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Abstract

Members of the differential screening-selected gene aberrative in neuroblastoma (DAN) protein

family are developmentally conserved extracellular binding proteins that antagonize bone mor-

phogenetic protein (BMP) signaling. This protein family includes the Gremlin proteins, GREM1 and

GREM2, which have key functions during embryogenesis and adult physiology. While BMPs play

essential roles in ovarian follicle development, the role of the DAN family in female reproductive

physiology is less understood. We generated mice null for Grem2 to determine its role in female

reproduction in addition to screening patients with primary ovarian insufficiency (POI) for variants

in GREM2. Grem2−/− mice are viable, but female Grem2−/− mice have diminished fecundity and

irregular estrous cycles. This is accompanied by significantly reduced production of ovarian anti-

Müllerian hormone (AMH) from small growing follicles, leading to a significant decrease in serum

AMH. Surprisingly, as AMH is a well-established marker of the ovarian reserve, morphometric

analysis of ovarian follicles showed maintenance of primordial follicles in Grem2−/− mice like

wild-type (WT) littermates. While Grem2 mRNA transcripts were not detected in the pituitary,

Grem2 is expressed in hypothalami of WT female mice, suggesting the potential for dysfunction

in multiple tissues composing the hypothalamic–pituitary-ovarian axis that contribute to the

subfertility phenotype. Additionally, screening 106 women with POI identified one individual with a

https://doi.org/10.1093/biolre/ioab148
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heterozygous variant in GREM2 that lies within the predicted BMP-GREM2 interface. In total, these

data suggest that Grem2 is necessary for female fecundity by playing a novel role in regulating

the HPO axis and contributing to female reproductive disease.

Summary sentence

Female mice homozygous null for the BMP antagonist, Grem2, shows a complex reproductive

phenotype, but which appears to primarily result from disruptions in the hypothalamic–pituitary-

ovarian axis leading to irregular estrous cycles.

Graphical Abstract

Key words: Gremlin, ovary, folliculogenesis, infertility, reproduction.

Introduction

Gremlin-2 (GREM2) is a member of the “differential screening-
selected gene aberration in neuroblastoma” (DAN) family of bone
morphogenetic protein (BMP) antagonists and is also known as
“protein related to DAN and Cerberus” (PRDC) [1]. Grem2 was
identified in a gene trap for developmentally important genes [2].
The DAN family includes GREM2/PRDC, Gremlin-1 (GREM1),
Sclerostin, DAN, Cerberus, Caronte, Coco, and Dante [3]. This
protein family is best characterized as extracellular binding proteins
that sequester BMPs, thereby preventing them from binding and
activating their signaling receptors. GREM2 strongly inhibits BMP
signaling [4], but also binds other TGFβ family members, including
anti-Müllerian hormone (AMH) and GDF5 [4, 5].

Human genome-wide association studies identified GREM2
variants associated with developmental disorders and disease, such
as osteoporosis, atrial fibrillation, and tooth agenesis [6–9]. A
Grem2−/− mouse model was previously developed as part of a high-
throughput mouse knockout (KO) and phenotyping project, with
tooth defects identified as the major phenotype [10]. No fertility
defects were reported in male or female Grem2−/− mice, although
the reproductive phenotyping screen was limited (P. Vogel, personnel

communication). A variant of the related GREM1 has been reported
in a patient with primary ovarian insufficiency (POI), but none
reported for GREM2 [11].

There are limited studies characterizing GREM2 function in
female reproduction. GREM2 is expressed in the developing human
ovary at 8–21 weeks of gestation, with increasing expression toward
the time of primordial follicle formation [12]. Embryonic Grem2
expression in the developing mouse gonad (male or female) has not
been characterized, but Grem2 is expressed in the mouse and rat
ovary in granulosa cells during postnatal follicle development [1]. In
vitro studies indicate that GREM2 inhibits BMP4 and AMH, both
of which regulate growth dynamics of the primordial to primary
follicle transition, but in opposite directions (i.e., BMP4 promotes
while AMH inhibits the transition) [1, 5, 13].

Given the above studies implicating GREM2 in ovarian folliculo-
genesis, we generated a new KO mouse model of Grem2 to determine
its role in mammalian reproduction. In this study, we characterize
the initial reproductive phenotype. We found that Grem2−/− females
are subfertile with a primary defect in reproductive cyclicity and
significant reductions in ovarian and serum AMH. Despite reduced
levels of AMH, the primordial follicle pool was maintained in adult
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females. Using POI patient samples, we additionally identified a
novel nonsynonymous mutation in GREM2. These data suggest that
GREM2 may be required to regulate reproductive function in both
mice and humans, possibly at multiple levels within the HPO axis.

Materials and methods

Generation of Grem2 −/− mice

All studies using experimental animals or human subjects were
conducted in accordance with the relevant institutional and national
guidelines and standards. Experimental animals were used in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and this study was
approved by the Institutional Animal Care and Use Committee
at Baylor College of Medicine (BCM, animal protocol AN-4762).
A Grem2 null allele was generated at the Embryonic Stem Cell
and Genetically Engineered Mouse Cores at BCM. Single guide
RNA (sgRNA) sequences flanking exon 2 (upstream sgRNA 5’-
GGGGTAGATGGTGCTACTTC CGG; downstream sgRNA, 5’-
GAAAAATCTTGTCGAGTTTC TGG; protospacer adjacent motif
(PAM) sequences are in italics) were selected with the CRISPR Design
Tool [14]. DNA templates for in vitro transcription of sgRNAs were
produced using overlapping oligonucleotides in a high-fidelity PCR
reaction [15]. sgRNA was transcribed using the MEGA Shortscript
T7 kit (ThermoFisher, Waltham, MA). Cas9 mRNA was purchased
from ThermoFisher. Cas9 mRNA (100 ng/μL) and sgRNA (10 ng/μL)
were microinjected into the cytoplasm of 100 pronuclear stage
C57Bl/6 J embryos then transferred to recipient females.

Potential founders were genotyped using the following primers:
(P1: 5’-TGTTGTTGTTGTTGACAAAATACTTG; P2: 5’-AATACG-
AGAAAGCCGTGCTG; P3: 5’-AAAGAGGTGGTGGTGTCCAG)
to identify the wild-type (WT) allele (251 bp) and deletion allele
(510–520 bp). Founders were validated by sequencing. Two founder
mice were selected for initial characterization. Founder mice were
backcrossed to C57BL/6; 129S7/SvEvBrd F1 hybrid mice to reduce
the potential off-target mutation effects prior to homozygous
matings to generate the experimental Grem2−/−. WT mice of the
same genetic background were used as controls.

Fertility studies

Breeding pairs were established between sexually mature (6–8 weeks
old) WT or KO female mice with 8-week-old WT males (F1
C57BL/6; 129S7/SvEvBrd) and continuously housed for 8 months.
Number and date of pups born at 4-week intervals (one “month”)
were recorded. For estrous cycle analysis, 6-month WT and KO mice
were individually housed with enrichment (EnviroPak, Lab Supplies,
Dallas, TX). Vaginal lavage and cytology was performed daily for
1 month as described [16].

Histologic analysis

Mice were weighed, anesthetized by isoflurane (Abbott Laboratories,
Abbott Park, IL), and euthanized by cervical dislocation. Estrous
stage was verified at time of necropsy. Ovaries were fixed in 10%
neutral buffered formalin (Electron Microscopy Sciences, Hatfield,
PA) and processed and embedded at the BCM Human Tissue Acqui-
sition and Pathology Core. Manual follicle counts were performed
as described [17]; 3-week-old ovaries were serially sectioned at 5 μm
and all sections retained. Slides were stained in periodic acid-Schiff
(Sigma, St. Louis, MO). Follicles containing an oocyte with a visible
nucleus were counted in every fifth section to avoid double counting

oocytes. Final values of preantral follicles were multiplied by a
correction factor of 5 based on published methodologies [18].

Hormone analysis

Blood was retrieved from isoflurane-anesthetized diestrus mice by
cardiac puncture. Serum was separated in microtainer collection
tubes (SST BD Microtainer, Becton, Dickinson and Company,
Franklin Lakes, NJ) and stored at −20 ◦C. Hormones were
quantified at the University of Virginia Ligand and Assay Core:
estradiol (ELISA, CalBiotech, Spring Valley, CA USA), follicle
stimulating hormone (FSH)/luteinizing hormone (LH) (ELISA, EMD
Millipore, Saint Charles, MO USA), AMH (ELISA, Ansh Laboratory,
Webster, TX USA), and testosterone (ELISA, IBL, Minneapolis, MN
USA). Assay method information is available online at https://med.
virginia.edu/research-in-reproduction/ligand-assay-analysis-core/a
ssay-methods/. For statistical analysis, values that fell below the
threshold of detection were set to the value of the lower limit of
detection [19] as previously described [20] ELISA data were log
transformed prior to statistical analysis.

Superovulation experiments

Female mice (5 weeks of age) were given i.p. injections of 5 IU equine
chorionic gonadotropin for 46 h, followed by 5 IU human chorionic
gonadotropin. Mice were euthanized the following morning, and
oocytes were collected from the oviduct into minimal essential
medium with 0.3-mg/mL hyaluronidase (Sigma, St. Louis, MO) and
counted following removal of the cumulus cells. Experiments were
performed on littermates from three independent litters and on
different days.

Immunohistochemistry and immunofluorescence

Immunohistochemistry was performed as described [21] for the
macrophage marker F4/80 (catalog #AB6640, Abcam, Cambridge,
UK, 1:100). For AMH immunofluorescence, tissue sections were
antigen retrieved in 0.01 M citric acid and 0.1% Triton X (Sigma,
St. Louis, MO), blocked with the avidin/biotin blocking kit (Vec-
tor Laboratories, Burlingame, CA) and 3% BSA in Tris-buffered
saline (TBS), then incubated overnight at 4 ◦C with goat anti-
AMH (1:250; catalog #6886, Santa Cruz Biotechnology, Santa Cruz,
CA). Slides were washed in TBS-0.1%Tween (TBS-T), incubated
at room temperature with Alexa Fluor rabbit anti-goat 594 (Invit-
rogen, Waltham, MA; 1:250) for 1 h, washed, incubated in 4′6′-
diamidino-2-phenylindole (DAPI) (1:1000) in TBS for 5 min, and
mounted in anti-fade Vectashield (Vector Laboratories, Burlingame,
CA). Fluorescent images were captured using a Nikon A1R-s con-
focal laser scanning microscope at the BCM Integrated Microscopy
Core and processed with the Nikon Perfect Focus System (Nikon
Corporation, Japan). Exposure times were held constant between
WT and Grem2−/− samples. Representative follicles within ovary
section were analyzed using ImageJ software (ImageJ 1.52a Wayne
Rasband, National Institutes of Health, USA http://imagej.nih.gov/ij)
to measure the mean fluorescence intensity. Follicles were classified
as described [22].

Quantitative PCR

Ovaries were collected in RNA later (Ambion, Austin, TX),
incubated overnight at 4 ◦C, then stored at −80 ◦C. RNA was
isolated using the RNeasy Micro kit (Qiagen, Valencia, CA) with
in column DNase treatment (Qiagen, Valencia, CA) following the
manufacturer’s protocol. RNA concentration was quantified using a
NanoDrop Spectrophotometer ND-1000 (NanoDrop Technologies,
Wilmington, DE). Complementary DNA was synthesized from

https://med.virginia.edu/research-in-reproduction/ligand-assay-analysis-core/assay-methods/
https://med.virginia.edu/research-in-reproduction/ligand-assay-analysis-core/assay-methods/
https://med.virginia.edu/research-in-reproduction/ligand-assay-analysis-core/assay-methods/
http://imagej.nih.gov/ij
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200 ng of total RNA with the High-Capacity RNA-to-cDNA reverse
transcription kit (Life Technologies, Waltham, MA). Real-time
quantitative PCR (qPCR) assays were performed on an Applied
Biosystems StepOne machine using TaqMan Fast Master mix
and predesigned primer-probe mixes for Grem2 (FAM labeled
Mm00501909_m1) and Gapd (FAM labeled Mm00484668_m1)
or Fast SYBR Green Master Mix (Life Technologies, Waltham,
MA) with custom primers chosen from validated qPCR primer sets
at Primer Bank (https://pga.mgh.harvard.edu/primerbank/). Primer
sequences are available upon request. Melt curve analysis was used
to validate a single amplification peak when using SYBR Green
Master Mix. Relative level of transcript was calculated using the
��CT method [23] with the housekeeping gene Gapd used for
normalization and data shown mean to the relative level in WT
ovaries.

POI patient sample analysis and protein modeling

Whole exome sequence (WES) data were analyzed from two
published datasets [24, 25]. These data included 103 patients
diagnosed with POI at the University of Pittsburgh under the
approved Institutional Review Board protocols (PRO09080427).
Informed consent was obtained from all individual participants.
Gene variants were evaluated using the guidelines of the American
College of Medical Genetics and Genomics, which recognizes five
classes of variants: benign, likely benign, uncertain significance,
likely pathogenic, and pathogenic [26]. Variants with minor allelic
frequency in the Exome Aggregation Consortium (ExAC) database
>1% were excluded. Variants not present in the 1000 Genomes
Project, Exome Variant Server data sets, Exome Aggregation
Consortium (ExAC, Cambridge, MA), or the Single Nucleotide
Polymorphism database (dbSNP) were considered novel variants
[27–29]. Protein modeling was performed as described [4] using
PyMol (The PyMol Molecular Graphics System, Schrödinger, LLC,
New York, NY).

Statistical analyses

GraphPad Prism 5 (GraphPad Software, La Jolla, CA) was used
for statistical analysis. Two-tailed unpaired Student t-test or the
nonparametric Mann–Whitney U was used for single comparisons.
One-way analysis of variance followed by Fisher least significant
difference test or Bonferroni’s Multiple Comparison test was used for
multiple comparisons. Data that are not normally distributed (e.g.,
hormone data and qPCR data) were log transformed prior to statisti-
cal analysis. Linear regression was used to assess correlation between
FSH and estradiol levels. A power analysis was performed for all
experimental methods, and sample sizes are indicated in the text and
figure legends; a minimum of three independent experiments was
always carried out, with P < 0.05 considered statistically significant.

Results

Generation and validation of a Grem2 −/− mouse

model

A null allele for Grem2 was engineered using CRISPR/Cas9 genome
editing (Figure 1). Two sgRNAs were designed to target Cas9 to
flanking regions of exon 2, generating an approximately one kilo-
base deletion that contains the splice acceptor site in exon 2, the
entire coding region, and portions of the 3’ untranslated region
(UTR; Figure 1A). Exon 1, which encodes the 5′ UTR, and elements
of the 3’ UTR remain. sgRNA was injected into pro-nuclear stage
embryos along with Cas9 mRNA. Nonhomologous end joining

(NHEJ)-mediated repair of the two double stranded breaks (DSBs)
created by sgRNA targeted Cas9 should result in a null allele through
loss of exon 2. Seventeen live-born mice were obtained from 100
injected and transferred embryos. PCR genotyping indicated that
4 pups contained a molecular weight band that approximated the
predicated size of the deletion (Figure 1B). Different deletion sizes
are produced in each founder because of the imprecise nature of
NHEJ and DSB repair. DNA from the four potential founders
was sequenced, and two potential founder alleles aligned with the
expected deletion (Figure 1C). These mice were individually crossed
to F1 mixed hybrid strain C57BL/6/129S7/SvEvBrd, the genetic
background of our previous studies on BMP and GREM1 [30, 31].
Breeding to the WT strain ensures germline transmission of the
correct allele and reduces the probability of carryover of potential
off-target mutations. Homozygous mice for both founder lines were
generated from heterozygous crosses and were produced at normal
Mendelian ratios for both founders. Male and female homozygous
mice were viable. No difference in phenotype was detected in initial
studies of offspring between founder lines (e.g., incisor defects and
fertility testing), so the founder line that contained the larger deletion
(“P2” Figure 1B) was chosen for further characterization.

We confirmed the loss of Grem2 expression by measuring mRNA
levels by qPCR in tissues known to highly express the transcript
(i.e., ovary and lung). Grem2 transcript levels were undetectable in
either tissue in Grem2−/− mice (Figure 1D). As a previous Grem2−/−

model showed incisors defects [10], we also measured incisor length.
Like the previous model, sexually mature (i.e., over 6 weeks of age)
Grem2−/− female mice had defects in incisor length that mainly
affected the upper incisors (Figure 1E). This did not impact body
weight, as Grem2−/− females had similar body weights to WT mice
at 3 weeks of age, were slightly but significantly larger at 6 and
12 weeks, but had similar body weight to WT mice at 24 weeks of
age, all of which fell within the range considered normal for adult
C57/BL6 and 129SvEv mouse lines (Figure 2A) [32].

Loss of Grem2 reduced female fecundity

To test the effect of Grem2 loss on female fertility, 6–8 weeks old
WT and Grem2−/− female mice were pair bred with sexually mature
(8-week-old) WT males continuously for 8 months and the number
of pups per litter and litters per month were recorded. Overall, WT
females gave birth to an average of 9.2 ± 0.3 pups per litter and
1.1 ± 0.02 L per month (Figure 2B and C). Grem2−/− females gave
birth to similar numbers of pups per litter (8.9 ± 0.5) (Figure 2B).
However, if age is considered, a small but statistically significant
decline of 22% in pups per litter was detected in older Grem2−/−

females when breeding data were split into two age groups (P = 0.03)
(Figure 2B). In addition, there was a significant decrease in the
numbers of litters per month in Grem2−/− females (0.67 ± 0.05)
compared with WT females (1.02 ± 0.02) (P = 0.001) (Figure 2C).
Grem2−/− females showed a decrease in litters per month regardless
of age; during months 1–4, Grem2−/− female mice missed an average
of 1.2 ± 0.2 L (compared with 0 for the WT), and during months
5–8, Grem2−/− female mice missed 1.8 ± 0.2 L (compared with 0 for
the WT). Thus, loss of Grem2 caused female subfertility that appears
to be primarily driven by a reduction in litters per month.

Grem2 −/− females have abnormal estrous cycles

Because of the significant change in litter production, estrous cycles
were evaluated in 6-month-old females (n = 6 per genotype). WT
mice estrous cycles averaged 4–5 days, while Grem2−/− female mice
had irregular cycles (Figure 3A). Grem2−/− females had a significant

https://pga.mgh.harvard.edu/primerbank/
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Figure 1. Generation and validation of a Grem2 null allele. (A) Schematic of the Grem2 locus on chromosome 1. Grem2 contains two exons, with the open

reading frame (ORF) encoded in exon 2. The 5′ and 3′ guide sequences are shown with the PAM site in red. The 5′ guide sequence is located in intron 1 and

the 3′ guide sequence is located within the 3′ UTR. (B) PCR genotyping of genomic DNA of potential founder mice, labeled P1-P4. Different size deletions are

typical due to the imprecise nature of NHEJ. (C) Summary of DNA sequencing information and alignment of the founders P2 and P3 with the location of the ORF

shown in green and the 3′ UTR in red. (D) Validation of loss of Grem2 transcript in Grem2−/− tissues by qPCR, n = 3 independent ovaries for WT and n = 4 for

KO, ∗∗P < 0.01. Levels are normalized to Gapd and shown relative to the amount in the WT ovary. (E) Comparison of incisors between WT and Grem2−/− from

the P2 parental line, which was chosen from 2 founder lines with similar fertility defects. Graph shows data for upper and lower incisors in WT and Grem2−/−
at three ages. No difference was found in upper or lower incisor length between WT and Grem2−/− at 3 weeks of age (n = 6 mice each genotype). Lower and

upper incisors of Grem2−/− (n = 5 mice) were significantly smaller at 6 weeks of age (∗P < 0.05) but only upper incisors were significantly smaller (∗∗P < 0.01)

in Grem2−/− (n = 5) compared with WT (n = 5) at 12 weeks of age. Image insert, WT, and Grem2−/− incisors at 9 months of age. Scale bar in photograph, 4 mm.
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Figure 2. Grem2−/− females are subfertile. (A) Body weight (g) at time of necropsy for WT (black circles) and Grem2−/− (red triangles) females at 3, 6, 12, and

24 weeks of age. Markers represent the mean ± s.e.m. of n = 3–14 animals of each genotype, ∗∗P < 0.01 and ∗∗∗P < 0.001 by Student’s t-test between WT and

KO mice at the indicated time point. (B) Average litter sizes (pups per litter) WT (black bars) (n = 32 litters from 4 females) and Grem2−/− (red bars) (n = 25 litters

from 5 females) mice. Females of each genotype were set up in breeding pairs at sexual maturity (6–8 weeks of age) to 8-week-old WT males and the number of

pups born recorded over 8 months. The average pups per litter is shown as mean ± s.e.m. for the entire breeding trial (“overall”; months 1–8) or in two equal

age brackets (1–4 months versus 5–8 months). The overall data were split into two age brackets to determine if there was any effect of age, with the asterisk

indicated statistical significance in the 5–8 month group; ∗P < 0.05 by Student’s t-test. (C) Average litters per month between WT (black bars) and Grem2−/−
(“KO”) females (red bars) in the same 8-month breeding trial as shown in panel B. Data are shown as mean ± s.e.m., with ∗∗indicating P < 0.01 by Student’s

t-test.

increase in the percentage of days spent in metestrus and diestrus
and a concomitant decrease in the number of estrous cycles per
month (Figure 3B and C). To determine if there were changes in
steady state levels of key reproductive hormones, we measured serum
levels of estradiol, testosterone, LH, and FSH in diestrous stage 6-
month-old WT and Grem2−/− females (Supplementary Table S1);
we did not detect any significant changes. However, we addition-
ally used linear regression to test the well-established correlation
between estradiol and FSH levels. While diestrus WT mice exhibit the
expected correlation between estradiol and FSH (r2 = 0.48), estradiol
and FSH are not correlated in diestrus Grem2−/− females (r2 = 0.07)
(Figure 3D).

To determine if the disruption in estrous cyclicity and litter
production was related to altered ovarian follicle development,
we analyzed ovarian histology of WT and Grem2−/− females at
multiple time points (3 weeks, 6 weeks, 12 weeks, and 6 months
of age). Upon necropsy, no difference in gross appearance or size
of ovaries was noted between genotypes at any age (data not
shown). Morphometric analysis of follicles in ovarian histologic
sections from sexually immature 3-week mice showed no significant
differences in the number or types of follicles including primordial,
primary, secondary, antral, or atretic follicles between genotypes
and no obvious histologic defects (Figure 4A–C). Furthermore, at
6 or 12 weeks of age, there were no gross histologic differences in
ovaries from Grem2−/− females compared with WT mice and all
stages of follicles including corpora lutea (CL) were present (data
not shown). Treatment of sexually immature (5-week-old) females
with exogenous hormones to induce ovulation (“superovulation”)
resulted in similar numbers of eggs retrieved from oviducts of WT
and Grem2−/− females (Figure 4D). Thus, while litter production
was affected at all ages, no histologic defect was found in ovaries
from 3 to 12 weeks of age nor was the response to exogenous
hormones altered.

At 6 months of age, both WT and Grem2−/− ovaries contained
follicles of all stages (primordial, primary, secondary, and antral)
as well as CL. Follicles showed typical histology (Figure 5). Mor-
phometric analysis confirmed that Grem2−/− ovaries from mice
aged 7–9 months of age contained similar numbers of primordial
follicles but statistically more primary follicles (P < 0.05) than the
WT (Figure 5E). In addition, Grem2−/− had statistically fewer antral
follicles (P < 0.05) and CL (P < 0.01) (Figure 5E). There were no
significant changes in the number of atretic follicles.

A histologic pathology was identified in 75% of Grem2−/−

(n = 4) 6-month-old ovaries, which contained unusually large patches
of PAS+ regions. Six-month-old WT ovaries (n = 4) showed only
minimal patches (Figure 5C and D). These large patches of PAS+
cells have been described as multinucleated macrophage giant cells,
which are typically only present in ovaries from aged mice and
mostly absent from mice less than 7 months of age [33]. By immuno-
histochemistry, these cells were positive for the mouse macrophage
marker F4/80 (Figure 5F and G). Previous studies indicate that in
aged mouse ovaries, the presence of macrophage giant cells is asso-
ciated with increased fibrosis and inflammation [33]. To identify
if Grem2−/− ovaries have increased fibrosis, 6-month-old ovary
sections were stained with picrosirius red (PSR), an indicator of
fibrous collagen in the ovary [33]. However, a similar level of PSR
staining was observed between genotypes, indicating similar levels of
fibrous collagen in the ovaries (data not shown). As a prior study of
Grem2−/−mice also identified increases in inflammatory markers in
the heart after myocardial infarction (MI), including Bmp2, tumor
necrosis factor alpha (Tnf ), and e-selectin (Sele) [34], we analyzed
potential upregulation of these genes in 6-month-old ovaries from
WT and Grem2−/− by qPCR but no differences in expression of these
genes were found (Supplementary Table S2).

Disruptions to the estrous cycle could be due to HPO axis
dysfunction, but there is limited information regarding a role for
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Figure 3. Grem2−/− mice have irregular estrous cycles. (A) Three typical estrous cycles for each genotype are shown for 6-month-old WT (black) and Grem2−/−
(red) mice from a total of n = 6 mice per genotype. Estrous cycle day is indicated on the y-axis as estrus (E), proestrus (P), diestrus (D), and metestrus (M) for both

genotypes. (B) Percentage of time in metestrus and diestrus, and (C) number of days in estrus for 6-month-old WT (n = 6) and Grem2−/− (n = 6) for a 1-month

period. ∗P < 0.05. (D) Linear regression of serum estradiol (pg/mL) and FSH (ng/mL) in WT (shown as black circles) (n = 5) (r2 = 0.48) and Grem2−/− (shown as

red squares) (n = 6) at 6 months of age shows lack of correlation between serum estradiol and FSH in diestrous stage Grem2−/− mice (r2 = 0.07).

Grem2 in the HPO axis outside of its role in the ovary, even though
BMP4 is known to be important in mouse pituitary development
[35] and may regulate FSH in gonadotropes [36, 37]. Grem2 is
expressed in the brain [1], but hypothalamic expression has not been
published [38]. In adult WT mice, by qPCR, Grem2 was undetectable

in the pituitary but expressed in the hypothalamus (Figure 6A). To
further determine how the HPO axis may be disrupted, we measured
ovarian expression of the inhibin/activin genes, which play a role in
HPO negative feedback and suppression of FSH. Transcript levels of
Inha, Inhba, and Inhbb are significantly increased in 6-month-old
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Figure 4. Grem2−/− ovaries show normal follicle morphometrics and response to exogenous gonadotropin stimulation prior to sexual maturity. (A)

Morphometric assessment of follicle numbers in sexually immature mice (3-weeks old). Shown are mean ± s.e.m. of follicle counts obtained from independent

ovaries of WT (n = 4; shown as black circles) and Grem2−/− (“Null”; n = 5; shown as red squares) mice. No differences in means were detected in any follicle stage

by Student’s t-test between genotypes. (B) Representative PAS histology for a 3-week-old WT ovary showing primordial follicles (PrF), primary follicles (PF), SF,

and antral follicles (AF). The oviduct (OVI) is also indicated. (C) Representative PAS histology for a 3-week-old Grem2−/− with similar follicle stages as the WT.

Scale bar in B and C is 200 μm. (D) The mean number of eggs (±s.e.m) collected from the oviduct ampulla following exogenous gonadotropin stimulation is

shown for 5-week-old WT (n = 4) and Grem2−/− (“Null”; n = 3) females. Data from individual animals are shown as black circles (WT) or red squares (Grem2−/−).

Statistical analysis by Student’s t-test showed no difference in means (ns) between groups.

Grem2−/− ovaries compared with WT (P < 0.05) (Supplementary
Table S2). Other ovarian markers showed no difference between
genotypes, including genes expressed in oocytes (Bmp15, Gdf9),
granulosa cells (Bmp2, Cype19a1, Fshr, Kitl1/2), or thecal cells
(Bmp4) (Supplementary Table S2).

Because of its role as a marker of the ovarian reserve [39–
41], we measured serum levels of AMH. Grem2−/− mice showed

significantly reduced levels of AMH at 6 months of age (P < 0.01)
(Figure 6B). As AMH is most highly secreted from granulosa cells
of growing follicles, AMH immunoreactivity in individual follicles
was quantified by immunofluorescence (Figure 7). When plotted by
mean fluorescent intensity versus follicle stage, AMH immunore-
activity was significantly reduced in Grem2−/− preantral follicles
mice compared with WT follicles (Figure 7B), and specifically, in

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab148#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab148#supplementary-data
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Figure 5. Older adult Grem2−/− ovaries have a normal ovarian reserve and CL, but evidence of pathologic macrophage infiltration at 6 months of age. (A, B)

Representative PAS histology of a WT ovary at 6 months of age showing all stages of follicles and oocyte remnants (ZPR) within the interior of the ovary, which

is typical in this strain of mice. Area boxed in (A) is shown at a higher magnification in panel B. (B) Boxed area from panel (A) showing primordial follicles

(PrF), primary follicles (PF), SF, ZPR, and an atretic follicle (Atr) at higher magnification for the representative WT ovary. (C) Representative PAS histologic

section of an ovary from a 6-month-old Grem2−/− mouse. All follicle stages are present including CL. Boxed area in panel C is shown as higher magnification

images in panel D. Arrowheads in panels C and D indicate large patches of PAS+ cells that are distinct from PAS+ ZPRs. (E) Quantification of follicle numbers

(mean ± s.e.m) in WT (n = 4) and Grem2−/− (“Null”) ovaries (n = 5) at 7–9 months of age. Statistically significant differences between means were seen for

primary follicles (increased; ∗P < 0.05), antral (decreased; ∗P < 0.05), and corporal lutea (decreased; ∗∗∗P < 0.001) by Student’s t-test between WT and Null. (F)

Anti-F4/80 immunostaining in a representative 6-month-old WT ovary showing the typical pattern of single positive cells (arrowheads; brown stain) scattered

within the stroma, theca, and CL. (G) Representative 6-month-old Grem2−/− ovary at the same magnification as panel F showing regions of F4/80 positive

immunoreactivity (arrowheads; brown stain) in areas that are larger and less dispersed as well as an F4/80 negative ZPR (arrows). Slides are counterstained in

hematoxylin (blue). Scale bar in panels A, C, 200 μm; panel B, D,F, G, scale bar 50 μm.

secondary stage follicles (Figure 7D). This supports the premise that
the reduction in serum AMH is caused by a loss of AMH production
in the granulosa cells that typically produce it and not due to the loss
of follicles themselves.

GREM2 has a rare variant in patient samples of POI

Published cohorts of 106 POI patient samples that had undergone
WES were queried for nonsynonymous and splice site variants in
GREM2 [24, 25]. One individual contained a novel nonsynonymous
heterozygous variant in GREM2, c.C356T:p.S119F in exon 2. This
patient had a normal puberty but was diagnosed at age 27 with
primary amenorrhea with absent ovaries during ultrasound exam-
ination and FSH (73 mIU/mL; normal range, 3.5–12.5 mIU/mL),
estradiol (10 pg/mL; normal range 13–166 pg/mL), and AMH

(0.05 ng/mL, normal range, 0.5–3.8 ng/mL) [24] in the menopausal
range. This variant was not present in The Genome Aggregation
Database (gnomAD) or other databases. We further modeled the
location of this variant based on the published crystal structure of
GREM2 with GDF5 [4]. The S119F variant lies in the interface of
the interaction domain between antagonist and ligand (Figure 8),
which has been shown to be key region required for robust BMP
antagonism [4].

Discussion

Because of their roles as powerful developmental morphogens and
regulators of adult tissue homeostasis, BMP activity is under strict
biologic control. One mechanism for their regulation is through
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Figure 6. Grem2 is expressed in WT ovary and hypothalamus but not pituitary

and Grem2−/− females show a significant decrease in serum AMH. (A)

Relative mRNA expression levels by qPCR for Grem2 in the adult WT mouse

ovary (black circles; n = 5), hypothalamus (red squares; n = 5), and pituitary

(grey triangles; n = 3). qPCR was analyzed by the ��CT method normalized

to Gapd; data are shown relative to the level of Grem2 in the ovary; ∗P < 0.05

by one-way analysis of variance with Bonferroni’s Multiple Comparison Test.

(B) Serum AMH levels in diestrous stage 6-month-old WT (black circles; n = 5)

and Grem2−/− (red squares; n = 6) as measured by ELISA (ng/mL). Shown

are mean ± s.e.m. Data were log transformed prior to statistical analysis by

Mann–Whitney U test, ∗∗P < 0.01.

production of extracellular binding proteins, including GREM2,
which, when bound to BMPs, disrupts the ability of the ligand to
form the ternary signaling receptor complex. GREM2 exists as a
stable nondisulfide bonded dimer with binding affinities for BMP2
and BMP4 in the nanomolar range [1, 4, 42]. Additionally, GREM2
binds and inhibits AMH, another member of the TGFβ family, in
in-vitro assays [5]. A previous mouse KO of Grem2 was published
as part of a high-throughput KO phenotyping program by Lexicon

Pharmaceuticals that included fertility assays. These assays were
performed from ages 8–16 weeks using two homozygous KO females
mated to a WT male [43]. Lexicon’s Grem2−/− line showed defects
related to small and malformed upper and lower mandibular incisors
[10]. No fertility defects were noted, though the fertility screen may
not have had sufficient depth to identify changes in fecundity beyond
overt sterility, particularly for those that arise due to aging. That
model was unavailable, so we developed a new Grem2−/− mouse
model using CRISPR/Cas9 gene targeting to delete the entire coding
exon. This new mouse model phenocopies the Lexicon deletion
with respect to dental defects, even though the genetic background
is dissimilar [inbred C57/Bl6 (albino) versus mixed hybrid in our
study], suggesting a robust phenotype in tooth development resulting
from loss of Grem2.

Unlike homozygous mutations in Grem1, which are perinatal
lethal [21, 44], Grem2−/− mice are viable, but females are subfertile.
Overall litter production in Grem2−/− females was reduced through-
out the reproductive lifespan and slightly worsens after 6 months
of age. The overall change in litter production primarily results
from irregular estrous cycles. As Grem2 is widely expressed and
transcripts have been identified in the mouse ovary, brain, and uterus
[1], it is currently unclear if the changes in cyclicity are due intra-
ovarian defects, defects in other tissues, or most likely, a combination
of both. Within the mouse ovary, Grem2 is expressed in granulosa
cells and is upregulated in response to gonadotropin stimulation [1,
21, 45]. We did not detect Grem2 in the adult WT mouse pituitary
by qPCR, but transcripts were amplified from the hypothalamus.
The relative contribution of intra-ovarian defects versus potential
hypothalamic defects remains to be determined and would require
generation of a conditional allele for Grem2 for cell-specific deletion.
Interestingly, the AMH receptor (Amhr) has been reported in a subset
of gonadotropin releasing hormone (GnRH) neurons within the
hypothalamus and at least one study has shown that AMH potently
activates GnRH neuron firing and GnRH-dependent LH pulsatility
and secretion [46]. Clinically, AMH is used to predict response to
ovarian stimulation owing to the well documented correlation with
the ovarian reserve [47, 48]. If GREM2 binds to and regulates AMH
as previously suggested [5], then it is plausible that GnRH neuronal
activity may be disrupted in Grem2−/− females and contributes to
the observed reproductive defects. Such studies require more precise
measurements of LH pulse generation, rather than the steady state
(e.g., diestrus) levels reported here.

The role of GREM2 in the ovary in vivo is not well characterized.
Previous studies suggest GREM2 functions in embryonic human
ovary development, as its expression increases between 8–11 weeks
and 14–16 weeks gestation; this corresponds to the timing of postmi-
gratory germ cell proliferation and entry into meiosis I, respectively,
and demonstrates that GREM2 partially antagonizes BMP4-induced
gene expression [12]. Other studies have shown that the treatment
of organ cultures of rat ovaries with GREM2 reverses the ability of
AMH to suppress primordial follicle activation [5]. Surprisingly, we
found ovaries from sexually immature Grem2−/− mice that contain
equivalent numbers of primordial follicles as the WT control mice.
This suggests that Grem2 may not play a significant role in the
formation of the ovarian reserve in mice or potentially and that
developmental changes to the ovarian reserve resolve to WT levels
during the first wave of folliculogenesis [49]. This differs from mice
homozygous null for Grem1, which have decreased numbers of germ
cells and primordial follicles at birth [21]. Alternatively, the lack
of defects in 3-week-old Grem2−/− ovaries may indicate that the
loss of Grem2 in the embryo or postnatally is compensated for by
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Figure 7. Growing preantral follicles from Grem2−/− mice produce reduced levels of AMH. Ovary sections from 6-month-old WT and Grem2−/− mice were

analyzed for AMH immunoreactivity by immunofluorescence microscopy (red); DAPI (blue) was used to stain nuclei (A). Arrowheads indicate SF. Scale bars,

100 μm (n = 3 per genotype). Data were analyzed by classifying follicles as all preantral follicles (B) or by individual types (follicle stages 3b, 4, 5, and 6) (C, D,

and E). The group of “all preantral follicles” (panel B) showed significantly lower levels of expression in the Grem2−/− mice, as did individual type 4 follicles

(panel D); ∗P < 0.05.

another BMP antagonist, such as Grem1. Functional redundancy
between Grem2 and Grem1 has been hypothesized [5, 21], but not
yet demonstrated in vivo.

Histologic and morphometric analysis of ovaries from adult
Grem2−/− showed all stages of follicle growth, including primordial

follicles, and initially Grem2−/− females produced normal-sized
litters and ovaries responded similar to WT in “superovulation”
protocols; at later ages, there was a minor decrease in litter sizes.
This suggests an intra-ovarian defect in older mice. While the mean
diestrus serum levels of estradiol and FSH were similar between
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Figure 8. Model of the GREM2 variant S119F with the ligand GDF5. (A) Structure of GREM2 (monomers in pale orange and tan) in complex with GDF5 (monomers

in slate and pale green) with S119 shown in red, PDB ID: 5HK5 [4]. (B) Structure of GREM2-GDF5 with S119 mutated to F119, with the most probable rotomer

shown in red. (C) Zoomed in view of panel A, focusing on the S119 residue and its local interactions. (D) Zoomed in view of panel B, focusing the F119 residue

and its local interactions.

WT and Grem2−/− mice, the well-known correlation between estra-
diol and FSH was altered in Grem2−/− females. In WT rodents,
at metestrus and diestrus, low but rising levels of estradiol from
granulosa cells negatively regulate the production of FSH by sup-
pressing hypothalamic secretion of gonadotropin releasing hormone
[50, 51]. Furthermore, circulating levels of inhibin suppress FSH
production from the pituitary [52, 53]. In Grem2−/− ovaries, genes
required to make inhibin and activin (Inha, Inhba, Inhbb) were
upregulated in adults, which may further contribute to changes
to reproductive cyclicity. Inhibin A and inhibin B production in
granulosa cells varies with estrous cycle stage [53] and a more
detailed analysis of circulating inhibin levels, intra-ovarian activin
levels, as well as FSH and LH production and secretion during the
different stages of the estrous cycle may help to resolve these issues
in Grem2−/− mice.

In Grem2−/− ovaries, there was a reduction in granulosa cell
production of AMH, which is reflected in the loss of serum AMH.
Amh is most abundantly produced from growing preantral follicles
[54, 55] and it is downregulated in FSH-responsive antral follicles

except in cumulus cells [56, 57]. Grem2−/− females have increases
in primary follicles and similar numbers of secondary follicles (SF)
compared with their WT littermates—the follicle stages that should
produce the most AMH; therefore, reductions in serum AMH in
Grem2−/− are driven by the lack of production in small follicles,
not loss of the follicle stages themselves. As cumulus cells make up
a minor proportion of antral follicles compared with the number of
mural granulosa cells, the minor decrease in the antral follicle count
in Grem2−/− is likely not sufficient to drive the large reductions
in serum AMH levels. Loss of AMH in Grem2−/− ovaries could
be directly or indirectly related to changes in BMP signaling, as
the regulation of Amh by various growth factor pathways during
preantral folliculogenesis is not fully understood [58]. Loss of Grem2
should increase local BMP signaling (i.e., lead to a gain-of-function
in BMP signaling). In this scenario, if loss of AMH is directly related
to increased BMP signaling in the Grem2−/− model, this would con-
tradict in vitro studies showing BMP2, BMP4, or BMP15 stimulate
AMH expression [59–61]. An alternative explanation would be that
there may be species-specific differences in regulation of AMH, with
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some BMP able to downregulate Amh in mice. It is also possible that
the reductions in AMH production in Grem2−/− mice are unrelated
to changes in BMP signaling but occur through additional changes
to other signaling pathways that remain to be determined.

As AMH is widely used as a clinical marker of the ovarian
reserve [39–41], it was surprising to find that while serum and
follicle AMH production is reduced in Grem2−/−; there were no
changes to the numbers of primordial follicles, even up to 9 months
of age. This likely reflects the complexities that regulate primordial
follicle quiescence and activation [62–65]. Reductions of AMH in
Grem2−/− are possibly balanced by expression/upregulation of local
factors that regulate the stability of the primordial follicle pool.
For instance, the increased number of growing, primary follicles in
Grem2−/−, may reflect reductions in AMH, a negative regulator of
primordial follicle recruitment, alongside gain-of-function in BMPs,
which serves to promote the primordial to primary transition [13,
66]. Even so, the number of growing primary follicles only increased
by ∼2 fold in Grem2−/−, and this change may be insufficient to
significantly deplete the stock of primordial follicles. Understanding
the interplay of factors in the Grem2−/− model that regulate the
dynamics of follicle recruitment may also lead to the discovery of
additional markers of the ovarian reserve and the complex signals
that balance primordial follicle quiescence and activation.

While adult ovaries from Grem2−/− appear to contain the full
range of expected follicle stages, including primordial follicles and
CLs, there was an obvious and pathologic accumulation of large
patches of F4/80+ multinucleated macrophage giant cells that were
not present in Grem2−/−ovaries at 3 weeks or 3 months of age
(data not shown). The significance of macrophage giant cells is
unknown, but ovaries from aged WT female mice (14–17 months of
age) accumulate the areas of fibrotic tissue consistent with chronic
inflammation and macrophage giant cells, which are generally absent
in WT ovaries from mice less than 7 months of age (CD1 and
CB6F1 strains) [33]. Thus, Grem2−/− ovaries have one hallmark
of premature aging, but without significant changes in fibrosis.
The presence of large patches of F4/80+ macrophages suggests an
increase in tissue inflammation; this is similar to a previous study of
Grem2−/− in the heart during recovery from MI [34]. Following MI,
Grem2−/− hearts show excessive inflammation, including increases
in F4/80+ macrophages and poorer functional outcomes as result of
overactive BMP signaling, which can be rescued by intraperitoneal
administration of recombinant GREM2 [34]. Furthermore, a BMP
pro-inflammatory cascade has been suggested in other diseases,
including chronic inflammatory arthritis and atherosclerosis, though
in other diseases BMP signaling is anti-inflammatory [67, 68]. How
the loss of Grem2 affects the balance of TGFβ superfamily signaling,
including AMH and BMPs, within the ovary remains to be deter-
mined. As AMH has reduced expression in follicles of Grem2−/−

ovaries, inter- and intrafollicle BMP signaling may predominate
over AMH, promoting macrophage recruitment or differentiation,
disrupting ovarian function, and possibly altering feedback within
the HPO axis.

A number of studies implicate altered BMP signaling with POI in
women. This includes genetic variants in ligands (BMP15) [69, 70],
promoters (BMP15) [71], receptors (BMPR1A and BMPR1B) [72],
and antagonists (GREM1) [11], but not previously for GREM2.
How these variants contribute to POI in unknown. As each of these
genes is expressed in multiple organs within the HPO axis [36,
73–76], alterations in their activity and the resulting development
of POI could occur at multiple levels. The patient with the het-
erozygous S119F-GREM2 variant is 27-year-old patient with POI

previously characterized with a homozygous variant in the mito-
chondrial histidyl-tRNA synthetase gene (HARS2) (c.1010A > G)
[24]. While this variant in HARS2 is damaging by computational
analysis, it has not been shown to be pathogenic and further studies
will be needed to determine which variant contributed to POI in
this patient. Structure–function studies of GREM2 with GDF5 indi-
cate that GREM2 forms alternating higher form stable aggregates
with its ligands, which is unique among BMP antagonists [4]. The
S119F mutation lies within the interface between GREM2 and
GDF5, though how this mutation affects antagonism is not known.
Mechanistically, GREM2 wraps around the BMP signaling molecule,
occluding both the type I (located at the concave dimer interface)
and type II (at the convex surface of the ligand) binding sites needed
for signaling [4]. The side chain of the S119 residue points directly
into one of the primary binding interfaces of GDF5, specifically the
one that impairs binding of GDF5 to the type II BMP receptors.
Previous mutational work has demonstrated that this section of
GREM2 is particularly key to robust BMP inhibition and sensitive
to mutational disruption [4]. Additionally, modeling S119 with a
phenylalanine showed a significant steric clash occurred with both
the ligand and residues of GREM2 important for GDF5 binding.
Thus, the S119F mutation likely would interfere with ligand binding
and weaken GREM2 antagonism, potentially leading to a gain-of-
function in BMP or AMH signaling. The genetic variants found
for BMPR1A (ALK3) and BMPR1B (ALK6) are located within
the kinase domain of the receptors; the BMPR1A p.Arg442His
variant inhibits receptor activation and was discovered in a patient
with menarche at 14 years and amenorrhea 1 year later [72]. The
BMPR1B p.Phe272Leu variant shows constitutive activation when
tested in vitro, and was discovered in a patient with secondary
amenorrhea at age 27 [72]. Thus, both loss-of-function and gain-
of-function mutations that alter BMP signaling may drive POI.
Additional structure–function studies will be required to understand
how GREM2, c.C356T:p.S119F alters BMP or AMH signaling and
its consequences on HPO function.
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