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Ovarian immature teratomas (OITs) are malignant tumors originating from the
ovarian germ cells that mainly occur during the first 30 y of a female’s life. Early
age of onset strongly suggests the presence of susceptibility gene mutations for the
disease yet to be discovered. Whole exon sequencing was used to screen pathogenic
mutations from pedigrees with OITs. A rare missense germline mutation (C262T) in
the first exon of the BMP15 gene was identified. In silico calculation suggested that
the mutation could impair the formation of mature peptides. In vitro experiments
on cell lines confirmed that the mutation caused an 84.7% reduction in the secre-
tion of mature BMP15. Clinical samples from OIT patients also showed a similar
pattern of decrease in the BMP15 expression. In the transgenic mouse model, the
spontaneous parthenogenetic activation significantly increased in oocytes carrying
the T allele. Remarkably, a mouse carrying the T allele developed the phenotype
of OIT. Oocyte-specific RNA sequencing revealed that abnormal activation of the
H-Ras/MAPK pathway might contribute to the development of OIT. BMP15 was
identified as a pathogenic gene for OIT which improved our understanding of the
etiology of OIT and provided a potential biomarker for genetic screening of this
disorder.
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Ovarian immature teratoma (OIT) is a rare malignant germ cell tumor with an estimated
incidence rate of 3.4 x 107 (1), representing less than 1% of ovarian cancers and 20% of
ovarian malignant germ cell tumors (2). Ovarian immature teratomas and mature tera-
tomas are alike in many aspects, and clinically, they are differentiated mainly by histology.
Compared to mature teratomas, immature teratomas contain varying amounts of imma-
ture tissues; the most commonly identified is the neuro-differentiated tissue. OIT has a
specific age incidence, mainly occurring in women under the age of 30, and rarely occurs
after menopause (3). Due to its rarity, limited clinical information is available, and there
is a lack of reliable epidemiological data, and as a result, the etiology of OIT is poorly
understood. In contrast, the origin of ovarian mature teratomas (OTs) has been well
studied. These tumors are thought to arise from a single ovarian germ cell via partheno-
genesis after the first meiotic division (4, 5). This hypothesis is also supported by the high
proportion of spontaneous ovarian teratomas occurring in some mouse strains with inher-
ited mutation (¢-7os-null and LT/Sv) (6-9). The origins of OIT are thought to be similar
to that of OTs based on several observations, namely, the presence of normal karyotypes
(46, XX) in OIT patients (10, 11) and the extremely low mutation rate (3) and extensive
genomic loss of heterozygosity in OIT (12, 13). However, direct data to support this
model are still absent.

Here, we report two pedigrees with OIT. A rare germline missense mutation, C262T,
in exon 1 of the bone morphogenetic protein 15 (BMP15) gene located on the X chro-
mosome was found to be a pathogenic variant for OIT. BMP15, an oocyte-derived growth
and differentiation factor, plays a crucial role in mammalian reproduction, regulating
species-specific fecundity, ovarian follicular somatic cell differentiation, and oocyte quality
(14-17). In humans, BMPI5 variants are associated with different ovarian phenotypes,
including premature ovarian insufficiency (POI) and polycystic ovary syndrome (PCOS)
(18, 19). To validate the pathogenic effect of the C262T mutation in OIT, we generated
genetically engineered mice (C57BL/6]) harboring orthologous missense variants by
CRISPR-Cas9 genome editing. The oocytes of genetically engineered female mice dis-
played prominent parthenogenetic activation and produced a phenotype similar to that
in human OTs. Oocyte-specific RNA-seq revealed that H-Ras and MEK1 overexpression
might be responsible for the development of the disease.
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Significance

We identify a rare germline
missense mutation in the BMP15
from two pedigrees with OIT.
Also, we found that some variant
carrying mice develop a teratoma
phenotype. Our findings
demonstrate that rare mutations
in the BMP15 may be the
causative variant of human
hereditary OIT and provided a
potential biomarker for genetic
screening of this disorder.
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Results

Genetic Alterations in Hereditary Ovarian Immature Teratoma.
Whole-exome sequencing analysis revealed that all affected women
carried a rare missense mutation at position 262 (c.C262T) in
exon 1 of the BMPI5 gene, which was confirmed via Sanger
sequencing (Fig. 1C). This C262T variant was present in two
affected individuals in pedigree 1 and absent in the two unaffected
females (II-2, I1I-2). In contrast, the same variant was present in all
immediate family members in the second and third generations of
pedigree 2, indicating paternal transmission (Fig. 14). The C262T
mutation was reported with an allele frequency of 6.478 x 10 in
the gnomAD database and was not present in the 1000 Genomes
Project databases or the ESP database. This mutation was not found
in the other five cohorts. Although not all carriers of the variant
in pedigree 2 showed symptoms, considering the extremely low
population frequency of this variant and its absence in all other
controls, we speculated that the C262T variant might be involved in
the pathogenesis of hereditary OIT. In addition, the two pedigrees
indicate that hereditary OIT may be a rare disorder with X-linked
dominant inheritance that exclusively affects heterozygous females.

C262T Variant Affects the Protein Expression of BMP15. The
C262T mutation causes a substitution of the arginine (R) residue
at position 88 of BMPI5 with a cysteine (C) residue. The R88
residue is located in the pro-region of the BMP15 protein and is
extensively conserved across mammals (Fig. 1D). The change was
also predicted to be damaging by multiple in silico algorithms,
including SIFT and PolyPhen2. Furthermore, we compared the
structures of the mutated BMP15 and the wild-type protein
by rmsd. The score was 7.065, indicating that the R88C single
mutation does alter the three-dimensional structure of BMP15.
The predicted structure indicated that substantial switching of an
alpha helix into a random coil is caused by this mutation (Fig. 17).
Theoretically, the new cysteine generated by the C262T mutation
could form a new disulfide bond and could corrupt the original
structure of the proprotein. Since no purified protein samples are
available for crystal diffraction, we tried the in silico predictions.
Two sets of individual software were used. One is the scratch
protein predictor (https://scratch.proteomics.ics.uci.edu/) (20),
and the other is Cyscon (https://www.csbio.sjtu.edu.cn/bioinf/
Cyscon/) (21). Both inssilico predictions suggested the formation of
a new disulfide bond between the cysteine generated by the C262T
variant and the cysteine at position 13 of the protein sequence.

Variants in the pro-region of BMP15 are able to modulate the
expression and activity of mature proteins (15, 22). Therefore, we
first tried to determine whether this C262T mutant can affect the
protein level of mature and secreted BMP15. Wild type and C262T
mutated BMP15 were overexpressed in same numbered 293 T cells.
The secreted proteins were purified from the culture medium and
were analyzed by western blot. The result showed a significant
reduction (84.7%) of secreted BMP15 in C262T-transformed
HEK293T cells (Fig. 24). Immunohistochemical staining showed
that wild-type BMP15 was mainly expressed in the cytoplasm of
oocytes and granulosa cells in normal ovarian tissues and in the
three germ layers in immature teratomas. Notably, the expression
level of the mature BMP15 protein was significantly decreased in
immature teratomas carrying the C262T mutation (Fig. 2 B-D).
These results suggest that the C262T mutant could lead to a sub-
stantial reduction in BMP15 secretion.

Parthenogenetic Activation of Oocytes in Mice with the BMP15
€262T Mutation. It is a well-accepted hypothesis that immature
ovarian teratomas originate from the asexual development or
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parthenogenesis of oocytes, stimulated by unknown triggers
(4). To assess whether the BMP15 C262T variant can induce
parthenogenesis to produce OIT in vivo, we calculated the
parthenogenesis activation rates of female mouse oocytes of three
different genotypes (CC, CT, and TT). Ovaries from 4-wk-old
female mice from the same litter were collected after genotyping
by Sanger sequencing. Oocytes were isolated and assessed under
a microscope for parthenogenetic activation. Approximately a
total of 100 oocytes were used for each genotype. Parthenogenetic
activation was assessed by the evaluation of oocyte morphology;
oocytes with two pronuclei (Fig. 34) or two polar bodies (Fig. 3B)
and the appearance of two-cell structures (Fig. 3C) were considered
to indicate parthenogenesis (23). We observed that the proportion
of parthenogenetic activation was 8.4% in mice with the CC
genotype, 32.5% in mice with the CT genotype, and 51.3% in
mice with the TT genotype (Fig. 3G and SI Appendix, Table S2).
Histological analysis of mouse ovarian sections (H&E staining)
also showed that the oocytes in the ovarian tissue of the mice
with the CT and T'T genotypes more often exhibited 2-pronuclei
(Fig. 3D), 2-polar body (Fig. 3E) and two-cell (Fig. 3F) phenotypes
than those of the mice with the CC genotype. These results
indicate that the BMPI5 C262T variant significantly stimulates
parthenogenic activation.

Oocyte-Specific RNA Sequencing Revealed MAPK Activation
by BMP15 Mutation. To understand the potential mechanism of
tumorigenesis due to the C262T variant, we performed RNA-
seq to analyze the transcriptomes of mouse oocytes from three
different genotypes. Because there are an overwhelming number
of granulosa cells in the ovary, the actual differential signals in
the oocytes will be flooded by noise from the granulosa cells
when using bulk sequencing. Therefore, we used an oocyte-
specific sequencing. After genotyping, 4-wk-old mice with the
same genotype from the same litter or separated litter but with
the same father and maternally the same litter were used. After
the stimulation by pregnant mare serum gonadotropin (PMSG)
and human chorionic gonadotropin (hCG), oocytes were isolated
and collected by microdissection. About 140 to 200 oocytes were
collected for each genotype. Oocytes with the same genotype were
pooled for the sequencing. The results showed 1,815 differentially
expressed genes (DEGs) between the CC and CT genotypes and
6,548 DEGs between the CC and TT genotypes. Among all
the DEGs, 1,082 genes were common between the two groups
(Fig. 44). There was a significant difference in the expression
pattern of the CC genotype and the other two genotypes (Fig. 4B).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis revealed that the DEGs were significantly
enriched in long-term depression, cholinergic synapse, relaxin
signaling, and apoptosis pathways.

Notably, H-Ras and MEKI were simultaneously enriched in
these pathways. The expression of H-Ras in mouse oocytes with
the CT and T'T genotypes was 3.2-fold and 8.3-fold higher than
that in oocytes with the CC genotype. Moreover, the expression
of MEK1 in oocytes carrying CT or TT mutations was 3.9-fold
and 5.8-fold higher than that in oocytes carrying the CC geno-
type, respectively (Fig. 4C). Therefore, we speculate that the muta-
tion of BMP15 may activate the H-Ras/MAPK signaling pathway,
resulting in abnormal oocyte proliferation and the incidence of
ovarian teratoma. We examined the protein levels of H-Ras,
MEKI, and p-MEKI by immunohistochemical staining. The
results confirmed that H-Ras and MEK1 levels were significantly
higher in mouse oocytes with CT and TT genotypes than in those
with the CC genotype and were negatively correlated with the
expression of BMP15 (Fig. 4D).
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Fig. 1. Pathogenic mutant in familial ovarian immature teratoma. (A) Cases from two pedigree of OIT and their corresponding genotypes of BMP15.
(B) Pathological diagnosis of corresponding patients. Blue dash-circled areas and arrowheads indicate two to three germ layer-derived tissues in the tumor
tissue; neural components and neuroglia in the ectoderm; and the neuroepithelium is connected into pieces in a daisy doughnut or irregular glandular shape.

(C) Sanger sequencing results of corresponding patients. (D) Conservation of Arg 88 across various species. (£) Hydrophilicity of Arg 88 across various species.
(F) Predicted structural change of c.C262T (MT) mutated BMP15.

C262T Mutant Causes Overgrown Ovary and Ovarian Teratoma significant changes were observed at weeks 8 and 12 (Fig. 4 E,
in Mice. We examined the ovary development of genetically 7, Leff). However, substantial differences were found at month
engineered mice at 4 wk, 8 wk, 12 wk, and 6 mo of age. No ¢ (Fig. 4 E, i, Right), a time point when the normal ovary will
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Fig. 2. C262T mutant affects the protein expression of BMP15. (A) Wild type
and C262T mutated BMP15 were overexpressed in HEK293 cells. Amounts of
secreted BMP15 (s-BMP15) were compared by western blot. Signal intensity
was semi-quantified using Image) with the arbitrary unit (P < 0.05). (B) The
general BMP15 protein level in a healthy ovarian, BMP15 was highly expressed
in both granulosa cells (red arrow) and oocytes (blue arrow) of healthy ovaries;
(C) Wild-type BMP15 in sporadic ovarian immature teratoma, BMP15 is highly
expressed in the follicular epithelium of tumors (black arrow). (D) C262T variant
in familial ovarian immature teratoma. The expression level of the mature
BMP15 protein was significantly decreased in immature teratomas carrying
the C262T mutation (blue arrow).

generally be dysfunctional, and few active oocytes could be found.
Twenty mice from each group (CC and CT) were examined.
Remarkably, we found that the average size of the ovaries in the
CT mice was over onefold larger than that of wild-type mice

(Fig. 4 E, ii and SI Appendix, Fig. S1). We also found that the

A B

average numbers of follicles per slicing section in the CT mice
were much higher than that in the wild type, particularly the
primary and the secondary follicles (Fig. 4 £, iii and SI Appendix,
Table S4). Notably, one abnormal ovary was found among the
20 CT genotype ovaries. Pathological examination revealed an
ovarian teratoma in this abnormal ovary. A digestive tract structure
composed of layers of epithelial cells was found inside the ovary,
where only granulosa cells and oocytes should be seen (Fig. 4F).
We also inspected the protein levels of BMP15, H-Ras, and
MEKI and the phosphorylation status of MEK1 in the teratoma.
Again, the proteins in the MAPK pathway showed a high level of
expression and activation (Fig. 4G).

Discussion
OIT was first described in 1960 by Thiirlbeck and Scully (24),

but little is known about its genetic underpinnings. In the present
study, we confirmed that familial OIT could be a hereditary tumor
and identified BMPI5 as a candidate causative gene for the disease.
'The specific variant (C2627T) identified in the study did not show
a complete penetrance, which is common for mutations involved
in hereditary tumors, such as BRCAI/2 in ovarian cancer (25).
Among the two families studied, all patients are heterozygous
carriers. Therefore, we consider OIT to be an X-linked dominant
genetic disorder. Since BMP15 is a specific growth factor secreted
by oocytes, it affects only female carriers.

OIT is a genetically distinct tumor among the broad spectrum of
human cancers, characterized by its essentially diploid genome, lack
of somatic mutations, and extensive allelic imbalance (3, 12, 13). It
is believed that the cellular origin and pathogenesis of OIT is similar
to that of OTs, originating from asexual development or partheno-
genesis of primary oocytes triggered by unknown factors. However,
evidence to validate this hypothesis is lacking (10, 26, 27). Unlike
OIT pathogenesis, the pathogenesis of OTs has been studied to a
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cC CT TT
Genotypes of oocyte

Fig. 3. C262T mutant significantly stimulates parthenogenetic activation of oocytes. Oocytes were collected from genetically engineered mice harboring the
orthologous of BMP15 wild type or C262T variants. Superovulation was induced at 4 wk of age mice. Ten ovaries were assessed from each genotype. The
parthenogenetic activation in oocyte was assessed by morphological changes (panel A-C) or histological stain (panel D and E). (A) Two pronucleus were seen
in oocyte with spontaneous parthenogenetic activation (yellow arrowhead); (B) two pronucleus and two polar bodies were seen in oocyte with spontaneous
parthenogenetic activation (yellow and blue arrowheads, respectively); (C) Two-cell (green arrowheads) was seen with spontaneous parthenogenetic activation;
(D) The oocytes appear to have two pronucleus in the HE section (yellow arrowhead); (£) Two polar bodies and one pronucleus appear in the oocyte in the HE
section (yellow and blue arrowheads, respectively); (F) Two-cell (green arrowheads) appeared in HE sections; (G) The percentage of parthenogenetically activated
oocytes in different BMP15 variants was counted under the Leica DMI3000B inverted biological microscope.
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Fig. 4. H-Ras activated MAPK stimulate spontaneous activation of the oocytes and overgrown of the ovary. (A) Venn diagram showing the enriching strategy of
oocytes specific RNA sequencing results. (B) Heat map showing the distinct diverse pattern of differential expressed genes in oocytes with wild-type or mutated
BMP15. (C) H-Ras and MEK1 RNA levels in CC, CT, or TT type oocytes. (D) IHC stain showing the BMP15, H-Ras, MEK1, and p-MEK1 protein levels in CC, CT, or TT
type ovarian tissues at week 4. (E) (/) Hematoxylin and eosin stain of ovarian tissues at the longest latitude section; blue arrowheads show follicles; (ii) the actual
ovary size of CC and CT type at month 6; (iii) average counts of ovarian follicles per slicing section at month 6. PF, primary follicle; SF, secondary follicle; MF,
mature follicle; AF, atretic follicle; *** indicates P-value < 0.001. (F) An ovarian teratoma in the CT type ovary. Blue arrowhead shows a digestive tract structure
composed of layers of epithelial cells. (G) IHC stain showing the BMP15, H-Ras, MEK1, and p-MEK1 protein levels in a CC type healthy ovary and the CT type
ovary with the teratoma at month 6.
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certain extent. Congenital genetic defects have been found to be
associated with OTs in mouse models. One example is that females
in mouse strain LT/Sv showed a high frequency of spontaneous
OTs arising from parthenogenetically activated follicular oocytes
(8,9, 28, 29). This spontaneous teratoma development was deter-
mined to be a polygenic trait, but the genes responsible have not
yet been identified (28). Additionally, specific pathogenic genes for
OTs have been identified in genetically modified mice. Two studies
showed that c-mos deficiency could induce OTs, which was also
characterized by the parthenogenetic activation of oocytes (6, 7).
Other studies also showed that genes involved in regulating folli-
cular cell and oocyte activity, including Bel-2, FSH receptor, Foxo3a,
Inpp4b, and MC4R, could induce OTs through different mecha-
nisms (30-33).

In our study, we generated transgenic C57BL/6] mice carrying
human BMPI5 C262T homologous missense mutation. The
C262T variant in mice substantially increased the parthenogenetic
activation rate of oocytes (Fig. 3G), and some variant-carrying
mice developed teratomas in the sixth month (Fig. 4F). Naturally,
the spontaneous parthenogenesis activation rate in C57BL/6]
mice is 3% (28), and C57BL/6] mice did not show spontaneous
teratoma (34). Therefore, the C262T variant should be the pri-
mary contributor to the substantial increase of parthenogenesis
activation and formation of teratomas in those mice. However,
we did not observe the dose-dependent increment of partheno-
genic activation among different phenotypes (Fig. 3G). One pos-
sible reason is the dominant negative effect (see Discussion below).
By the dominant negative effect, the heterozygote itself could cause
a 75% reduction of the mature protein. Therefore, we saw a sig-
nificant increment of parthenogenic activation in the heterozy-
gote. However, only a 25% reduction of mature BMP15 could
be generated from the heterozygote to the homozygote. So, we
could not see the doubled rate of parthenogenic activation from
the homozygote to the heterozygote.

Although identified as a missense variant, the C262T variant
only shows in the proprotein and will be removed by proteolytic
cleavage after the post-translational processing. Therefore, the
variant does not appear in the mature BMP15. However, this
variant caused a substantial reduction of mature BMP15 (Fig. 2).
One possible mechanism for this reduction of mature and secreted
protein is the dominant negative effect. The BMP15 protein exists
as a dimer in both proprotein and mature form (35). Therefore,
the dominant negative effect can happen at the protein processing
stage. Assuming the expression levels of the wild type and the
mutant were roughly equal, and the binding affinity between
isoforms did not change significantly, then the theoretical ratio
of dimerized isoforms in a heterozygote would be WT/WT: WT/
MT: MT/MT = 1:2:1. If the penetration rate of the dominant
negative effect were 100%, the expected portion of affected pro-
tein would be 75%, which is close to the experimental result of
84.7% lost in the mature protein (Fig. 24). The extra reduction
could be either experimental error or other mechanism such as
decreased processing efficiency due to the cysteine knot. (discussed
below).

The C262T mutation will generate a new cysteine at the 88th
amino acid residue. So, a new disulfide bond could be created,
and the original structure of proprotein could be disrupted. Two
in silico predictions suggested the formation of a new disulfide
bond between the neo cysteine generated by the C262T variant
and the cysteine at position 13. Potentially, the structure of the
BMP15 proprotein could be altered, and the posttranslational
processing of BMP15 might be affected. This potential alteration
in the disulfide bond could be another underlying mechanism for
the decreased protein secretion.
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Previously, several heterozygous variants of BMP15 affecting
the proprotein and leading to reduced secretion of the mature
dimer have been identified in primary ovarian insufficiency (POI)
patients (36, 37). One possible reason is that BMP15 does not
signal only by itself. It is already known that BMP15 can homod-
imerize or heterodimerize with another TGF-p family member,
GDF9. Different dimeric isoforms can exert divergent biological
effects by emphasizing different signaling pathways (38). There
could be a subtle balance among those signaling pathways trans-
duced by those dimeric isoforms. More importantly, BMP15
forms heterodimers with GDF9 at the proprotein stage. The
BMP15 variants in the pro-region may have different degrees of
inclination regarding forming individual dimeric isoforms. This
differential in the inclination will result in a discrepant ratio of
final dimeric isoforms, which can change the balance of the exist-
ing signaling and lead to distinct phenotypes. The C262T variant
may differ from previous pro-regional variants in the final ratio
of different dimeric isoforms and thus result in an alternative
phenotype. Another possible reason is that the rareness of OIT
(incidence of 3.4 x 1077) (1) results in this specific topic was
covered in previous studies but not in OIT cases.

Intriguingly, mouse oocyte RNA-sequencing revealed a signif-
icant increase in the expression of H-Ras and MEKI1 in the
C262T carriers. Immunohistochemical staining confirmed the
RNA-seq results and revealed more activated MEK1 in the C262T
carriers. The Ras/Raf/MEK/ERK (MAPKs) cascade plays essential
roles in cell cycle regulation and cell differentiation (39—41) and
is an essential cellular signal transduction pathway frequently acti-
vated in human cancer (42). However, the most frequent MAPK
pathway activation event in carcinomas is K-Ras and B-Raf muta-
tion. This suggested that a unique signaling pathway is involved
in the genesis of OIT. Phenotypically, we also observed that the
ovary volume in the variant carriers was approximately two to
three times that of wild-type mice at month 6. HE showed that
the number of follicles was also significantly increased in
variant-carrying mice. Those findings were consistent with the
molecular evidence that the MAPK pathway was activated in the
ovaries containing the C262T variant.

BMP1S5 is closely related to the growth and differentiation fac-
tor 9 (GDF9). They both belong to the TGF-f superfamily and
share the most homologous amino acid sequences. They can form
homo and hetero dimers and have a synergistic interaction, and
both play critical roles in ovarian functions via paracrine. However,
they regulate distinct downstream signaling (43). Under the phys-
iological condition, there is a subtle balance between BMP15 and
GDF9 signaling. When the BMP15 level is down, this subtle
balance will be broken, and the signal transduced by the GDF9
part will be more dominant. The indirect evidence for this hypoth-
esis is that GDF9 deficiency can result in a decreased ovary size
in mice (44), while in our study, the loss of BMP15 will result in
an enlarged ovary. This phenotype presumably is mediated by the
unevenly higher portion of GDF9 signaling. GDF9 can further
activate SMAD?2/3 signaling, which, along with SMAD4, can
enhance the H-Ras transcription and activate the downstream
MAPKs. The above BMP15/GDF9-SMADs-MAPKs signaling
can happen in granulosa cells where both BMP15 and GDF9
receptors are expressed. As a potent mitogen, MAPKs strongly
stimulate the cell proliferation. The proliferative granulosa cells
can lead to an enlarged ovary.

In oocytes, multiple potential mechanisms could activate
MAPKSs and lead to parthenogenesis. One straightforward possible
reason is that the pro-BMP15 could stimulate the oocytes directly.
A previous study (45) has shown that pro-BMP15, but not mature
BMP15, could significantly enhance the oocyte’s developmental
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competence, which suggested that pro-BMP15 may also have
positive regulatory functions on oocytes. The C262T variant
might enhance this positive regulation and lead to parthenogen-
esis. However, the study was an in vitro experiment and the
detailed connecting MAPK part is still missing. Therefore, this
hypothesis still needs more exploration. Another explanation is
that the unbalanced GDF-9/BMP15 signaling could also affect
oocytes just as in the granulosa cells. Receptors for BMP15 are
BMPR2 and ALK3/6, and receptors for GDF-9 are BMPR2 and
ALKS5 (46). It has been documented that BMPR2 and ALK3/6
can be detected in human oocytes (47), while ALK5 was not found
in oocytes but in luteinized granulosa cells (48). Accordingly,
GDF-9 and BMP15 could compete for the BMPR2 receptor on
the oocyte. BMPR2 was consistently expressed at a high level in
human preantral follicles yet corresponding GDF-9 and BMP15
levels varied significantly as the follicle grew in size (49). There is
a spatiotemporal synergistic regulation of GDF-9, BMP15, and
BMPR?2 during the development of oocyte and the C262T variant
could cause this regulation to unbalanced and thereby activate the
downstream MAPKs. However, our work was performed in mice
and rodents’ oocytes lack a consistent expression of BMPR2 (50)
suggesting additional work is also needed to support this mecha-
nism. The third possible mechanism is the interaction between
oocytes and the supporting environments. One hypothesis could
be the C262T variant causes an unbalanced GDF-9 signal and
thereby activates the supporting granulosa cells via paracrine. As
feedback, those activated granulosa cells could also secrete other
growth factors stimulating an uncontrolled activity of oocyrtes,
such as consistent expression of BMPR2 in oocytes. Just like the
previous hypothesis, experimental evidence is still needed.

One limitation of our study is that the exact molecular mech-
anism by which the BMP15 C262T mutation activates the MAPK
pathway needs to be elucidated. Such elucidation is challenging
due to the need for experimental materials such as oocyte cell lines
and the difficulty of obtaining oocytes. Further studies are needed
to validate our hypothesis about MAPK signaling in granulosa
cells and oocytes.

Conclusion

In summary, our study showed that OIT could be divided into
sporadic and hereditary types and that BMP15 could be a candi-
date causal gene for hereditary OIT. The study improved our
understanding of the etiology of OIT and provided a potential
biomarker for molecular diagnosis and genetic screening for this
disorder.

Materials and Methods

Participants. The study participants included two pedigrees of OIT. In pedigree
1, proband I11-1 was a 26-y-old with both solid and cystic components in the left
ovary that were pathologically diagnosed as OIT grade Il. The family medical
history indicated that the patient's mother (II-1) was also diagnosed with OIT
of the right ovary at 32. The diagnosis of patients I1l-1 and II-1 was confirmed
by pathological re-examination. According to medical records, proband Hl-1's
grandmother (I-1) was also diagnosed with OIT at age 35. Unfortunately, the
specimen was not preserved due to the time of collection. In pedigree 2, proband
1-3 was a 22-y-old patient with both solid and cystic components on bilateral
ovaries. The histological diagnosis showed a grade | immature teratoma on the
left and a mature teratoma on the right. A sister of proband I1-3 (II-4) was also
diagnosed with cystic teratoma in the left ovary and immature teratoma in the
right ovary at age 38. All cases showed pathological characteristics typical of OIT.

Five cohorts were used as controls, specifically, 30 patients with sporadic
immature teratomas, 50 patients with other ovarian germ cell tumors, 50 patients
with epithelial ovarian cancer, 50 patients with ovarian sex cord-stromal tumors,
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and 50 healthy control women. The study was approved by the Ethics Committee
of the Hebei Cancer Institute, and signed informed consent was obtained from
all participants.

Toinvestigate the potential genetic causes of the two pedigrees, we performed
whole-exome sequencing on members 1I-1, 1-2, 11I-1, and 111-2 of pedigree 1
and members 1I-1, 11-2, 1-3, and II-4 of pedigree 2. A variant was considered a
candidate if it was present in all affected women and was a rare exonic nonsyn-
onymous variant (minor allele frequency, MAF < 0.0001) in major databases,
including the Genome Aggregation (gnomAD), 1000 Genomes Project, and the
Exome Sequencing Project (ESP) databases. Another requirement for the can-
didate mutation was that the variant was predicted to be deleterious and was
associated with ovarian function. Variants of interest were amplified by conven-
tional PCR methods and Sanger sequenced using specific primers by Shanghai
Generay Biotech Co., Ltd. (https://www.generay.com.cn). Finally, we identified the
BMP15 C262T variant as a possible candidate gene for OIT. The BMP15 C262T
genotypes of other members of the two pedigrees and control women were
determined by Generay Biotech (Shanghai) Co., Ltd. (https://www.generay.com.cn)
using Sanger sequencing.

DNA Extraction. Venous blood (5 mL) was collected from each subject into
Vacutainer tubes containing EDTA and stored at 4 °C. Genomic DNA was iso-
lated using a standard proteinase K (Merck) digestion followed by a salting out
procedure.

Whole-Exome Sequencing. We performed whole-exome sequencing of II-1,
[1-2, 11-1, and 11-2 of family 1 and 1I-1, 11-2, 1I-3, and 1l-4 members of family
2. Whole-exome capture libraries were prepared from 200ng of genomic DNA
with Agilent SureSelect Human All Exon V6 following the manufacturer's pro-
tocols and assessed with Agilent 2100 Bioanalyzer High Sensitivity DNA chip.
Libraries were sequenced on a NextSeq 6000 sequencer using the High output
300 cycles kit generating 150-bp paired-end single-indexed reads. All libraries
were sequenced to an average depth of 100x. Alignment against b37 using
Novoalign (version 3.02.08). Variants of interest amplified by conventional PCR
methods were assigned to Sanger sequencing using the corresponding primers
by Shanghai Generay Biotech Co., Ltd (https://www.generay.com.cn). For each
detected variant, the prediction of pathogenicity was assessed using Polyphen?
(https://genetics.owh.harvard.edu/pph2/), SIFT (http://sift-dna.org), and REVEL
(https://sites.google.com/site/revelgenomics/).

Structures Analysis of BMP15 Wild-Type and R88C Mutant. \We Compared
the structures of the mutated BMP15 and the wild-type protein by I-TASSER
and PyMOL. The potential new disulfide bonds were predicted using the scratch
protein predictor (https://scratch.proteomics.ics.uci.edu/) and Cyscon (https:/
www.csbio.sjtu.edu.cn/bioinf/Cyscon/).

Construction of BMP15 Expression Plasmids. BMP15 gene variant cDNA
was generated using site-directed mutagenesis into the wild-type human
BMP15 full-length cDNA, in which the arginine (Arg-88) of wild-type BMP15
was replaced with cysteine. The lentivirus constructs including GV367-empty-
MycHis vector (NC-MycHis vector), GV367-wild type BMP15 (WT-MycHis BMP15),
and GV367-mutanttype BMP15 (MT-MycHis BMP15) were provided by Shanghai
GeneChem Company.

Cell Culture. Human embryonic kidney 293T (HEK293T) cells were cultured
in DMEM supplemented with 10% FBS, 2 mL-glutamine, penicillin(100U/mL)-
streptomycin (0.1 mg/mL). Cells were grown in a humidified chamber at 37 °C
with 5% CO,.

Production of Recombinant BMP15 Proteins. The HEK293T cell suspension
was prepared at a density of 3to 5 x 10* cells/mL in a complete medium, fol-
lowed by inoculating 2 mL per well in a six-well culture plate and incubating
at 37 °C for 16 to 24 h until the cell confluence is 50 to 60%. Furthermore, the
corresponding virus and infection enhancement solution were added accord-
ing to the multiplicity of infection (MOI) of 5. The medium in the six-well plate
was changed to complete medium 12 h after cell infection. Then, 72 h after cell
infection, stable transfectants were selected with 2 ug/mL puromycin (Cayma:
Catalog Number13884) and named NC (negative control), WT (wild-type), and
MT(mutation-type), respectively. As previously described, positive clones were
screened for BMP15 expression by real-time PCR.
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In Vitro Molecular Studies. The expression levels of secreted BMP15 proteins
between the WT group and the MT group were compared by western blot. Selected
HEK293T clones were seeded ata density of 2 x 105 cells/cm? and maintained in
the medium containing 10% serum. At 70% confluence, cell culture media were
switched to no serum media, and the conditioned media were harvested after
72 h.Human recombinant BMP15 proteins were purified from equal amounts of
concentrated conditioned media (Becton: Centricon 10,000 Da) at 4 °C.

Then, His Tag Protein Purification Kit (Beyotime P2229s) was used to purify
recombinant protein after the concentration of conditioned media. First, 20 pL of
well-mixed 50% BeyoGold™ His-tag Purification Resin (denaturing agent type,
Beyotime, Shanghai) was added to the concentration media and shaken slowly
for 30 min at 4 °C on a shaker to fully bind the target protein with His-tag. Then,
the gel was precipitated by centrifugation (1,000 g x 10 s) at 4 °C, 20 pL of the
supernatant was retained for subsequent testing, and the rest of the supernatant
was discarded. The step was followed by resuspending the gel by adding 100 pL
of non-denaturing wash solution, centrifuging at4 °C(1,000 g x 105), taking 20
uL of supernatant to retain for subsequent testing, and discarding the rest of the
supernatant. The procedure was repeated for another wash. This washing step was
followed by the eluting by adding 20 ulL of non-denaturing eluent and gently
resuspending the gel. Centrifugation at 4 °C (1,000 g x 10 s) was performed and
the supernatant and gel were collected. The supernatant is the target protein with
His tag obtained by purification. The elution step was repeated twice. A total of
about 60 pl of purified protein sample was collected by elution. The expression
of a constitutive protein such as beta-actin was analyzed using the antibody (cell
signaling: Catalog Number 8H10D1) to assess the culture media (6 mL per dish)
obtained from an equivalent number of cells (1). The amount of recovered protein
was evaluated by a colorimetricassay (BCA kit, SEVEN: Catalog Number SW101-02).

Purified proteins from concentrated conditioned media were prepared using
5x loading buffer (250 mM Tris-HCI pH 6.8, 10% SDS, 30% glycerol, 0.02%
bromophenol blue) for denaturing nonreducing condition western blot. Purified
products from the medium of untransfected HEK293T cells were used as negative
control.

Purified proteins were electrophoresed in 4 to 20% MP TGX polyacrylamide
gels (BCA kit, SEVEN: Catalog Number SW101-02) and transferred onto PVDF
using wet transfer at 300 mAh for 90 min. Five-percent nonfat dry milk in TBST
was used to block the membrane for 1 h. Blots were incubated overnight at 4 °C
with the anti-MYC antibody (proteintech: Catalog Number 60003-2-1g) prepared
in 1%TBST. After three washes with TBST, the membrane was incubated with Goat
anti-Mouse 1gG H&L (Abcam: IRDye® 800CW) preadsorbed secondary antibody
for 60 min at 37 °C. Following secondary incubation, the blot was washed three
times in TBST. B-actin was used as the loading control. Western blots were per-
formed on separate cell-conditioned media at least three times. Band intensity
quantification was performed using ImageJ FIJI 2 software (version 2.1.0/1.53C).

H&E Staining and Immunohistochemistry (IHC). Ovarian tissues from the
patients with immature ovarian teratomas in two families, patients with immature
ovarian teratomas with no family history, and control women were collected and
fixed in 4% paraformaldehyde at 4 °C overnight. According to standard techniques,
paraffin-embedded tissue sections (4 pm) were stained with hematoxylin and
eosin (H&E). Images were taken using a Nikon ECLIPSE Ci (Nikon Instruments, Inc.).

The tissues of the experimental groups mentioned above were collected and
fixed in 4% paraformaldehyde at 4 °C overnight. Paraffin-embedded tissue was sec-
tioned continuously with a thickness of 4 mm. Slides were deparaffinized in xylene
and rehydrated in graded alcohol. Antigen retrieval was performed in a pressure
cooker containing sodium citrate buffer (pH 6.0) for 15 min for all markers. One-
percent normal goat serum (ABC Kit VECTA-SIN) was used for closure. The slides
were incubated with the primary antibody at 4 °C overnight for BMP15 (rabbit poly-
clonal antibody to human, Proteintech: Catalog Number18982-1-AP)(1:25). Slides
were then incubated with the secondary antibody (biotin-labeled Goat anti-rabbit
IgG) and the third antibody (horseradish labeled streptomycin working solution) for
30 minforall antibodies. 3,3’-diaminobenzidine, DAB (Vector InmPACT DAB) was
used as a chromagen for 2 to 3 min, and hematoxylin was used for counterstain.
Images were taken using a Nikon ECLIPSE Ci (Nikon Instruments, Inc.).

Animal Care. The research and protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of Hebei Medical University, and all
protocols followed the NIH guide for the care and use of laboratory animals (8th
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edition, 2011, https://www.ncbi.nlm.nih.gov/books/NBK54050). All efforts were
made to minimize animal number and suffering. All C57BL/6J mice selected in
our experiment were specific pathogen-free (SPF) animals. The feeding envi-
ronment requires a temperature of 18 to 25 °C, daily temperature difference
<3 °C, relative humidity of 40 to 70%, fresh air ventilation 10 times per hour,
airflow speed <0.18 m/s, a pressure difference of 25 Pa,ammonia concentration
|5 mg/m?, noise <60dB, illumination of 150 to 300 lux, 12-h light, and 12-h
dark. The food and water of mice were SPF grade. The mice were euthanized by
carbon dioxide inhalation.

Mouse Model. C57BL/6 mice harboring BMP15 R86C mutation (equivalent to
BMP15 R88C in humans) were generated by Cas9/CRISPR-mediated genome
editing (Cyagen Biosciences). Briefly, DNA fragment carrying BMP15 targeting
gRNA (CCAATCGTGCGGTTCTCCCTTGG) was inserted into the gRNA cloning vec-
tor. The oligo donor with targeting sequence, flanked by 124-bp homologous
sequences combined on both sides (5’ GAGGTACATGCTCAAGTTATACCATCG TTCG
GCTGACCCGCATGGCCATCCAAGGGAGAATTGCACGATTGGAGCGAAAATGGTGAGGCTG
GTAAAGFCCGTCGGCCAACACAGTAAGGCCTCCC3') was synthesized (Integrated DNA
Technologies). The BMP15 gRNAand Cas9 mRNA were generated by in vitro tran-
scription and co-injected with oligo donor into fertilized eggs.

Generation of New Mouse Line and Genotyping. All new mice were gen-
otyped by Sanger sequencing. The DNAs were extracted from tail-pieces or
toes. Interested region in the BMP15 gene was amplified by PCR with primers
F:5'GATGTTCTTTGGACTTGGITAG3” and R:5’AGTAGCACTCAGTCTTTGTCTTC3'. The
DNA sequencing analysis primer was 5'GATGTTCTTTGGACTTGG TTAG3". Typical
sequencing results for each genotype are shown in S/ Appendix, Fig. S2.

Male mice harboring BMP15 ¢.C262T mutation allele were mated with WT
C57BL/6 female mice to acquire female heterozygous progenies (CT), which were
then intercrossed to generate homozygous mutation BMP15 female mice (TT).
All mice were maintained in pathogen-free conditions and housed separately
during the experiment. Female mice of 4,8, 12, and 24 wk old were used in this
study. Mice that died of unnatural causes during experiments were excluded from
the analysis. Animal studies were not blinded. All animal experiments were per-
formed under the approval of the Institutional Animal Care and Use Committee
of Hebei Medical University.

Isolation of Mice Oocytes and Spontaneous Parthenogenetic Activation.
Oocytes were harvested from mice at 4 wk of age for three different genotypes.
Superovulation was induced with an intraperitoneal injection of five interna-
tional unit(IU) of Pregnant Mare Serum Gonadotropin (PMSG)(Ningbo Sansheng
Biological Technology) followed (48 h later) by the injection of 10 IU Human
Chorionic Gonadotropin (hCG) (Ningbo Sansheng Biological Technology). The
animals were euthanized 17 to 19 h after the hCG injection, and the cumulus-
oocyte were collected from the oviducts (by puncturing the swollen ampulla).
The complexes were treated with hyaluronidase (150 1U/mL)to remove cumulus
cells,and placed in M16 medium, then gassed with 5% CO,, 5% O,,and 90% N,
and incubated at 37 °C for 2 h. Oocytes from five randomly selected mice from
each of the three genotypes were used to observe spontaneous parthenogenetic
activation. Oocyte morphology was assessed by parthenogenetic activation using
a stereomicroscope. There are four classes of parthenogenetic activation. Class |
includes oocytes with up to two polar bodies, oocytes produced up to two polar
bodies of normal size, and cytoplasm was comparable in size to the normal unfer-
tilized eggs or fertilized eggs at the 1-cell stage. Class Il oocytes is characterized
with the formation of a pronucleus, Class Il oocytes show a typical division. Class
IV is the appearance of two cells, two-cell stage embryos with a nucleus in each
blastomere (S/ Appendix, Table S2).

Spontaneous parthenogenetic activation rate of oocytes = (total number of
parthenogenetic activated oocytes of four classes/total number of oocytes) x 100%.

Mouse Ovaries Immunohistochemistry. Mouse ovaries were collected and
fixed in 4% paraformaldehyde at 4 °C overnight. Paraffin-embedded tissue was
sectioned continuously with a thickness of 4 mm. Slides were deparaffinized in
xylene and rehydrated in graded alcohol. Antigen retrieval was performed in a
pressure cooker containing sodium citrate buffer (pH 6.0) for 15 min for all mark-
ers. One-percent normal goat serum (ABC Kit VECTA-SIN) was used for closure.
The slides were incubated with the primary antibody at 4 °C overnight for BMP15
(rabbit polyclonal antibody to mouse, Proteintech: Catalog Number18982-1-AP)
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(1:25), MEK1 [SZ22-01] (recombinant rabbit monoclonal antibody to mouse,
HUABIO: ET1603-20) (1:100), Phospho-MEK1 (S218/5222) [ST0490] (recombi-
nant rabbit monoclonal antibody to mouse, HUABIO: ET1609-50) (1:50), H-Ras
(rabbit polyclonal antibody to mouse, GeneTex: GTX116041)(1:25). Slides were
then incubated with the secondary antibody (biotin-labeled goat anti-rabbit IgG)
and the third antibody (horseradish labeled streptomycin working solution) for
30 min for all antibodies. Images were taken using a Nikon ECLIPSE Ci (Nikon
Instruments, Inc.).

Ovary Size Measurements and Follicle Counts. Ovaries from 20 wild-type
and 20 CT heterozygous mice at 6 mo of age were collected, respectively. The
ovaries were measured with the Vernier caliper and documented (S/ Appendix,
Table S3).The average sizes of ovaries were compared (S/ Appendix, Fig. S1). After
the measurement, ovaries were fixed in formalin, embedded in paraffin, and the
sections (typically at the middle part of the ovary) were stained with hematoxylin
and eosin (HE). The numbers of follicles at different developmental stages in each
slicing section were counted (S/Appendix, Table S4). Categorizing of follicles was
based on the following rules: primary follicle, one or more layers of granular cells,
with the formation of a zona pellucida; secondary follicle, follicle cells appear
within the follicle cavity, forming a cumulus, granular cells densely arranged
into several layers; mature follicle, the follicular cavity is large and the cumulus
is obvious, and the granulosa cells are polygonal, and the radiating crown is
formed; atretic follicle, the oocyte structure is unclear, or even disappeared, the
zona pellucida shrinks, and the follicle wall collapses.

Mouse Oocyte RNA Sequencing. Oocyte RNAs were sequenced by Shanghai
Majorbio Bio-pharm Technology Co., Ltd.

RNA Extraction. Qocytes were separated in the same way as before. Oocytes from
4-wk-old female mice were selected for each genotype, with approximately 140
to 200 oocytes. Total RNA was extracted from the three groups of mouse oocytes
using TRIzol® Reagent (Plant RNA Purification Reagent for plant tissue) according to
the manufacturer's instructions (Invitrogen), and genomic DNA was removed using
DNase | (TaKara). Then, RNA quality was determined by 2100 Bioanalyser (Agilent)
and quantified using the ND-2000 (NanoDrop Technologies). Only high-quality RNA
sample (0D260/280 = 1.8 ~2.2,00260/230 = 2.0,RIN = 6.5,285:185= 1.0, >1
pg) was used to establish the sequencing library and Nova seq 6000 Sequencing.

Statistical Analysis. All statistical analyses were performed using the Prism
program (version 9.0; GraphPad Software). For western blot analysis, the Student's
ttest was used to analyze the difference in secreted protein expression between
the WT and MT groups. For analyzing the parthenogenesis activation, one-way
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ANOVA was used to compare the differences among the three groups, and Tukey's
multiple comparisons test was used for inter-group analysis. For immunohisto-
chemical data analysis, the chi-square test was used to compare the differences
among the three groups. *P < 0.05 was considered significant.

The ttest (group = 2) or one-way ANOVA (group = 3) was used for the quan-
titative data, and the chi-square test was used for the qualitative data.

Statement of Translational Relevance. Ovarian immature teratoma (OIT) is a
malignant tumor from germ cells with a high malignancy and recurrence rate. It
seriously affects young women's physical and mental health and fecundity. The
etiology of the disease is unknown so far. Early onset is a noticeable feature of
hereditary cancers, and therefore, the disease is suspected to be a malignancy
influenced by genetic factors. Previous studies were limited and suggested that
the parthenogenesis of oocytes could be the underlying mechanism for this dis-
ease. However, this hypothesis still requires to be validated, and the detailed
mechanism needs to be elucidated. We identified a potential pathogenic muta-
tion in the BMP15 gene via pedigree studies. Using the genetically engineered
animal model, we validated the pathogenicity of this mutation. The spontaneous
parthenogenetic activation of oocytes significantly increased in transgenic mice
carrying the mutation, and one developed the phenotype of OIT. We also ana-
lyzed potential signal pathways via an oocyte-specific transcriptome study. The
results suggested that OIT could be classified into hereditary and sporadic types,
and BMP15 was a candidate gene for hereditary OIT. This finding improves our
understanding of the etiology of OIT. Moreover, the results also implied a potential
biomarker for molecular diagnosis, genetic screening, and genetic counseling for
high-risk populations.
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