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Abstract

The mechanism underlying premature ovarian insufficiency remains incompletely understood.
Here we report that mice with Per1™™; Per2™™ double mutations display a decrease in female
fertility starting approximately at 20 weeks old, with significantly less pups born from 32 weeks
old onwards. Histological analysis revealed that a significant reduction of ovarian follicles was
observed in the Per1/Per2 mutants compared with the littermate controls examined at 26 and 52
weeks old, while the difference was not statistically significant between the two groups at 3 and
8 weeks old. We further showed that vascular development including the ovarian follicle associ-
ated vascular growth appeared normal in the Per1/Per2 mutant mice, although clock genes were
reported to regulate angiogenesis in zebrafish. The findings imply that loss-of-function mutations
with Per1/Per2 result in a premature depletion of ovarian follicle reserve leading to the decline of
reproductive capacity.

Summary Sentence

Disruption of circadian rhythm or its underlying regulatory network contributes to the premature
depletion of ovarian follicle reserve.

Key words: PER1, PER2, ovarian follicle, ovarian insufficiency, knockout mouse.

Introduction neous condition with genetic, environmental, and other causes such
Premature ovarian insufficiency (POI) is characterized by a loss of as iatrogenic factors [1, 2]. The cyclic process of ovarian follicular

. . . . development includes the follicle growth and maturation, ovulation,
ovarian function in women at reproductive ages, and is a heteroge-
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as well as corpus luteum formation. The ovarian events are tightly
controlled by the circadian system, as shown by the rhythmic hor-
mone release in the hypothalamus—pituitary—ovary axis [3].
Circadian rhythms exist in diverse life forms and modulate the
transcriptional activity of numerous genes in both suprachiasmatic
nuclei (SCN) and peripheral tissues including the reproductive sys-
tem [4-6]. The molecular machinery of the circadian clock is a
feedback loop of core regulators including the transcriptional ac-
tivators BMAL1 and CLOCK, as well as the repressors PER1-3
and CRY1-2 in mammals [4-6]. PER1 and PER2 are critical in the
regulation of circadian rhythmicity, and mice deficient in Perl or
Per2 displayed a short circadian period [7, 8]. Double mutations
of Per1/Per2 genes disrupted circadian rhythms in locomotor activ-
ity and the expression of key clock genes as well as clock-regulated
genes [7-9]. Both Per1 and Per2 mRNA were found to have a rhyth-
mic oscillation in rat ovaries [10, 11], and were expressed in pitu-
itary and hypothalamus that may participate in the coordination of
GnRH (gonadotropin-releasing hormone) and LH (luteinizing hor-
mone) surge [3, 7, 12-14]. Consistently, loss-of-function mutations
with mouse Per1 or Per2 were reported to have a lower reproductive
success in female mutants after 9 months old [15]. Irregular estrous
cycles and lack of a coordinated LH surge were also observed in
Clock mutants [16]. Knockout of Bmall led to impaired fertility
due to the disruption of steroidgenesis and implantation [17-19],
and Bmall deficiency in ovarian thecal cells was found to disrupt
ovulation due to the alteration of the phasic sensitivity to LH [20].
In the circulatory system, PER2 mutation was shown to impair
vascular endothelial function [21], and PER2 and BMAL1 were re-
ported to have a role in the regulation of developmental angiogenesis
in zebrafish [22]. The ovarian follicular development is accompanied
by active angiogenesis [23]. To investigate the mechanism underly-
ing the reproductive defects of Per1 and Per2 mutants, we analyzed
the vascular growth in ovaries and other tissues of Per1/Per2 doubly
mutant mice in this study. We found that loss-of-function mutations
with Per1/Per2 genes led to the reduced female fertility resulting from
the premature decrease of ovarian follicles, but did not produce any
obvious effect on vascular growth during the follicular development.

Materials and methods

Animal models

Mice with mutations targeting Per1 and Per2 genes were generated,
as previously described [7, 8]. We obtained the breeding pairs of
Per1 and Per2 single mutants, and the doubly mutant mice (Per1”/";
Per2™) were generated by two rounds of mating. The genetic back-
ground of Per1/Per2 doubly mutant and control mice are C57/BL6.
All animal experiments were performed in accordance with the in-
stitutional guidelines of the Soochow University Animal Center. In
all the phenotype analysis, littermates were used as control.

Quantification of litter and pup number

To assess reproductive performance, the doubly mutant (Per1”/";
Per2'm 8 weeks old) and littermate control female mice (Perl*;
Per2+) were mated with age-matched male mice (B6 background).
The total number of litters and pups for each female mouse were
recorded up to 52 weeks old.

Histological analysis of ovarian follicles
Ovaries of Per1™"; Per2”™ mutant and littermate control female
mice (3, 8,26, or 52 weeks old) were fixed in 4% PFA (paraformalde-

hyde) and embedded in paraffin. Serial sections (8 um) were collected
and stained with hematoxylin-eosin. The number of follicles with
oocyte nuclei in every fifth section was counted and used for calculat-
ing the total number of follicles per ovary. The criteria for classifying
developmental stages of ovarian follicles were as follows: primordial
follicle, oocyte surrounded by a single layer of flattened follicular
epithelial cells; primary follicle, oocyte surrounded by a single layer
of cuboidal follicular cells; secondary follicle, oocyte surrounded by
multiple layers of follicular cells; antral follicle: oocyte surrounded
by granulosa cells containing also a fluid filled cavity.

Immunostaining

For whole-mount immunostaining with skin and retina, tissues were
harvested and processed as previously described [24]. The antibod-
ies used were rat anti-mouse PECAM-1 (platelet endothelial cell
adhesion molecule 1; BD Pharmigen, 553370), rabbit anti-mouse
LYVE-1 (lymphatic vessel endothelial hyaluronan receptor; Ab-
cam, ab14917), and rabbit-anti-mouse cleaved Caspase-3 (Cell Sig-
naling Technology, 9661S). Alexa488- and Alexa594 (Invitrogen)-
conjugated secondary antibodies were used for staining. Slides were
mounted with Vectashield (VectorLabs) and analyzed with the
Olympus FluoView 1000 confocal microscope. For staining of frozen
sections, ovary and uterus tissues were collected and processed as
previously described [24]. Consecutive sections (10 um in thickness)
were incubated with antibodies against PECAM-1 and LYVE-1, fol-
lowed by staining with the appropriate fluorochrome-conjugated
secondary antibodies and mounted as described above. For the quan-
tification of blood vessel parameters in the retina, fluorescent images
were taken from similar regions in all samples and analyzed by using
Image Pro Plus (Media Cybernetics).

Statistical analysis
Statistical analysis was performed with the unpaired # test. All sta-
tistical tests were two-sided. Data are presented as mean + SD.

Results

Early onset of fertility decline with Per1/Per2 doubly
mutant female mice

Per1/Per2 doubly mutant mice were shown to be arrhythmic [7, 25].
To investigate the effect and underlying mechanism of Perl/Per2
mutations on female reproduction, we set up mating using Per1”";
Per2™™ doubly mutant female mice starting from 8 weeks old, and
the heterozygous Per1*""; Per2*" littermate mice were used as con-
trol. Quantification of accumulated litter and pup number from
the mutant and control mice is shown in Figure 1A and B, and
Table 1. A trend of decrease of litter and pup number was already
obvious starting from 20 weeks old, and a statistically significant
difference in female fertility was observed from 32 weeks old on-
wards between the mutant and control mice. However, there was
no significant difference in litter size (pups per litter recorded from
8 to 52 weeks old, Per1™; Per2": 6.56 + 0.99, n = 12; Per1™"™;
Per2+™: 6.85 + 1.41, n = 11; P = 0.5714). It is also worth noting
that few pups were born from Per1””; Per2” mutants after 44
weeks old (Table 1).
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Figure 1. Quantification of accumulated litter and pup number of Per1™m;
Per2™™ doubly mutant and control mice. (A) Quantification of litter number
of Per1™™m; Per2 ™™ mutant and control mice. (B) Pup number of Per1™™;
Per2™m mutant and control mice.

Premature ovarian follicle insufficiency in Per1/Per2
mutants

Although a number of genes and nongenetic factors have been iden-
tified contributing to the occurrence of POI, the involvement of cir-
cadian clock and its regulators in this pathogenesis is unclear. To
analyze the effect of double Per1/Per2 mutations on ovarian follicle
development, ovaries from different ages of mice (3, 8, 26, and 52
weeks old) were collected for histological analysis of follicle number
at primordial, primary, secondary, and antral stages (Figure 2A).
Quantification of follicle number revealed that Per1”; Per2"
doubly mutant mice had similar number of primordial, primary,
secondary, or antral ovarian follicles at the stages of 3 weeks old
(Figure 2B) in comparison with those of control littermates. There
was also no significant difference in the total number of ovairan fol-
licles observed in the Per1/Per2 mutant ovaries of 8-week-old mice
(Figure 2C). However, a significant decrease in the number of ovar-
ian follicles was detected at ages of 26 weeks old (Figure 2D) and 52
weeks old (Figure 2E) between the two groups (Table 2). Analysis by
immunostaining with cleaved caspase-3 showed that there was no
statistically significant difference in apoptotic cell number between
the Per1™; Per2" doubly mutant and control mice (Supplemen-
tal Figure S1; Per1””; Per2”: 53.35 4+ 2.03, n = 3; Control:
51.69 + 2.68, n = 3; P = 0.4406).

Angiogenesis in ovaries of Per1/Per2 doubly mutant
mice

It has been shown that morpholino-mediated knockdown of per2 or
bmall altered the developmental angiogenesis in zebrafish [22]. To
find out whether Per1/Per2 mutations would affect vascular devel-

Table 1. Litter size and pup number of Per1™™; Per2™™ doubly mutant and control mice.

Age (weeks) Number of accumulated litters n (Per1™™;Per2m) n (Control) P value
Per1™/m;pey2mm Control
Number of accumulated litters
8 0 0 12 11
12 0.50 +£ 0.52 0.64 £ 0.50 12 11 0.53182939
16 1.25 + 0.75 1.36 + 0.67 12 11 0.70798791
20 2.00 £ 0.74 2.36 + 0.67 12 11 0.23254607
24 2.75 + 0.62 3.09 £ 0.70 12 11 0.22987128
28 3.42 £ 0.90 3.73 £ 0.79 12 11 0.39011313
32 3.92 + 1.08 4.64 + 0.67 12 11 0.07253613
36 417 £ 1.19 5.36 £ 0.92 12 11 0.01431332
40 4.58 £+ 1.00 6.27 £ 1.19 12 11 0.00132172
44 492 + 1.16 7.18 £ 1.25 12 11 0.00019715
48 5.08 £ 1.31 7.82 £ 1.25 12 11 4.6502E-05
52 525 £ 1.29 8.45 £ 1.29 12 11 6.6428E-06
Number of accumulated pups
8 0 0 12 11
12 3.58 + 3.78 3.82 + 3.79 12 11 0.88319599
16 8.58 £ 5.55 10.82 + 5.13 12 11 0.32893069
20 14.08 + 6.42 19.00 + 6.45 12 11 0.0813109
24 19.75 + 4.99 24.09 £ 7.12 12 11 0.10293094
28 24.08 + 6.56 2891 + 7.42 12 11 0.11264827
32 2717 £ 7.71 36.18 £ 8.75 12 11 0.01575296
36 28.42 + 9.22 41.73 £ 10.04 12 11 0.00329245
40 30.83 £ 8.62 47.55 £ 11.80 12 11 0.00082026
44 33.00 + 8.44 51.64 + 11.58 12 11 0.00022759
48 33.42 £ 8.50 54.45 £ 12.13 12 11 8.5033E-05
52 33.92 4+ 7.86 57.55 + 12.23 12 11 1.604E-05




PER1/PER2 in ovarian follicular development, 2019, Vol. 100, No. 4

1069

(B) Perl m/m;Peer/m

Antral

O Pert M/m;Per2M/m
—_ W Control
= 2000
?
3 1000
z
< (> ‘Aﬁ &bd g‘b\ \‘b\
O X o
g e e S

—_
=
=
S

)/ /1
O Peri " m;Per2m "
B Control

Ovary follicle number Ovary follicle number

=)
S
%
8
z
e
RATIRS) <Y AN A8
SN 2 < A
6\0&6 QO“\%@@‘\& P&\ <©
600 7 i m KE
E O Peri & ;Per2 =
§ = 400 B conrol
S5
L *
282007 i
5
< D oY Y D
< A . o 2 g X
2 SO (O 0
o ?’0& AY $@00 2
E 300 A o PEFIM/m,'PE}"Zm/m .
§ § 200 - W Conrrol
o
L
R
£
i '\7’\ ) %ﬁ {&\ \‘3‘\
S {\6‘0& Qo&%@o&\b SRS

Figure 2. Analysis of ovarian follicle development in Per1™™; Per2™™ mutant and control mice. (A) Ovarian follicular development in wild-type mice at different
stages including primordial, primary, secondary, and antral stages. (B-E) Histological analysis and quantification of ovarian follicle number at different ages,
including 3, 8, 26, and 52 weeks old. Arrows indicate the follicles with oocyte nuclei for quantification. Scale bar: 20 xm in A, 50 um in B, 200 m in C-E.

opment including the cyclic angiogenesis during ovarian follicular
development, we performed the fluorescence immunostaining with
ovaries and several other tissues of Per1™"; Per2™” mutant and
control mice at different development stages. Quantification of retina
vascularization area (P35, postnatal day 5) showed that there was no
significant difference between Per1”””; Per2””” mutant and wild-
type (P = 0.3644) or the heterozygous control mice (P = 0.5886;
WT: 46.25 £ 2.93%, n = 6; Perl ™ Per2+/m: 46.97 + 5.16%, n = 6;
Per1”; Per2™: 48.52 4+ §5.39, n = 9; Supplemental Figure S2A).
Constistently, there was no difference detected in blood vascular and
lymphatic vessels of skin (P5) between Per1/Per2 mutant and con-
trols (Supplemental Figure S2B). At the adult stage, blood vascular
and lymphatic vessels also appeared normal in the ear skin, trachea,
and uterus of Per1”; Per2™™ mutant mice compared with those
of the control (Supplemental Figure S3A-C). Consistently, there was
no obvious difference in both blood vascular and lymphatic ves-
sel growth associated with the ovarian follicles between Per1/Per2
mutants and control mice (Figure 3).

Discussion

We show in this study that mice with Per1/Per2 double mutations
displayed an early onset of decrease in the female fertility. However,
there was no obvious change with vascular growth associated with
the ovarian follicles and in other tissues examined in the mutant
mice. Interestingly, we found that there was a significant reduction
of the ovarian follicle number in the Per1/Per2 mutants from the
middle-aged stage onwards compared with the littermate controls.
The process of ovarian follicle development is tightly controlled by
many factors. It is possible that Per1/Per2 loss-of-function mutations
may alter gene expression involved in the follicular development,
leading to the depletion of the ovarian follicle reserve and the decline
of reproductive capacity.

It was previously demonstrated that deletion of Perl or Per2
affected female fertility at the age of 9-12 months old displaying
abnormal oestrous cycle and reduced implantation success, but there
was no obvious difference observed with young adult mutants (2-6
months old) [15]. In this study, we found that the doubly Per1/Per2
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Figure 3. Analysis of vascular formation in ovaries of Per1™™; Per2™™ doubly
mutant mice. (A, B) Immunostaining analysis of blood vascular and lymphatic
vessels in ovaries of 8 weeks old (A) and 52 weeks old (B) Per1™™,; Per2m™'m
mutant and control mice (PECAM-1, green; LYVE-1, red). Scale bar: 100 m.

mutations caused an earlier onset of decrease in the female fertility
than that of single mutation, suggesting a synergistic effect of PER1
and PER2 in reproduction. The phenotype was observed starting
from 20 weeks old with significantly less pups delivered at the stage
of 32 weeks old. Consistently, there was a significant decrease of
ovarian follicles in the Perl/Per2 double mutants compared with
the control mice examined at 26 and 52 weeks old, while the total
number of ovarian follicles was similar between the two groups at
young ages (3 and 8 weeks old). This suggests that the abnormal
decline of ovarian follicle reserve observed in the adult Perl1/Per2
mutants contributes to their reduced fertility, in addition to other
causes as previously reported [15].

Pathogenesis underlying POl is still incompletely understood and
may involve a wide spectrum of causes. Of the causative factors of
genetic origin, more than 50 genes have been identified as POI can-
didates, which are involved in various processes such as oogenesis
and folliculogenesis [1, 2]. Among the causative candidates, abnor-
mal hormonal signaling including the follicle-stimulating hormone
(FSH) receptor-mediated pathway may be one of the major contrib-
utors of POI [1]. It is known that the primary circadian pacemaker
in the SCN provides a central control for the expression of core
clock genes as well as clock-controlled genes, including the release
of FSH and LH with a diurnal rhythm [14]. Furthermore, rhythmic
expression of Per1 and Per2 was detected in the steroidogenic cells of
preantral, antral, and preovulatory follicles as well as corpora lutea
[10]. Accumulating evidences indicate that the circadian clock plays
an important role in the amplitude and timing of ovarian steroid

hormone synthesis, oocyte maturation, and ovulation [14]. Alter-
ation of estrogen-mediated signaling could affect the follicular pool
[26, 27]. Consistently, it has been found that disruption of circadian
rhythm produces a negative effect on fertility in rodent models and
women exposed to shiftwork schedules [14]. It is therefore likely
that disruption of circadian rhythm or clock-regulated gene network
by the Per1/Per2 mutation may contribute to the occurrence of POI
by affecting the reproductive endocrine system at possibly each level
of the hypothalamic—pituitary—ovarian axis.

While clock genes were reported to regulate angiogenesis in ze-
brafish [22], we did not observe any obvious difference in vascu-
lar development in several tissues examined including retina, skin,
trachea, and uterus from the Per1/Per2 mutant and control mice.
Consistently, the reduced female fertility caused by Per1/Per2 dou-
ble mutations is not due to the alteration of vascular components
associated with ovarian follicle development. It is possible that the
distinct vascular phenotype may result from the species difference be-
tween zebrafish and mouse in the regulation of vascular formation
by circadian clock genes. However, due to the potential for off-target
effects by the use of antisense morpholinos [28], it is necessary to
validate the vascular phenotypes using knockout models targeting
zebrafish per2 or bmall.

In summary, we found in this study that Per1/Per2 double mu-
tations caused a significant decrease of ovarian follicles in mutant
mice from the middle-aged stage onwards. Although the detailed
mechanism remains a topic for further investigation, findings of this
study showed that the alteration of circadian rhythm and its under-
lying regulatory network could be an important factor contributing
to the pathogenesis of POL. Future studies in this direction may yield
more mechanistic insights into POI and provide potential therapeutic
targets for the disease.

Supplemental Data
Supplementary data are available at BIOLRE online.

Supplemental Figure S1. Analysis of apoptosis in ovaries of Per1”";
Per2™ doubly mutant and control mice. (A) Immunostaining anal-
ysis of apoptotic cells in ovaries (3 weeks old) of Per1”/”; Per2"m
mutant and control mice (cleaved caspase 3, red; PECAM-1, green;
LYVE-1, red; DAPI blue). (B) Quntification of apoptotic cells (per
grid, x40 magnification). Scale bar: 50 m in A.

Supplemental Figure S2. Analysis of vascular growth in retina and
skin of Per1™; Per2”” doubly mutant and control neonatal mice
(P5). (A, B) Immunostaining analysis of blood vascular and lym-
phatic vessels in retina (A) and skin (B) of Per1™; Per2" mutant
and control mice (P35, postnatal day 5; PECAM-1, green; LYVE-1,
red). Quantification of retina vascularization area showed that there
was no significant difference detected among Per1/Per2 mutant and
control mice (A; WT: 46.25 + 2.93%, n = 6; Perl*; Per2t/m:
46.97 &+ 5.16%, n = 6; Per1™™; Per2”: 48.52 + 5.39, n = 9).
Scale bar: 100 um in A and B.

Supplemental Figure S3. Analysis of vascular growth in adult tis-
sues of Per1”; Per2"™ doubly mutant and control mice. (A—C)
Immunostaining analysis of blood vascular and lymphatic vessels in
ear skin (A, 7 weeks old), trachea (B, 7 weeks old), and uterus (C,
8 and 52 weeks old) of Per1”; Per2”/” mutant and control mice
(PECAM-1, green; LYVE-1, red). Scale bar: 100 um in A, B, and C.
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