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Theca/interstitial cells are responsible for the growth and maturation of ovarian
follicles. However, little is known about the theca/interstitial cell-specific genes and
their functions. In this study, we explored transcriptomes of theca/interstitial cells by
RNA-seq, and the novel biological roles of a theca cell marker, asporin (Aspn)/periodontal
ligament-associated protein 1 (PLAP-1). RNA-seq detected 432 and 62 genes expressed
specifically in theca/interstitial cells and granulosa cells isolated from 3-weeks old
mouse ovaries. Gene ontology analysis demonstrated that these genes were largely
categorized into four major groups: extracellular matrix organization-related terms,
chemotaxis-related terms, the angiogenesis-related terms, and morphogenesis-related
terms. In situ hybridization demonstrated that the newly detected representative gene,
Aspn/PLAP-1, was detected specifically in the outer layer of theca cells in contrast
with the expression of the basal lamina-specific gene, Nidgen-1. Intriguingly, an
Aspn/PLAP-1 antibody completely arrested the growth of secondary follicles that is
the gonadotropin-independent follicle developmental stage. Furthermore, transforming
growth factor-g (TGF-B)-triggered signaling was induced by the Aspn/PLAP-1 antibody
treatment, which is consistent with the inhibitory effect of Aspn/PLAP-1 on TGF-B.
Altogether, these results suggest that theca cells are classified into subpopulations on
the basis of new marker genes and their biological functions, and provide evidence
that Aspn/PLAP-1 is expressed exclusively in the outer layer of theca cells and plays a
pivotal role in the growth of secondary follicles via downregulation of the canonical TGF-f
signaling cascade.

Keywords: theca cell, secondary follicle, follicle growth, transcriptome, Asporin/PLAP-1

INTRODUCTION

In dioecious species, generation of fertile oocytes is an essential biological process. Oocytes
are grown and matured in follicles, and ovulated from the ovary. Follicle development is
a multi-step and complexed event controlled by a wide variety of endogenous factors. In
mammals, a follicle is composed of a single oocyte, granulosa cells, and theca cells, and follicle
development is largely classified into two stages: gonadotropin-dependent and independent stages.
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The former, namely, the antral follicle, is regulated by the
hypothalamus-pituitary-gonad (HPG) axis via secretion of
gonadotropins, LH and FSH, to the ovary in an endocrine
fashion only at sexually mature individuals. In response to LH,
theca cells produce androgen that is converted into estrogen
by specific aromatases in response to FSH in granulosa cells,
indicating that a major biological role of theca cells is production
of sexual steroid hormones at the antral follicles (1-3). The latter
is initiated at the fetus, where primordial follicles are generated.
After birth, the primary, secondary and preantral follicles grow
sequentially via the regulation exerted by diverse endogenous
factors in the intraovarian paracrine/endocrine networks, in
a manner independent of gonadotropins (1-5). In secondary
follicles, theca cells are differentiated from interstitial (stromal)
cells, and start the formation of the thecal layers and the
basal lamina, indicating that theca cells are responsible for
maintenance of physical structure of follicles (1-7). Moreover,
interstitial cells, differentiating into theca cells, were found
to be necessary for the normal growth of mouse secondary
follicles in vitro (5, 8). However, the net molecular mechanisms
of follicle growth at gonadotropin-independent stages remain
largely unknown.

To date, various endogenous secretory or membrane-bound
ligands and their receptors, including transforming growth factor
(TGF)-B, have been shown to be expressed in theca/interstitial
cells, supporting the notion that theca/interstitial cells both
undergo and induce extensive cellular signaling (1-3, 9-11).
Over the past 5 years, transcriptomes for theca/interstitial cells
have been increasingly documented, leading to the detection
of several theca/interstitial cell-specific genes (11-24). These
findings suggest more multiple pivotal roles of theca/interstitial
cells in the follicle development than what is known, in particular,
at gonadotropin-independent development stages. Nevertheless,
most studies have investigated the effect of these factors on
isolated theca/interstitial cells, not on isolated follicles (1-
5, 7). Furthermore, transcriptomes have been restricted to
theca/interstitial cells of antral follicles, and the localization
of the gene expression detected by transcriptomic analysis
has not fully been observed in the ovary or follicles (11-
24). Such shortcomings hinder the elucidation of biological
roles of theca/interstitial cells in the gonadotropin-independent
follicle growth and the underlying molecular mechanisms.
In the present study, we investigated the expression of new
theca/interstitial cell-specific genes, and show novel regulation
of secondary follicle growth by asporin (Aspn)/periodontal
ligament-associated protein 1 (PLAP-1), an endogenous negative
factor for TGF-f signaling cascades.

MATERIALS AND METHODS

Animals
Female ICR mice (Japan SLC, Inc., Shizuoka, Japan) were
maintained under controlled light conditions (14L:10D)

Abbreviations: Aspn, Asporin; BMP, bone morphogenetic protein; Nid1, Nidogen
1; PLAP-1, periodontal ligament-associated protein 1; TGF-f, transforming
growth factor-p.

and were given food and water ad libitum. The day of
birth was designated as Day 0. On Day 1, each mother
was left with eight pups to equalize the growth of pups
between litters. Our investigations were conducted in
accordance with the Animal Care Committee of Nara
Women’s University.

Preparation of Follicles, Theca/interstitial

Cells, and Granulosa Cells

Secondary follicles, theca/interstitial cells, and granulosa cells
were collected from the ovaries of 20 3-weeks old different mice
as previously described (6).

RNA-Seq

Total RNA was extracted from ovarian interstitial cells and
granulosa cells using RNeasy Mini Kit (Qiagen Gmbh., Hilden,
Germany). The quality of the RNA samples was evaluated
by using BioAnalyzer (Agilent Technologies, CA, USA) with
RNA6000 Nano Chip. A 1-pg aliquot of total RNA from
each sample was used to construct cDNA libraries using
TruSeq Stranded mRNA Sample preparation kit (Illumina,
CA, USA), according to the manufacturer’s instructions.
The resulting cDNA library was validated using BioAnalyzer
with DNA1000 Chip and quantified using Cycleave PCR
Quantification Kit (TAKARA BIO INC., Shiga, Japan). Single
end sequencing using 101 cycles was performed using HiSeq1500
(Ilumina) in the rapid mode. Total reads were extracted
with CASAVA v1.8.2 (Illumina). The resulting fastq files
were deposited in Sequence Read Archive (SRA) under
accession numbers SRR5097519 (Theca/Interstitial Cell, rep.
1), SRR5097520 (Theca/Interstitial Cell, rep. 2), SRR5097517
(Granulosa cells, rep. 1), and SRR5097518 (Granulosa cells,
rep. 2) (Table1). Then, PCR duplicates, adaptor sequences
and low-quality reads were removed from the extracted
reads as follows. Briefly, if the first 10 bases of the two
reads were identical and the entire reads exhibited >90%
similarity, the reads were considered PCR duplicates. Remaining
reads were then aligned with Bowtie version 2.2.3 to the
mouse transcriptome mml0 with refseq ID, which was
downloaded from ENSEMBL database. The difference of
expression levels was calculated with edgeR (25), which is the
Bioconductor package based on negative binomial generalized
linear models.

TABLE 1 | The numbers of resultant reads and mapping rate.

Samples Theca/ Granulosa Theca/ Granulosa
Interstitial cell, Interstitial cell, rep. 2
cell, rep. 1 rep. 1 cell, rep. 2

SRAID SRR5097519 SRR5097518 SRR5097520 SRR5097517

Reads 26,752,459 26,226,341 31,233,081 32,256,405

Mapped 22,125,009 21,688,635 24,166,670 26,159,002

reads

Mapping  82.7% 82.7% 77.4% 81.1%

rate
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GO Enrichment Analysis

To predict the function of ovarian interstitial cells and granulosa
cells -specific transcripts, the sequences with lower p-values
than 0.025 were analyzed using GO enrichment analysis, as
described previously (26). The GO terms for the transcripts were
downloaded from Mouse Genome Informatics database (MGI).
Briefly, to quantify the enrichment of GO terms, we calculated
enrichment scores as follows:

GO
Nor<<in %\IToml(Gr< <In)

Enrich (GO) = log, Nan(GO) 4 all)
ota

where Nx(GO) indicates the frequency of each GO term for
theca/interstitial cell (Gr<<In)-specific or whole transcriptome
genes (i.e, x), and Ntotal(X) indicates the frequency of
theca/interstitial cell (Gr<<In)-specific or whole mouse
transcriptome genes (i.e., X) mapped to each GO term in
MGI database. For correction, a pseudo-count was set as fixed
value (0.05).

Real-Time PCR

Theca/interstitial cells and granulosa cells were isolated from
the ovaries of 30 individuals of 3-weeks-old mice as previously
described (5). Total RNA was extracted from cells or follicles
using RNeasy Plus Mini kit (Qiagen Gmbh), and reverse-
transcribed to the template c¢cDNA at 50°C for 50min
using the oligo dT anchor primer and SuperScript™ III
Reverse Transcriptase (Thermo Fisher Scientific). The real-
time PCR was performed using CFX96 Real-time System and
SsoAdvanced™ Universal SYBR Green Supermix (Bio-Rad
laboratories, Hercules, CA, USA). Total volume of reaction
mixtures was 20 pl, consisting of 100 ng template cDNA, each
500-nM primers and 10 pl SYBR Green Master Mix solution.
The real-time PCR was performed for initial steps at 95°C for
30s, followed by 44 cycles at 95°C for 155, and at 60°C for
30 s. The melting curve analysis was performed to confirm
the absence of primer dimers. In brief, ACt values for the p-
actin gene expression were used as standard values, and 2744
values for theca/interstitial cells-high level expressed genes
were calculated according to the manufacturer’s instruction.
Primers were designed using Primer-blast web tool (NCBI).
Sequences of the primers used for the real-time PCR are listed
in Supplemental Data 1.

In situ Hybridization in the Mouse Ovary

The open reading frames of Nidl (nt 1,246-1,643) and
Aspn/Plap-1 (nt 267-668) were amplified using ovary cDNA
and gene-specific primers (Supplemental Data 2), respectively.
The PCR program was 94°C for 3 min, 35 cycles of 94°C for
30s, 50°C for 30s, and 72°C for 45s, and final extension at
72°C for 7 min. Each of the PCR products was inserted into the
pCRII-TOPO dual promoter vector (Thermo Fisher Scientific)
according to the manufacturer’s instruction and supplied to
preparation of RNA probes as a template. Digoxigenin-labeled
RNA antisense and sense probe for each gene was prepared
using a digoxigenin-labeled RNA labeling kit (Roche Diagnostics,

Switzerland). Ovaries of 3-weeks female mice were dissected and
fixed in 4% paraformaldehyde in PBS at 4°C overnight. The fixed
tissues were soaked in a refrigerated sucrose solution (10% in
PBS) for 30 min at room temperature. The tissues were then
soaked in a 15% sucrose solution at 4°C overnight until they sank.
The ovaries were embedded in Super Cryoembedding Medium-
L1 (Leica Microsystems Japan, Tokyo, Japan) and sectioned at
a 10 pum thickness with a CryoStar NX70 cryostat (Thermo
Fisher Scientific Inc.) at —18°C. The sections were placed
onto FRONTIER-coated slides (FRC-04; Matsunami Glass Ind.,
Ltd., Osaka, Japan). Hybridization, washing and detection were
carried out as previously reported (27-29). No positive signals
were observed when sense probes were used, confirming the
specificity of hybridization.

Morphological Change of Secondary
Follicles by an Endogenous Aspn/PLAP-1
Inhibition

Co-cultivation of follicles with theca/interstitial cells using
collagen gel (Cellmatrix Type I-A; Nitta Gelatin, Inc., Japan)
was performed as previously described (5, 6). In brief, 0.2%
collagen gel containing 10% FBS (Thermo Fisher Scientific Inc.),
100 U/ml penicillin, 0.1 mg/ml streptomycin (Nacalai Tesque
Inc., Kyoto, Japan) and Dulbecco’s Modified Eagle Medium
components (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) was
used to culture the secondary follicles. Approximately 20-30
secondary follicles with 100 pwm-diameter and 6 x 10%/well-
theca/interstitial cells were co-cultured with the collagen gel only,
and the collagen gel containing 10 pg/ml-normal rabbit IgG
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan)
or 10pg/ml of anti-Aspn/PLAP-1 rabbit polyclonal antibody
(Cloud-Clone Corp, TX, USA) at 37°C for 5 days in a 96-well
plate. Morphological change of each follicle was observed using
an inverted microscopy Olympus CK2 (Olympus, Tokyo, Japan).

Western Blotting of Smad Proteins in
Aspn/PLAP-1 Antibody-Treated Ovaries

Ovaries were isolated from 3-weeks old mice, and cut
longitudinally into symmetrical half-pieces. Each half-portion
of the mouse ovaries was incubated with the culture medium
containing anti-Aspn/PLAP-1 antibody, normal rabbit IgG
(Wako, Japan), TGF-B1 (R&D systems, MN, USA), or BMP2
(R&D systems) at 37°C for 0-3h. The cultured ovaries were
homogenized in 100 ] of RIPA buffer (Thermo Fisher Scientific
Inc.) containing cOmplete, EDTA-free (Roche) and PhosSTOP
(Roche) at 4°C for 1-2min at 28 Hz using Tissue lyser II
(Qiagen Gmbh). The homogenate was incubated on ice for
10 min, followed by centrifugation at 15,300 g for 10 min at 4°C.
The protein amount in the supernatant was measured using
BCA protein assay kit (Thermo Fisher Scientific Inc.). 40 pg
of the resultant ovarian protein lysate was separated on 5-
20% gradient SDS-PAGE gel, and was electroblotted onto PVDF
membranes. The membranes were blocked by Block-Ace (DS
pharma biomedical, Osaka, Japan) for 1h at room temperature,
and were treated with a 1:1,000-2,000 dilution of an antibody

Frontiers in Endocrinology | www.frontiersin.org

August 2019 | Volume 10 | Article 553


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Aoyama et al.

Characterization of Novel Theca Marker Genes

against Smad2/3 (SantaCruz Biotechnology, CA, USA), phospho-
Smad2/3 (p-Smad2/3) [Cell Signaling Technology (CST), MA,
USA] Smadl/5/9 (Abcam, Tokyo, Japan) or p-Smadl/5/9
(CST) in the Can get signal 1 solution (TOYOBO, Osaka,
Japan) overnight at 4°C. After washing with 0.05% Tween
TBS (TBST), the membranes were incubated with a 1:2,000
HRP-conjugated donkey anti-rabbit secondary antibody (GE
healthcare, IL, USA) in Can get signal 2 solution (TOYOBO) for
1h at room temperature. The anti-GAPDH antibody (Abcam)
and the corresponding secondary antibody (GE healthcare)
in TBST were used as an internal control. Signals were
detected using a chemiluminescent detection system, ECL Select
Detection Reagent according to the manufacturer’s instruction
(GE healthcare).

Statistical Analysis

Results are shown as mean =+ SE. Data were analyzed by one-way
ANOVA with Turkey’s multiple comparison tests. Differences
were accepted as significant for P < 0.05.

RESULTS

Detection of Mouse Theca/Interstitial

Cell-Specific Genes

mRNA library of mouse ovarian theca/interstitial cells and that
of granulosa cells were sequenced using Hiseq 1500, and 26—
32 million reads for 101 single end reads were obtained from
two replicates for each samples (Table 1). After mapping to
the mouse transcriptome, 77-82% of the reads were mapped,
displaying 21,028 and 20,425 expressed genes with more than
10 reads on granulosa cell and theca/interstitial cell, respectively.
Subsequently, we compared the gene expression levels between
theca/interstitial cell and granulosa cell using EdgeR pipeline,
detecting 432 and 62 upregulated genes with lower p-values
than 107° in theca/interstitial cell and granulosa cell, respectively
(Figure 1).

CYP17A1, BMP-4, and -7 genes, known theca/interstitial cell
markers were shown to be intensely expressed in theca/interstitial
cells (Table 2). These data are consistent with the previous
findings (1-3, 11, 30), confirming the detection of differentially
expressed genes by the RNA-seq method.

The GO enrichment analysis against upregulated genes in each
cell detected 35 and 9 GO terms with GO-levels at 4-5 as enriched
GO terms with more than 2 in GO enrichment score in granulosa
cell and theca/interstitial cell, respectively (Table 3). As depicted
in Figure 2, 39 theca/interstitial cell-enriched GO terms were
grouped to four groups; extracellular matrix organization-related

TABLE 2 | Differential expression of marker genes for theca/interstitial cells per
granulosa cells.

Genbank ID Gene symbol Fold-change p-value

NM_007809 Cyp17ai 7.68 9.41 x 106
NM_007554 Bmp4 2.41 4.41 x 1073
NM_007557 Bmp7 10.49 2.68 x 10712

terms, chemotaxis-related terms, the angiogenesis-related terms
and morphogenesis-related terms. For the extracellular matrix
organization-related terms, extracellular structure organization
(GO:0043062), extracellular matrix organization (GO:0030198),
cell substrate adhesion (GO:0031589) and cell-matrix adhesion
(GO:0007160), which are involved in extracellular matrix
organization, were enriched in theca/interstitial cell. For example,
collagen type I alpha 2 (Colla2), collagen type III alpha
1 (Col3al), lumican (Lum), elastin (Eln), nidogen 1 (Nidl),
and fibronectin 1 (Fnl) were shown to be 25.31-, 20.37-,
20.96-, 16.04-, 7.46-, and 4.12-fold expressed in theca/interstitial
cell, respectively, compared with granulosa cells (Figures 1, 2,
and Table 3). These results are in good agreement with
the previous studies demonstrating that theca/interstitial cells
participate in the follicle development via production of
various extracellular matrix and cell adhesion proteins (1-
3, 6, 31-33). Particularly, the high expression of Fnl and
Nidl, which are basal lamina-specific adhesive molecules in
extracellular matrix (1, 2, 30, 31), suggests the biological roles
for the theca/interstitial cells in production of basal membranes
of follicles.

Chemoattractants Ccl2, Ccl21a, and Cxcl12 were 8.75-,
20.37-, and 3.20-fold upregulated in theca/interstitial cell,
respectively (Figures 1, 2, and Table 3) which are contained
in various GO terms related to chemotaxis; for instance,
movement of cell or subcellular component (GO:0006928); cell
chemotaxis (GO:0060326).

The GO term angiogenesis (GO:0001525), including cell
antigen 1 theta (Thyl), calcitonin receptor-like (Calcrl), platelet
derived growth factor receptor alpha (Pdgfra), was also
enriched in theca/interstitial cell. Thyl, Calcrl, and Pdgfra were
10.60-, 3.08-, and 10.44-fold upregulated in theca/interstitial
cell, respectively, compared with granulosa cells (Figures 1,
2, and Table3). These angiogenesis-related genes coincide
with the vascularity of interstitial cell and theca/interstitial
cell (1,2, 6, 34).

The GO terms related to morphogenesis, including regulation
of anatomical structure morphogenesis (GO:0022603);
regulation of developmental process (GO:0050793); and
regulation of multicellular organismal process (GO:0051239),
were enriched in theca/interstitial cell. Aquaporin 1 (Agpl),
Aspn/PLAP-1, and Cadherin 5 (Cdh5), which were categorized
into all of these GO terms, were 20.48-, 11.46-, and 6.70-fold
upregulated in theca/interstitial cell, respectively (Figures 1, 2,
and Table 3), suggesting the role of theca/interstitial cells in
some developmental processes. Furthermore, the expression
of aforementioned 12 genes in theca/interstitial cells were
examined by real-time PCR. As shown in Figure 3, real-time
PCR demonstrated that the 11 genes were more intensely
expressed in theca cells/interstitial cells than granulosa cells,
validating the RNA-Seq data.

Localization of Nid1 and Aspn in the Mouse
Ovary

TGEF-p is found to exhibit some biological effects on isolated
theca cells and granulosa cells (35, 36), and Aspn/PLAP-1, a
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TABLE 3 | Upregulated genes in theca/interstitial cells.

Genbank ID Gene symbol Fold-change p-value Related GOs
NM_007743 Col1a2 25.31 1.34 x 1081 G0:0043062, GO:0030198, GO:0031589, GO:0007160
NM_009930 Col3atl 20.37 4.43 x 1070
NM_008524 Lum 20.96 3.51 x 10798
NM_007925 Eln 16.04 1.28 x 10742
NM_010917 Nid1 7.46 1.27 x 10730
NM_010233 Fn1 442 151 x 10-10
NM_011333 Ccl2 8.75 5.99 x 1023 G0:0006928, GO:0016477, GO:0060326, GO:006935, GO:0050795, GO:0050920,
G0:2000145, GO:0040012, GO:0051270, GO:0032879, GO:002685
NM_011124 Ccl21a 20.37 9.22 x 10~ 74
NM_021704 Cxcl12 3.20 6.84 x 1078
NM_009382 Thyt 10.60 3.76 x 10733 G0:0001525
NM_018782 Calerl 3.08 7.56 x 107
NM_011058 Pdgfra 10.44 1.26 x 10724
NM_007472 Aqp1 20.48 9.16 x 1048 G0:0022603, GO:0050793, GO:0051239
NM_025711 Aspn/Plap-1 11.46 1.98 x 10-10
NM_009868 Cdh5 6.70 458 x 1014
6 :
Thyt ~Aqp1 —Ccl21
Pdgfral—| Ccl)lz_\' L i a IColla2
Aspn—.__ * " . . _\ . 4 —Col3at
SR N &\ . . / _Cdh5
4 b N Cyp17al
S . . — a
) .'/—N‘I{(’;T
. ./.%—le
—Cxcl12
/— Xcl

-4

-6

—Cyp19al

FIGURE 1 | The M-A plot showing the distribution of each gene expression. A and M stands for basemean of normalized expression data and log (fold change) for
each gene in theca/interstitial and granulosa cells, respectively. Blue, orange, and red dots indicate theca-upregulated genes (Paqj < 1076), granulosa-upregulated
genes (Paqj < 10’6) and genes validated in real-time RT-PCR (Figure 3), respectively.

small leucine-rich repeat protein, plays endogenous inhibitory
roles for the TGF-B signaling (37-42). These findings suggest
some biological roles of Aspn/PLAP via regulation of TGF-B
signaling in the ovary. However, localization of their mRNAs
has yet to be examined. Subsequently, we thus performed in situ
hybridization of NidI (as a reference to typical theca-specific
localization) and Aspn/Plap-1 in the ovary. Nidl was shown to
be expressed in theca cells and interstitial cells of secondary,

preantral and antral follicles but not in granulosa cells or
oocytes (Figure 4A). Interestingly, expression of Aspn/Plap-1
was detected specifically in the outer layer of theca cells and the
adjacent interstitial cells but not in the inner layer of theca cells of
secondary, preantral, and antral follicles (Figure 4B). Altogether,
these results provide evidence for the specific and differential
expression of Nidl and Aspn/Plap-1 in theca/interstitial
cells in the ovary.
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FIGURE 2 | Gene Ontology enrichment analysis of differentially expressed genes in theca/interstitial cells and granulosa cell. Each node represents a GO term. The
branches of GO hierarchical trees without significantly enriched GO terms are not shown. The circle size of each node indicate the number of genes with the GO
terms. The colors of each node represent the enrichment score. Red indicates high enrichment score of expression genes in theca/interstitial cells. Edges represent
“is_a” connections between GO terms. Blue, green, yellow, and light blue GO terms indicate the GO terms related to the genes validated in real-time RT-PCR
(Figure 3), respectively.

Biological Roles for Aspn/PLAP-1 in the

Follicle Growth

The unique localization of the Aspn/Plap] gene expression in the
outer layer of theca cells (Figure 4B) suggested the involvement
of Aspn/PLAPI in the formation of the theca cell layers and the
follicle growth. We thus evaluated the effect of Aspn/PLAP-1 on
the growth of secondary follicles in a collagen gel medium (4).
Aspn/PLAP-1 was formerly shown to suppress a TGF-B-Smad
signaling cascade via interaction with TGF-f (11, 37-42).

As previously reported (5, 6), all secondary follicles grew
to preantral follicles, and interstitial cells developed to theca
cell layers in 5 days (Figures 5A,D,E). Hence, we examined
whether Aspn/PLAP1 affected the growth of secondary follicles
in the presence of an anti-Aspn/PLAP-1 antibody. A striking
feature is that treatment of secondary follicles with the anti-
Aspn/PLAP-1 antibody resulted in complete loss of the growth
of all secondary oocytes and follicles and of the theca cell layer

formation (Figures 5C-E), whereas normal IgG is devoid of
any effects (Figures 5B,D,E). Moreover, ~70% of the non-grown
secondary oocytes and follicles displayed shrunk shape in the
presence of the anti-Aspn/PLAP-1 antibody (Figures 5C-E), but
the basal lamina remains (Figure 5C). Altogether, these results
revealed that Aspn/PLAP-1 plays a crucial role in the growth of
secondary follicles.

Aspn/PLAP-1 has been shown to bind to TGF-f and BMP2,
and suppress their functions (37-42). Combined with the
aforementioned inhibition of the secondary follicle growth by the
anti-Aspn/PLAP-1 antibody (Figure 5), the present data suggest
that the TGF-B-Smad2/3 signaling pathways is involved in the
regulation of the secondary follicle growth. We thus examined
the phosphorylation of Smad2/3 in the ovaries in the presence
or absence of the anti-Aspn/PLAP1 antibody, given that the
phosphorylation of Smad2/3 and Smad1/5/9 are induced by
TGEF-p and BMP2, respectively (35, 36, 43-45). No significant
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shown as the means of three independent experiments + SE. Data were analyzed by a combination of one-way ANOVA and turkey’s multiple comparison tests.
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signals of phosphorylation of Smad proteins were detected in
normal rabbit IgG-treated ovaries (Figures 6A-d,B-d). Notably,
treatment of the ovaries with the anti-Aspn/PLAP-1 antibody
resulted in phosphorylation of Smad2/3 for 5-min and 1-h
incubation (Figure 6A-e), which is typical rapid and persistent
TGF-B-specific Smad phosphorylation pattern (35, 36, 43—
45), whereas phosphorylation of Smad1/5/9 was not observed
(Figure 6B-e). Likewise, TGF-B1 induced phosphorylation of
Smad2/3 in the ovary (Figure 6A-f), but BMP2 failed to
phosphorylate Smad1/5/9 (Figure 6B-f). Altogether, these results
proved that Aspn/PLAP-1 regulates normal growth of the
secondary follicles via suppression of the canonical TGF-f-
Smad2/3 signaling pathway.

DISCUSSION

Theca/interstitial cells are believed to participate in the
follicle development and maturation via a wide range
of endocrine/paracrine pathways. However, the biological
significance of theca/interstitial cells in the growth of follicles
largely remains unclear. In particular, these cells are expected
to play crucial roles in the growth of secondary and preantral
follicles as well as antral and preovulatory ones, given that such
early-stage follicles are not regulated by gonadotropins from the
HPG axis. Thus, a series of identification of theca/interstitial
cell-specific marker genes and elucidation of their localization
in follicles and their intra-follicular functions are expected to
contribute to the verification of the regulatory mechanisms
underlying the development of follicles by theca/interstitial cells
at gonadotropin-independent stages.

RNA-seq using a next-generation sequencer is a powerful
tool for the identification of gene expression profiles and
their dynamics in target tissues. To date, gene expression
profiles of theca/interstitial cells have been investigated in
several mammals including bovine, equine, rodents, and

primates (13-24, 45). Nevertheless, little is known about the
gene expression of theca/interstitial cells in secondary and
preantral follicles namely, gonadotropin-independent stage-
follicles, given that most of transcriptomes are limited to
theca/interstitial cells in antral and preovulatory follicles (13-
24, 45). Furthermore, localization of the genes detected
by transcriptomes has poorly been investigated. In this
study, we have explored transcriptomes and the localization
in theca/interstitial cells in secondary to antral follicles
in sexually immature mice where gonadotropins do not
function yet.

RNA-seq and real-time PCR revealed the specific expression
of genes encoding component proteins of extracellular matrix
and basal lamina adhesive molecules, including Col3al and
Nidl, in theca/interstitial cells (Figures 1-3). These expression
profiles are compatible with the previous studies (2, 3, 6, 17—
21, 32, 33) showing that some theca cells are responsible for
construction of the basal lamina and extracellular matrix in
various mammalian follicles. Gene expression of a typical basal
lamina component, Nid1, was detected in multiple, but not all,
the inner and outer layers of theca cells in secondary, preantral,
and antral follicles (Figure 4A). These results indicated that
some populations of theca cells participate in formation of the
basal lamina.

Various signaling molecule-related genes were also
shown to be expressed specifically in theca/interstitial
cells: including Aspn/PLAP-1 (Figures1-3). To our

knowledge, this is the first report showing the expression
of Aspn/PLAP-1 in theca/interstitial cells. Furthermore,
the gene expression of Aspn/PLAP-1 was shown to be
limited to the outer layer of the theca of the secondary,
preantral, and antral follicles (Figure 4B). Such unique and
unprecedented localization led to the identification of the
Aspn/PLAP-1 gene as a novel specific marker for the thecal
outer layer.
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FIGURE 4 | Localization of nidgeni (Nid7) mRNA (A) and Aspn/PLAP-1 (Aspn) mRNA (B) in the 3-weeks-old mouse ovary is shown. Nid7 was localized to the theca
cell layer in the follicles later than secondary stage (right panels in A). These genes were also expressed in the interstitial cells. Aspn was expressed in the interstitial
cells and the outer layer of theca cells but not in the inner layer of theca cells (right panels of B). No specific signal was found with any of the sense probes (left panels).
O, oocytes; G, granulosa cell, IT, the inner layer of theca cells; OT, the outer layer of theca cells; |, interstitial cell; P, primary follicle; s, secondary follicle; pa, preantral
follicle; an, antral follicle. Scale bars, 50 um.
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FIGURE 5 | Morphological change and growth inhibition of secondary follicles by an endogenous asporin/PLAP-1 inhibition. Secondary follicles were incubated for
days with no antibody (A), 10 wg/ml normal rabbit IgG (B), or 10 wg/ml anti-asporin IgG (C). Treatment with 10 wg/ml anti-asporin IgG resulted in complete loss of the
growth of all secondary follicles and of the theca cell layer formation (C and closed circle of D,E). Moreover, ~70% of the non-grown secondary follicles were shrunk in
the presence of the anti-asporin IgG (C). Three independent experiments using 20-30 follicles were performed. O, oocyte; G, granulosa cell; B, basal lamina, T, theca
cells. Scale bars, 50 um. Size change in the diameter of oocytes (D) and follicles (E) of the secondary follicles treated with the medium only (solid square), 10 wg/ml
normal rabbit IgG (solid triangle), or 10 pg/ml anti-Aspn/PLAP-1 rabbit IgG (solid circle). The means + SE are obtained from three independent experiments using
20-30 follicles. Data were analyzed by a combination of one-way ANOVA and turkey’s multiple comparison tests. *P < 0.05 vs. medium only group and normal rabbit

1gG group.

Of particular significance is that neutralization of Aspn/PLAP-
1 with an anti-Aspn/PLAP-1 antibody arrested the growth of the
secondary follicles; 70% of them showed an abnormal shrunk
morphology (Figure 5). Although Aspn/PLAP-1 has been shown
to be involved in various biological and pathogenic processes
including periodontal ligament mineralization and osteoarthritis

(37-42), we originally provide evidence for a novel biological
role of Aspn/PLAPI1 as a key factor for the normal growth of
the secondary follicles. It is also noteworthy that the growth
of the secondary follicles is not regulated by gonadotropins
and that its rigorous mechanisms has been poorly investigated,
compared with gonadotropin-dependent follicle maturation and

Frontiers in Endocrinology | www.frontiersin.org

August 2019 | Volume 10 | Article 553


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Aoyama et al.

Characterization of Novel Theca Marker Genes

A 10 pg/ml 10 pg/ml
normal rabbit IgG anti-Aspn rabbit IgG 1 pg/ml TGF-B1
S & . Qé” Q@ & -é" é” &
@y 9 N s 9 N (sz) Q° °> N
(d) 50— (e) 30— () so- ! pSmad 2/3
37— =
B 10 pg/ml 10 pg/ml
normal rabbit IgG anti-Aspn rabbit IgG 1 pg/ml BMP2
& & & & s

o [ o o fmmm| s
@7 © 75—[ F ®’ pSmad 1/5/9

FIGURE 6 | Western blotting of inducible phosphorylated Smad proteins in ovaries treated with 10 wg/ml normal antibody [left panel; (a,d,g)], 10 wg/ml
anti-Aspn/PLAP-1 antibody [middle panel; (b,e,h)], 1 wg/ml TGF-g1 or 1 wg/ml BMP2 [right panel; (c,f,i)]. (A), Phosphorylation of Smad2/3 was detected in the
presence of anti-Aspn/PLAP-1 antibody or TGF-B1. (B), Phosphorylation of Smad1/5/9 was not detected in the anti-Aspn/PLAP-1 antibody- or BMP2-treated ovary.
No Smad phosphorylation was observed in the ovary treated normal rabbit IgG. GAPDH expression was used as the protein loading control.

ovulation of antral stage onward (1-6, 8). In other words,
combined with the specific expression of the Aspn/PLAP-1
gene in the outer layer of theca cells, we have also elucidated
a novel endocrine/paracrine role of the outer layer of theca
cells in gonadotropin-independent growth of secondary follicles
(Figure 5), and also presume that theca cells are categorized
as various subpopulations on the basis of the specific gene
expression and their biological functions.

Aspn/PLAP-1 has been shown to bind to only TGF-p and
BMP2 among the TGF-f superfamily including activins and
Growth/differentiation factors, and to down-regulate TGF-f-
Smad2/3 signaling cascade via binding to TGEF-p (37-42).
Moreover, blockade of Aspn/PLAP-1 triggered activation of
this signaling cascade (Figure 6), leading to disruption of the
growth of secondary follicles (Figure 5). Altogether, these results
verified that Aspn/PLAP-1 participates in the regulation of
normal growth of secondary follicles via inactivation of TGEF-
B-Smad2/3 signaling cascades (Figure 6). In other words, TGF-
p signaling cascades are negative factors of the growth of
secondary follicles. The involvement of TGF-f in proliferation
of granulosa cells and theca cells and LH-induced androgen
production has been extensively documented (1-3, 9-12).
However, such studies have been limited to theca cells from
antral follicles. Consequently, biological roles of TGF-f in

secondary follicles, which are LH-insensitive, have yet to be
investigated. Moreover, the functional correlation of these factors
with antral follicle maturation has been controversial. This is
due to variable distribution of gene and protein expression
of TGF-B and their receptors among animal species and/or
developmental stages of follicles (1-3, 9-12). For instance, the
expression of the TGF-p gene was detected in granulosa cells
and theca cells of preantral follicles in human and mice, but
only in theca cells in pig and bovine, and these expression
levels are temporarily altered (10, 11). Likewise, TGF-p was
shown to suppress LH-induced androgen production in human
theca cells, but not in their mouse counterparts (1, 2, 11).
Such confounding findings regarding the effects of TGF-p
may result from administration of TGF-p to cultured ovaries,
given that the ovary includes various developmental stage-
follicles, and thus, TGF-p may exhibit differential activities on
follicles at the respective developmental stages. For instance,
the effect of administrated TGF-f may over-exhibit, conflict,
or suppress those of endogenous TGF-f. In keeping with
these findings, studies using isolated theca cells may show
biological functions from those residing in follicles, leading
to the misunderstanding of authentic endogenous roles of
TGEF-p in theca cells. In this context, the specific localization of
Aspn/PLAP-1 to the outer layer of theca cells (Figure 4B) and
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our culture system using isolated secondary follicles (Figure 5)
eliminate these possible artifacts, leading to the elucidation of
a novel biological role of Aspn/PLAP-1 in regulation of the
normal growth of secondary follicles via suppression of TGF-
p-Smad2/3 signaling cascades. In addition, Aspn/PLAP-1 was
found to be expressed in the outer layer of theca cells and
the adjacent interstitial cells of preantral and antral follicles as
well as those of secondary follicles (Figure 4B). These results
suggest that biological functions of Aspn/PLAP-1, namely those
of TGF-B, in preantral and antral follicles are different from
those in secondary follicles. Investigation of the Aspn/PLAP-1
regulatory mechanism in the preantral and antral development
and maturation is underway.

In conclusion, the present study has provided fundamental
gene expression profiles in theca/interstitial cells in mice,
identified a novel theca/interstitial cell marker, and explored
the novel biological role of Aspn/PLAP-1 in the growth of
mouse secondary follicles at the gonadotropin-independent
developmental stages.

GENBANK ACCESSION NUMBERS

Colla2  (NM_007743),  Col3al  (NM_009930), Lum
(NM_008524), Eln (NM_007925), Nidl (NM_010917), Fnl
(NM_010233), Ccl2 (NM_011333), Ccl2la (NM_011124),
Cxcl12 (NM_021704), Thyl (NM_009382), Calcrl (NM_018782),

REFERENCES

1. Orisaka M, Tajima K, Tsang BK, Kotsuji F. Oocyte-granulosa-theca cell
interactions during preantral follicular development. J Ovarian Res. (2009)
2:9. doi: 10.1186/1757-2215-2-9

2. Young JM, McNeilly AS. Theca: the forgotten cell of the ovarian follicle.
Reproduction. (2010) 140:489-504. doi: 10.1530/REP-10-0094

3. Richards JS, Ren YA, Candelaria N, Adams JE, Rajkovic A. Ovarian follicular
theca cell recruitment, differentiation and impact on fertility: 2017 update.
Endocr Rev. (2018) 39:1-20. doi: 10.1210/er.2017-00164

4. Burns KH, Yan C, Kumar TR, Matzuk MM. Analysis of ovarian
gene expression in follicle-stimulating hormone beta knockout mice.
Endocrinology. (2001) 142:2742-51. doi: 10.1210/en.142.7.2742

5. Itami S, Yasuda K, Yoshida Y, Matsui C, Hashiura S, Sakai A, et al. Co-
culturing of follicles with interstitial cells in collagen gel reproduce follicular
development accompanied with theca cell layer formation. Reprod Biol
Endocrinol. (2011) 9:159. doi: 10.1186/1477-7827-9-159

6. Itami S, Tamotsu S, Sakai A, Yasuda K. The roles of THY1 and
integrin beta3 in cell adhesion during theca cell layer formation and
the effect of follicle-stimulating hormone on THY1 and integrin beta3
localization in mouse ovarian follicles. Biol Reprod. (2011) 84:986-95.
doi: 10.1095/biolreprod.110.087429

7. Liu C, Peng J, Matzuk MM, Yao HH. Lineage specification of ovarian theca
cells requires multicellular interactions via oocyte and granulosa cells. Nat
Commun. (2015) 6:6934. doi: 10.1038/ncomms7934

8. Shiomi-Sugaya N, Komatsu K, Wang J, Yamashita M, Kikkawa E Iwase
A. Regulation of secondary follicle growth by theca cells and insulin-
like growth factor 1. J Reprod Dev. (2015) 61:161-8. doi: 10.1262/jrd.2
014-107

9. Juengel JL, Bibby AH, Reader KL, Lun S, Quirke LD, Haydon LJ, et al
The role of transforming growth factor-beta (TGF-beta) during ovarian
follicular development in sheep. Reprod Biol Endocrinol. (2004) 2:78.
doi: 10.1186/1477-7827-2-78

Pdgfra (NM_011058), Agpl (NM_007472), Aspn/Plap-1I
(NM_025711), Cdh5 (NM_009868), CyplZal (NM_007809),
Bmp4 (NM_007554), Bmp7 (NM_007557).

DATA AVAILABILITY

The datasets generated for this study can be found in the
Sequence Read Archive.

AUTHOR CONTRIBUTIONS

HS designed the research. MA, AS, SM, KH, TO, TK, KY, and HS
performed the research. MA, AS, SM, TO, KY, and HS analyzed
the data. MA, AS, TO, and HS wrote the paper.

FUNDING

This study is in part financially supported by Japan Society for the
Promotion of Science, 16K07430 (to HS) and 15K18568 (to MA).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.
2019.00553/full#supplementary-material

Paradis F, Novak S, Murdoch GK, Dyck MK, Dixon WT, Foxcroft GR.
Temporal regulation of BMP2, BMP6, BMP15, GDF9, BMPR1A, BMPRIB,
BMPR2 and TGFBR1 mRNA expression in the oocyte, granulosa and theca
cells of developing preovulatory follicles in the pig. Reproduction. (2009)
138:115-29. doi: 10.1530/REP-08-0538

. Knight PG, Glister C. TGF-B superfamily members and ovarian follicle
development. Reproduction. (2006) 132:191-206. doi: 10.1530/rep.1.01074
Glister C, Satchell L, Knight PG. Changes in expression of bone
morphogenetic proteins (BMPs), their receptors and inhibin co-receptor
betaglycan during bovine antral follicle development: inhibin can antagonize
the suppressive effect of BMPs on thecal androgen production. Reproduction.
(2010) 140:699-712. doi: 10.1530/REP-10-0216

Christenson LK, Gunewardena S, Hong X, Spitschak M, Baufeld A,
Vanselow J. Research resource: preovulatory LH surge effects on follicular
theca and granulosa transcriptomes. Mol Endocrinol. (2013) 27:1153-71.
doi: 10.1210/me.2013-1093

Xu E Stouffer RL, Miiller J, Hennebold JD, Wright JW, Bahar A, et al.
Dynamics of the transcriptome in the primate ovulatory follicle. Mol Hum
Reprod. (2011) 17:152-65. doi: 10.1093/molehr/gaq089

Hatzirodos N, Hummitzsch K, Irving-Rodgers HF, Rodgers R]. Transcriptome
profiling of the theca interna in transition from small to large antral ovarian
follicles. PLoS ONE. (2014) 9:€97489. doi: 10.1371/journal.pone.0097489
Donadeu FX, Fahiminiya S, Esteves CL, Nadaf J, Miedzinska K, McNeilly
AS, et al. Transcriptome profiling of granulosa and theca cells during
dominant follicle development in the horse. Biol Reprod. (2014) 91:111.
doi: 10.1095/biolreprod.114.118943

Hatzirodos N, Irving-Rodgers HF, Hummitzsch K, Rodgers R]. Transcriptome
profiling of the theca interna from bovine ovarian follicles during atresia. PLoS
ONE. (2014) 9:¢99706. doi: 10.1371/journal.pone.0099706

Hatzirodos N, Hummitzsch K, Irving-Rodgers HE, Rodgers R]. Transcriptome
comparisons identify new cell markers for theca interna and granulosa cells
from small and large antral ovarian follicles. PLoS ONE. (2015) 10:e0119800.
doi: 10.1371/journal.pone.0119800

Frontiers in Endocrinology | www.frontiersin.org

11

August 2019 | Volume 10 | Article 553


https://www.frontiersin.org/articles/10.3389/fendo.2019.00553/full#supplementary-material
https://doi.org/10.1186/1757-2215-2-9
https://doi.org/10.1530/REP-10-0094
https://doi.org/10.1210/er.2017-00164
https://doi.org/10.1210/en.142.7.2742
https://doi.org/10.1186/1477-7827-9-159
https://doi.org/10.1095/biolreprod.110.087429
https://doi.org/10.1038/ncomms7934
https://doi.org/10.1262/jrd.2014-107
https://doi.org/10.1186/1477-7827-2-78
https://doi.org/10.1530/REP-08-0538
https://doi.org/10.1530/rep.1.01074
https://doi.org/10.1530/REP-10-0216
https://doi.org/10.1210/me.2013-1093
https://doi.org/10.1093/molehr/gaq089
https://doi.org/10.1371/journal.pone.0097489
https://doi.org/10.1095/biolreprod.114.118943
https://doi.org/10.1371/journal.pone.0099706
https://doi.org/10.1371/journal.pone.0119800
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Aoyama et al.

Characterization of Novel Theca Marker Genes

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Lohan A, Lonergan P, Pluta K, Mamo S, Murphy A, Roche J, et al. Fertility and
genomics: comparison of gene expression in contrasting reproductive tissues
of female cattle. Reprod Fertil Dev. (2016) 28:11-24. doi: 10.1071/RD15354
Romereim SM, Summers AF, Pohlmeier WE, Zhang P, Hou X, Talbott HA,
et al. Gene expression profiling of bovine ovarian follicular and luteal cells
provides insight into cellular identities and functions. Mol Cell Endocrinol.
(2017) 439:379-94. doi: 10.1016/j.mce.2016.09.029

Hatzirodos N, Glister C, Hummitzsch K, Irving-Rodgers HF, Knight PG,
Rodgers R]. Transcriptomal profiling of bovine ovarian granulosa and theca
interna cells in primary culture in comparison with their in vivo counterparts.
PL0oS ONE. (2017) 12:¢017339. doi: 10.1371/journal.pone.0173391

Tian Y, Shen W, Lai Z, Shi L, Yang S, Ding T, Wang S, et al. Isolation
and identification of ovarian and granulosa
cells of immature female mice. (2015)  39:584-90.
doi: 10.1002/cbin.10426

Hummitzsch K, Hatzirodos N, Macpherson A, Schwartz ], Rodgers RJ,
Irving-Rodgers HF. Transcriptome analyses of ovarian stroma: tunica
albuginea, interstitium and theca interna. Reproduction. (2019) 157:545-65.
doi: 10.1530/REP-18-0323

Hatzirodos N, Hummitzsch K, Irving-Rodgers HE Breen ], Perry VEA,
Anderson RA, et al. (2019) Transcript abundance of stromal and thecal cell
related genes during bovine ovarian development. PLoS ONE. 14:e0213575.
doi: 10.1371/journal.pone.0213575

Lun AT, Chen Y, Smyth GK. It's DE-licious: a recipe for differential expression
analyses of RNA-seq experiments using quasi-likelihood methods in edgeR.
Methods Mol Biol. (2016) 1418:391-416. doi: 10.1007/978-1-4939-3578-9_19
Shiraishi, A, Murata J, Matsumoto E, Matsubara S, Ono E, Satake H. De novo
transcriptomes of Forsythia koreana using a novel assembly method: insight
into tissue- and species-specific expression of lignan biosynthesis-related
gene. PLoS ONE. (2016) 11: e0164805. doi: 10.1371/journal.pone.0164805
Satake H, Takuwa K, Minakata H, Matsushima O. Evidence for conservation
of the vasopressin/oxytocin superfamily in Annelida. J Biol Chem. (1999)
274:5605-11. doi: 10.1074/jbc.274.9.5605

Satake H, Ogasawara M, Kawada T, Masuda K, Aoyama M, Minakata H,
et al. Tachykinin and tachykinin receptor of an ascidian, Ciona intestinalis:
evolutionary origin of the vertebrate tachykinin family. J Biol Chem. (2004)
279:53798-805. doi: 10.1074/jbc.M408161200

Osugi T, Daukss D, Gazda K, Ubuka T, Kosugi T, Nozaki M, et al.
Evolutionary origin of the structure and function of gonadotropin-inhibitory
hormone: insights from lampreys. Endocrinology. (2012) 153:2362-74.
doi: 10.1210/en.2011-2046

Bao B, Garverick HA. Expression of steroidogenic enzyme and
gonadotropin receptor genes in bovine follicles during ovarian follicular
waves: a review. J Anim Sci. (1998) 76:1903-21. doi: 10.2527/1998.
7671903x

McGettigan PA, Browne JA, Carrington SD, Crowe MA, Fair T, Forde N, et al.
Extracellular matrix of the developing ovarian follicle. Reproduction. (2003)
126:415-24. doi: 10.1530/rep.0.1260415

Yasuda K, Hagiwara E, Takeuchi A, Mukai C, Matsui C, Sakai A, et al. Changes
in the distribution of tenascin and fibronectin in the mouse ovary during
folliculogenesis, atresia, corpus luteum formation and luteolysis. Zool Sci.
(2005) 22:237-45. doi: 10.2108/zsj.22.237

theca-interstitial cells
Cell Biol Int.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Berkholtz CB, Lai BE, Woodruftf TK, Shea LD. Distribution of extracellular
matrix proteins type I collagen, type IV collagen, fibronectin, and
laminin in mouse folliculogenesis. Histochem Cell Biol. (2006) 126:583-92.
doi: 10.1007/s00418-006-0194-1

Robinson RS, Woad KJ, Hammond A]J, Laird M, Hunter MG, Mann GE.
Angiogenesis and vascular function in the ovary. Reproduction. (2009)
138:869-81. doi: 10.1530/REP-09-0283

Heldin CH, Miyazono K, ten Dijke P. TGF-beta signalling from cell
membrane to nucleus through SMAD proteins. Nature. (1997) 390:465-71.
doi: 10.1038/37284

Attisano L, Lee-Hoeflich ST. The smads. Genome
2:REVIEWS3010. doi: 10.1186/gb-2001-2-8-reviews3010
Kizawa H, Kou I, Iida A, Sudo A, Miyamoto Y, Fukuda A, et al. An
aspartic acid repeat polymorphism in asporin inhibits chondrogenesis
and increases susceptibility to osteoarthritis. Nat Genet. (2005) 37:138-44.
doi: 10.1038/ng1496

Nakajima M, Kizawa H, Saitoh M, Kou I, Miyazono K, Ikegawa S. Mechanisms
for asporin function and regulation in articular cartilage. J Biol Chem. (2007)
282:32185-92. doi: 10.1074/jbc.M700522200

Yamada S, Tomoeda M, Ozawa Y, Yoneda S, Terashima Y, Ikezawa
K, et al. PLAP-1/asporin, a novel negative regulator of periodontal
ligament  mineralization. ] Biol Chem. (2007)  282:23070-80.
doi: 10.1074/jbc.M611181200

Tomoeda M, Yamada S, Shirai H, Ozawa Y, Yanagita M, Murakami
S. PLAP-1/asporin inhibits activation of BMP receptor via its leucine-
rich repeat motif. Biochem Biophys Res Commun. (2008) 371:191-6.
doi: 10.1016/j.bbrc.2008.03.158

Ni GX, Li Z, Zhou YZ. The role of small leucine-rich proteoglycans
in osteoarthritis pathogenesis. Osteoarthr Cartilage. (2014) 22:896-903.
doi: 10.1016/j.joca.2014.04.026

Xu L, Li Z, Liu SY, Xu SY, Ni GX. Asporin and osteoarthritis. Osteoarthr
Cartilage. (2015) 23:933-9. doi: 10.1016/j.joca.2015.02.011

Kaivo-oja N, Jeffery LA, Ritvos O, Mottershead DG. Smad signalling
in the ovary. Reprod Biol Endocrinol. (2006) 4:21. doi: 10.1186/1477-78
27-4-21

Li Q. Inhibitory SMADs: potential regulators of ovarian function. Biol Reprod.
(2015) 92:1-6. doi: 10.1095/biolreprod.114.125203

Leo CP, Pisarska MD, Hsueh AJ. DNA array analysis of changes in
preovulatory gene expression in the rat ovary. Biol Reprod. (2001) 65:269-76.
doi: 10.1095/biolreprod65.1.269

Biol. (2001)

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Aoyama, Shiraishi, Matsubara, Horie, Osugi, Kawada, Yasuda
and Satake. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

12

August 2019 | Volume 10 | Article 553


https://doi.org/10.1071/RD15354
https://doi.org/10.1016/j.mce.2016.09.029
https://doi.org/10.1371/journal.pone.0173391
https://doi.org/10.1002/cbin.10426
https://doi.org/10.1530/REP-18-0323
https://doi.org/10.1371/journal.pone.0213575
https://doi.org/10.1007/978-1-4939-3578-9_19
https://doi.org/10.1371/journal.pone.0164805
https://doi.org/10.1074/jbc.274.9.5605
https://doi.org/10.1074/jbc.M408161200
https://doi.org/10.1210/en.2011-2046
https://doi.org/10.2527/1998.7671903x
https://doi.org/10.1530/rep.0.1260415
https://doi.org/10.2108/zsj.22.237
https://doi.org/10.1007/s00418-006-0194-1
https://doi.org/10.1530/REP-09-0283
https://doi.org/10.1038/37284
https://doi.org/10.1186/gb-2001-2-8-reviews3010
https://doi.org/10.1038/ng1496
https://doi.org/10.1074/jbc.M700522200
https://doi.org/10.1074/jbc.M611181200
https://doi.org/10.1016/j.bbrc.2008.03.158
https://doi.org/10.1016/j.joca.2014.04.026
https://doi.org/10.1016/j.joca.2015.02.011
https://doi.org/10.1186/1477-7827-4-21
https://doi.org/10.1095/biolreprod.114.125203
https://doi.org/10.1095/biolreprod65.1.269
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Identification of a New Theca/Interstitial Cell-Specific Gene and Its Biological Role in Growth of Mouse Ovarian Follicles at the Gonadotropin-Independent Stage
	Introduction
	Materials and Methods
	Animals
	Preparation of Follicles, Theca/interstitial Cells, and Granulosa Cells
	RNA-Seq
	GO Enrichment Analysis
	Real-Time PCR
	In situ Hybridization in the Mouse Ovary
	Morphological Change of Secondary Follicles by an Endogenous Aspn/PLAP-1 Inhibition
	Western Blotting of Smad Proteins in Aspn/PLAP-1 Antibody-Treated Ovaries
	Statistical Analysis

	Results
	Detection of Mouse Theca/Interstitial Cell-Specific Genes
	Localization of Nid1 and Aspn in the Mouse Ovary
	Biological Roles for Aspn/PLAP-1 in the Follicle Growth

	Discussion
	GenBank Accession Numbers
	Data Availability
	Author Contributions
	Funding
	Supplementary Material
	References


