acetyl-L-cysteine (NAC), which is an antioxidant
commonly used in the treatment of PCOS patients.>
Ggtl/~ mice generated by CRISPR/Cas9 system
(Figure 1A,B) showed smaller body size and ovaries
(Figure 1C,D). GgtI™/~ females were anovulatory and
infertile with elevated testosterone and LH/FSH levels
and decreased prostaglandin (PGE2) levels, which are sim-
ilar to PCOS in women (Figure 1E-M). Moreover, Ggtl~/~
mice showed abnormal follicular development with no
antral follicles and more atretic follicles, and insensitivity
to exogenous gonadotropins stimulation (Figure IN-W).
Granulosa cells (GCs) provide the microenvironment
required for developing oocytes and follicles, and ovarian
granulosa cell apoptosis is the main cause of follicular
atresia.* There were no significant changes in apoptosis
and cell proliferation between 3-week-old GgtI™/* and
Ggtl~/~ ovaries (Figure S1A,B). But GCs with more apopto-
sis and less proliferation were found in 8-week-old Ggt1 ™/~
ovaries compared with the GgtI*/+ mice (Figure 2A-E).
We further checked the mitochondrial structure in
Ggtl™/~ ovaries by transmission electron microscopy.
There were similar numbers and structures of the ovar-
ian mitochondria in 3-week-old GgtI~/~ mice and Ggt1*/*
mice (Figure S1IC-G). Interestingly, ultra-structural aber-
rations, especially vacuole formation and cristae loss were
frequently observed in mitochondria of 8-week-old Ggt1~/~

ovaries (Figure 2F-J). In addition, reactive oxygen species
(ROS) level was increased, whereas mitochondrial mem-
brane potential, ATP content, and mtDNA levels were
remarkably reduced in GgtI~/~ oocytes (Figure 2K-P). Fur-
thermore, Germinal vesicle (GV) oocytes derived from
3-week-old Ggtl™/~ mice were unable to resume meio-
sis (Figure S1H). GV breakdown (GVBD) rate and the
first polar-body extrusion rate were dramatically decreased
in GgtI™/~ oocytes compared with GgtI*/* oocytes (Fig-
ure S1LJ). These results showed the reduced potential of
development in GgtI~/~ oocytes. Furthermore, NAC was
effective to restore Ggtl™/~ mice growth retardation (Fig-
ure 1D), granulosa cell apoptosis (Figure 2A-D), mitochon-
drial dysfunction (Figure 2K,L, and O), and oocyte devel-
opmental defect (Figure 2Q-S).

Next, we used pig as an animal model to further explore
the role of GGTI in folliculogenesis. Two independent
cDNA libraries from pre-ovulatory ovarian follicles in
Large White (LW) and Meishan (MS) sows were sequenced
with the high-throughput Illumina Solexa system (Figure
S2A,B). KEGG pathway analysis showed that the differen-
tially expressed genes (DEGs) were enriched in multiple
biological processes including metabolic activity, arachi-
donic acid metabolism, and steroid biosynthesis (Figure
S2C,D). GGTI was involved in multiple biological pro-
cesses such as arachidonic acid (AA) metabolism (Fig-
ure S2C). Porcine GGTI pre-mRNA was subjected to alter-
native splicing analysis, generating a full-length isoform
(GGTI-01) and an exonll skipped isoform (GGT1-02) (Fig-
ure 3A and Figure S2E,F). GGTI-02 which is equivalent to
Ggtl in mice was highly expressed in MS ovaries (Figure
S2G) and conserved in mammals (Figure S2H,I).

GGTI-02 knockdown significantly increased porcine
ovarian granulosa cell (pGC) apoptosis and inhibited cell
proliferation (Figure 3B-G). In GGTI-02 repressed pGCs,
ROS level was increased, whereas ATP content, PGE2
synthesis, and the expression of follicular development-
related genes were decreased (Figure 3H-N). These results

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2021 The Authors. Clinical and Translational Medicine published by John Wiley & Sons Australia, Ltd on behalf of Shanghai Institute of Clinical Bioinformatics

Clin. Transl. Med. 2021;11:e510.
https://doi.org/10.1002/ctm2.510

wileyonlinelibrary.com/journal/ctm2 1of7


http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.510

Open Access

20f7 CLINICAL AND TRANSLATIONAL MEDICINE LETTER TO EDITOR

DGt [ Ggt1" +NAC + GgH"NAG -+ Ggt1
(40-61bp)GTF1 GTF2(59-80bp)  (329. 1 P) B c . D.s-NG_s,_" Gq::lsTNAC - GattaNAC -oer
L j Ggt1** Ggt1+ s T 52
e S 68KDa g8 2215
Ggt1-ensmusg00000006345-75561424-75562030 (B07BP) g scrin e s 42KDa };E’o.z ‘ég .
§% 33 5
o o 3 o
3weeks  Bweeks
E F G H | J SeSSoe
815
N - oy
g - @ 40 - - '§‘1°° X _ 20, _* 3 200 - %100 N.S.
210 5 %30 3 280 F= 2as S _150 £ >80,
S X Zo, - 3 60 O 23 : S oo - 4
25 £ nes 3 510 gEw00 L 2 <
& & ] s 2 49 ] 2 o L 5
5 5310 T = & EE 5
H ws 23 - . g20] 3 0.5 g n=s g2
0 0 0 H 0 5 0
0 - " 4 - e 7 = 0 0.0 9 o » .
Ggt1”* Ggt1* Ggt1** Ggt1* % 3 Gat1™ Ggti+ Ggt1* Ggt1+ Ggt1** Ggt1* a Ggt1** Ggt1”
K Ggt1 gt N 3 weeks
Por [ s A 115K0s '
AREG S B B S ok o 20602 0 swems
B-actin e wm— —— e— w— w—— 42KDa 100 O Ggt1**
M Ggt1”
] g5
OlGgtr [ Ggt1* 23 5
2.0 IGgH*- 15 MW Ggt1" S5
® g S *ags o
=) * -3
€15 [
5 x Eg 0
51.0 3 S O & &
%o 5 § Y qi“o &
w © )
0.0 Py
< .,Sg’
P 5 weeks Q § Weeks R 8 weeks
o~ 100 O Ggt1™ ==
Ggt1+ o 280 Hogtr- - S
5 s
8360
Bz
20
0 >
S0 5
a &'
Q‘\¢ ‘E’é’o“b Vsé’ &
S 8 Weeks
100 = [OGgtt™

WGgt1

S S & &
&

< é?o
T 3 weeks/PMSG _ ] U 2 3 Weeks/PMSG
O Ggt1**
100 ] 63‘14-

Follicles
per ovary
g 3

3

0
PP
&5
-
W 8 Weeks/PMSG

= [OIGgt1”
M Ggt1”

3
3

per ovary
a N
S &

Follicles
N
>

0
S &
& ‘yd « v‘f

<

FIGURE 1 Ggtl-null mice have analogous phenotypes to the clinical symptoms of PCOS patients. (A) The schematic diagram of
constructing a Ggtl knockout mouse. (B) Western blotting analysis of GGTI protein level in ovaries from GgtI*/+ and Ggtl~/~ mice. (C)
Representative images of ovaries and the ratio of the ovary to body weight from 3- and 8-week-old GgtI*/* and GgtI~/~ mice. (D) The
cumulative weight gain of GgtI*/*, Ggt1™/~, Ggi1*/* +NAC and Ggtl~/~+NAC mice. (E) The average litter size and (F) the number of ovulated
eggs were recorded in GgtI*/* and Ggtl~/~ females. (G) Testosterone, (H) luteinizing hormone/follicle-stimulating hormone, (I)
prostaglandin, and (J) estrogen levels were observed in GgtI*/* and Ggtl~~ mice. (G-J) Sera collected from 8-week-old GgtI*/* and Ggt1~/~
mice were examined for hormone level. Testosterone, luteinizing hormone/follicle-stimulating hormone, prostaglandin, and estrogen are
abbreviated as T, LH/FSH, PGE2, and E2, respectively. (K and L) PGR and AREG protein levels in 8-week-old GgtI*/* and Ggtl~/~ ovaries. (M)
Areg, Ereg, Cypl9al, Pgr, and Lhr mRNA levels in 8-week-old GgtI*/* and Ggt1~~ ovaries. Histological sections were observed in the ovaries
from GgtI*/* and GgtI~/~ females at the age of (N, O) 3 weeks, (P, Q) 5 weeks, and (R, S) 8 weeks. Histological sections were observed in the
ovaries from (T, U) 3-week-old, and (V, W) 8-week-old GgtI*/+ and Ggtl~/~ females stimulated with PMSG (n = 6 mice for each group). The
relative mRNA and protein levels were normalized to those of 3-actin. Data are expressed as the mean + SD from three independent
experiments. *p < 0.05, **p < 0.01; N.S., none significant
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FIGURE 2 Granulosa cell growth, ovarian mitochondrial structure, and oocyte development in vitro are impaired in adult Ggt1~/~
female mice. (A) Apoptosis of murine granulosa cells in 8-week-old GgtI*/* and Ggtl~~ ovaries was evaluated by TUNEL assay. (B) EdU
staining of ovaries from 8-week-old Ggti*/* and Ggtl~~ mice (n = 6 mice for each group). The cell proliferation or apoptosis was indicated by
arrows. The numbers of (C) TUNEL-positive cells and (D) EdU-positive cells in ovarian sections were shown in histograms. (E) Western
blotting analysis of BAX, BCL2, and PCNA protein levels in GgtI*/* and GgtI™~ ovaries. The relative protein levels were normalized to those
of B-actin. (F) Representative electron microscopic photographs of the ovaries from 8-week-old GgtI*/* and Ggtl~/~ mice. Arrows show
mitochondria. (G) The mitochondrial aspect ratio (mitochondrial length/width), (H) the mitochondrial coverage area ratio (mitochondrial
area/cytoplasm area), (I) the mitochondrial cristae number, and (J) mitochondrial size were observed in GgtI '~ ovaries compared to GgtI*/*
ovaries (n = 3 mice for each group). (K) Representative images of ROS fluorescence (green) in 8-week-old GgtI*/+ and Ggtl~~ oocytes. (L)
Quantification of the relative ROS level. (M, N) Mitochondrial membrane potentials in 8-week-old GgtI*/+ and Ggtl~~ oocytes were assessed
using JC-1 staining. The fluorescent dye JC-1 shifted from green to red with increasing 1, indicating the compromised mitochondrial activity.
(O) The ATP content per oocyte from 8-week-old GgtI*/+ and GgtI~~ mice. (P) Quantitative analysis of mtDNA copy number in individual
oocyte from 8-week-old GgtI*/* and Ggtl~/~ mice (n = 30 oocytes for each group). (Q) Representative images of the oocytes from GgtI*/+ and
Ggtl™~ mice after 14 h of culture. Quantitative analyses of (R) germinal vesicle breakdown (GVBD) rate, and (S) first polar-body (Pb1)
extrusion rate were done in GgtI*/* and GgtI™~ oocytes (n = 200 oocytes for each group). (Q-S) Immature GV oocytes isolated from
8-week-old GgtI™/* and Ggtl™'~ mice treated with NAC were cultured in vitro to check their maturational progression. Data are expressed as
the mean + SD. *p < 0.05, **p < 0.01; N.S., none significant
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FIGURE 3 Porcine GGTI-02, but not GGTI-01, knockdown induces cell apoptosis, ROS accumulation, and decreases prostaglandin
synthesis in porcine granulosa cells (pGCs). (A) Schematic diagram of GGTI variants including or lacking exon 11 (GGT1-01 and GGTI-02). (B,
C) Porcine granulosa cells were transfected with the NC, si-GGT1I-01, and si-GGTI-02 for 48 h, and cell apoptosis was assayed using flow
cytometry. (D) qRT-PCR and (E) Western blotting analysis of BAX, BCL2, and PCNA expression levels were carried out in pGCs. (F, G) pGC
proliferation was assayed using EdU (proliferous cells are indicated in red). The cell nuclei are stained with DAPI (blue). (H) Quantification of
the relative reactive oxygen species (ROS) level. (I) Representative images of ROS fluorescence in pGCs. (J) ATP content in pGCs. (K)
Estrogen and (L) prostaglandin levels were assessed in pGCs. (M) qRT-PCR and (N) Western blotting analysis of PGR, EREG, CYP19A1, and
EREG expression were done in pGCs. (D-N) All samples were derived from pGCs transfected with NC, si-GGTI-01, and si-GGTI-02,
respectively. The relative mRNA and protein levels were normalized to those of 5-actin. Data are expressed as the mean + SD from three
independent experiments. *p < 0.05, **p < 0.01; N.S., none significant
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FIGURE 4 Porcine GGT1 variant 2 interacts with TMCO1 to regulate Ca** stores and promotes PGE2 synthesis through the
cPLA2-AA-PTGS2 pathway. (A) The y-glutamyltransferase activity was tested using ELISA. (B) ELISA was used to examine the AA level in
the culture media of porcine granulosa cells (pGCs). (C) qRT-PCR and (D, E) immunofluorescence analysis were performed to identify the
activity of major rate-limiting enzymes in AA synthesis. (F) The relative Ca>* levels in pGCs. (G) Western blotting and (H) qRT-PCR analysis
of TRPCI expression were done in pGCs. (A-H) All samples were derived from pGCs transfected with NC, si-GGTI-01, and si-GGTI-02,
respectively. (I) qRT-PCR and (J) Western blotting analysis of TRPCI expression were done in pGCs. ELISA was used to examine (K) AA and
(L) PGE2 levels in the culture media of pGCs. (I-L) Porcine granulosa cells were treated with pcdna3.1+DMSO, pcdna3.1+HY-105117,
pc-GGTI-01+HY-105117, and pe-GGTI-02+HY-105117, respectively. HY-10511 is one of the Ca?* pathway inhibitors. (M) Immunoprecipitation
assays using porcine kidney (PK) cells co-transfected with HA-TMCOI+FLAG-GGTI-01 or HA-TMCOI+FLAG-GGTI-02. (N) The truncated
fragments of GGT1 (GGT1-02-F1, GGT1-02-F2, and GGT1-02-F3). (O) Co-IP was used to examine the interaction between truncated fragments
of GGT1 and TMCOL1 in PK cells. (P) PGE2 level in pGCs overexpressing GGTI-02 or GGT1-02-F2. (Q) qRT-PCR and (R) Western blotting were
used to detect PTGS2 expression levels in pGCs. (Q, R) Porcine granulosa cells were treated with trometamol or DMSO. Trometamol is one of
the PTGS2-PGE2 pathway inhibitors. The relative mRNA and protein levels were normalized to those of S-actin. Data are expressed as the
mean =+ SD from three independent experiments. *p < 0.05, **p < 0.01; N.S., nonsignificant
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were further verified in pGCs with GGTI-02 overexpres-
sion (Figure S3A-J). However, GGTI-01 knockdown or
overexpression had no significant effects on apoptosis and
cell proliferation, ROS level, ATP content, estrogen and
PGE2 synthesis, and follicular development-related gene
expressions (Figure 3B-N and Figure S3A-J).

GGT consists of one large subunit and one small
subunit.” Only when the large subunit and the small one
form a complex, the GGT is highly active.® The two sub-
units of GGT1-02 were shown to directly interact with
each other, but there was an unknown structure between
the large and small subunits of GGT1-01 (Figure S2E).
ELISA results showed that GGT1-02 had a higher GGT
activity than GGT1-01 (Figure 4A and Figure S4A,B). We
found that GGTI-02 regulated the Ca?* stores, and pro-
moted AA synthesis through activating the cPLA2 activ-
ity in pGCs (Figure 4B-K and Figure S4C-H). TMCOL1 acts
as a Ca** load-activated calcium channel to release Ca**
when there is an overload of ER Ca?*, thereby maintain-
ing calcium homeostasis.” The Co-IP assay results verified
that GGTI1-02 interacted with TMCO1, and the 949-1155 bp
domain in GGT1-02 was indispensable for PGE2 synthe-
sis (Figure 4L-R). In addition, murine GGTI interacted
with TMCOL1 to regulate PGE2 synthesis via the cPLA2-
AA-PTGS2 pathway (Figure SSA-F).

In this study, we also explored the mechanism
underlying porcine GGTI splicing. Our results demon-
strated that both RNA recognition motif 2 (RRM2)
and arginine/serine-rich (RS) domains of SRSF1 were
necessary for GGTI splicing (Figure S6A-H). RNA-
binding-protein-immunoprecipitation results indicated
that SRSF1 is directly bound to the GGT1 pre-mRNA
through the RRM domain (Figure S6I). The RS domain
of serine/arginine-rich (SR) protein is involved in
protein-protein interaction.® Here, analysis on pc-SRSFI
co-transfected with GGTI-minigene carrying deletions
of regulatory elements showed that GGTI-minigene-G4,
which had a binding site of hnRNPHI1, was a critical
element for the SRSFl-mediated GGTI splicing. SRSF1
interacted with hnRNPH1 and then promoted the
production of the GGTI-02 transcript (Figure S6J-S).
Meanwhile, SRSF1 mediated GGTI splicing to regulate
porcine ovarian granulosa cell growth and PGE2 synthesis
(Figure S7TA-L).

In summary, Ggtl is required for ovarian follicular
development, ovulation, and female fertility. Ggtl dele-
tion generates mitochondrial dysfunction and ROS accu-
mulation, leading to PCOS-like phenotypes in female
mice. NAC can alleviate mitochondrial dysfunction and
oocyte developmental defect caused by Ggtl deficiency in
female mice. GGT1 interacts with TMCOL to activate the
cPLA2 and accelerate PGE2 synthesis through the AA-
PTGS2-PGE2 pathway in granulosa cells and promote fol-

licular development (Figure S8). Our data demonstrate
that NAC restores the PCOS-like phenotypes in Ggtl™/~
female mice, and extend the understanding of the poten-
tial therapeutic schedule associated with PCOS in human
patients.
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