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Abstract 1 

Members of the differential screening-selected gene aberrative in neuroblastoma (DAN) 2 

protein family are developmentally conserved extracellular binding proteins that antagonize bone 3 

morphogenetic protein (BMP) signaling.  This protein family includes the Gremlin proteins, 4 

GREM1 and GREM2, which are known to have key functions during embryogenesis and adult 5 

physiology.  While BMPs play essential roles in adult female reproductive physiology, the role 6 

of the DAN family in ovarian function is less understood.  We generated mice null for Grem2 to 7 

study its role in female fertility in addition to screening patients with primary ovarian 8 

insufficiency for variants in GREM2.  Grem2-/- mice are viable and female Grem2-/- mice have 9 

diminished fecundity and irregular estrous cycles.  This is accompanied by reduced serum levels 10 

of anti-Müllerian hormone, a marker of the ovarian reserve, in adult mice.  Alterations in ovarian 11 

expression of inhibin and activin subunit genes, which are required for regulation of the 12 

hypothalamic-pituitary-ovarian (HPO) axis, were identified.  While Grem2 mRNA transcript was 13 

not detected in the pituitary, Grem2 was expressed in the hypothalami of wild type female mice.  14 

Additionally, screening 106 women with primary ovarian insufficiency identified one individual 15 

with a heterozygous variant in GREM2 that lies within the predicted BMP-GREM2 interface.   16 

In total, these data suggest that Grem2 is necessary for female fecundity by playing a novel role 17 

in regulating the HPO axis and possibly contributing to female reproductive disease.  18 
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Introduction 19 

Gremlin-2 (GREM2) is a member of the differential screening-selected gene aberration 20 

in neuroblastoma (DAN) family of bone morphogenetic protein (BMP) antagonists and is also 21 

known as protein related to DAN and Cerberus (PRDC) (1-3).  It was originally identified in a 22 

gene trap for developmentally important genes (4).  The DAN family includes GREM2/PRDC, 23 

Gremlin-1 (GREM1), Sclerostin, DAN, Cerberus, Caronte, Coco, and Dante (5).  This protein 24 

family is best characterized as extracellular binding proteins that sequester BMPs, thereby 25 

preventing them from binding and activating their signaling receptor complex.  GREM2 strongly 26 

inhibits BMP signaling with high affinity for BMP2, BMP4, and BMP7 (6).  GREM2 also binds 27 

other TGFb family members, including anti-Müllerian hormone (AMH) and with low affinity to 28 

GDF5 (6,7).  GREM2 tightly associates with heparin through a protein binding domain outside 29 

of the BMP binding domain, which limits or downregulates BMP signaling, thus enhancing the 30 

inhibitory activity of GREM2 on BMPs (2,8). 31 

Human genome-wide association studies (GWAS) identified GREM2 variants associated 32 

with developmental disorders and disease, such as bone function and bone mass associated with 33 

osteoporosis, atrial fibrillation, and tooth agenesis (9-13).  A Grem2-/- mouse line was previously 34 

developed as part of a high-throughput mouse knockout and phenotyping project (14).  Skeletal 35 

phenotypes such as elevated spine and femur bone mineral density as well as tooth defects were 36 

identified as the major defects in Grem2-/- mice (14).  No fertility defects were reported in male 37 

or female Grem2-/- mice, although the reproductive phenotyping screen was limited (P. Vogel, 38 

personnel communication).  A variant of GREM1 has been reported in a patient with primary 39 

ovarian insufficiency (POI), but none have been reported for GREM2 (15).   40 
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There are limited studies characterizing GREM2 function in female reproductive biology.  41 

GREM2 is expressed in the developing human ovary at 8-21 weeks gestation, with increasing 42 

expression towards the time of primordial follicle formation (16).  Embryonic Grem2 expression 43 

in the developing mouse gonad (male or female) has not been not characterized, but Grem2 is 44 

expressed in the mouse and rat ovary in granulosa cells during postnatal follicle development (1).  45 

In vitro studies indicate GREM2 inhibits BMP4 and AMH, both of which regulate growth 46 

dynamics of the primordial to primary follicle transition, although in opposing directions (i.e., 47 

BMP4 promotes while AMH inhibits the transition) (1,7,17-19), possibly indicating a role for 48 

GREM2 in regulating growth dynamics of the ovarian reserve.    49 

Given above studies implicating GREM2 in ovarian folliculogenesis, we generated a new 50 

knockout mouse model of Grem2 to determine its role in mammalian reproduction.  We found 51 

that Grem2-/- females have altered fecundity due to changes in reproductive cyclicity and a 52 

reduction of the ovarian reserve marker, AMH, while not grossly affecting folliculogenesis.  We 53 

additionally identified a heterozygous novel nonsynonymous mutation in a patient with POI.  54 

These data suggest that GREM2 may be required to regulate reproductive function in both mouse 55 

and human, possibly at multiple levels within the HPO axis.    56 

57 
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Materials and Methods 58 

Generation of Grem2-/- mice 59 

Experimental animals were used in accordance with the National Institutes of Health 60 

Guide for the Care and Use of Laboratory Animals using Institutional Animal Care and Use 61 

Committee approved protocols at Baylor College of Medicine.  Mice were maintained on a 62 

C57BL/6/129S7;SvEvBrd mixed hybrid background, which was the genetic background to our 63 

previous knockout of Grem1 (20) as well as our other published lines.  Mice were housed in 64 

microisolator cages with acidified water on a fixed 12-hr light and 12-hour dark cycle and fed ad 65 

libitum on a breeder rodent chow (5053 PicoLab Rodent Diet 20, Richmond, IN) supplemented 66 

twice weekly with a soft pellet dietary supplement (LoveMash Rodent Reproductive Diet, Bio-67 

Serve, Flemington, NJ).  Incisor length and weight was monitored during their housing.   68 

A Grem2 null allele was generated at the Embryonic Stem Cell and Genetically 69 

Engineered Mouse Cores at Baylor College of Medicine.  Single guide RNA (sgRNA) sequences 70 

were selected to flank the genomic region surrounding exon 2 of the Grem2 gene (upstream 71 

sgRNA 5’-GGGGTAGATGGTGCTACTTC CGG; downstream sgRNA, 5’-72 

GAAAAATCTTGTCGAGTTTC TGG; PAM sequences are in bold) using the CRISPR Design 73 

Tool (21) and examined for potential off target mutagenesis.  Neither guide was predicted to 74 

have off target effects.  DNA templates for in vitro transcription of sgRNAs were produced using 75 

overlapping oligonucleotides (in a high-fidelity PCR reaction (22) and sgRNA was transcribed 76 

using the MEGA shortscript T7 kit (ThermoFisher, Waltham, MA).  Cas9 mRNA was purchased 77 

from ThermoFisher.  The BCM Genetically Engineered Mouse Core microinjected Cas9 mRNA 78 

(100 ng/µl) and sgRNA (10 ng/µl) into the cytoplasm of 100 pronuclear stage C57Bl/6J 79 

embryos.  Cytoplasmic injections were performed using a microinjection needle (1 mm outer and 80 
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0.75 mm inner) with a tip diameter of 0.25-0.5 μm, an Eppendorf Femto Jet 4i to set pressure and 81 

time to control injection volume (0.5-1 pl per embryo).  Injections were performed under a 200-82 

400× magnification with Hoffman modulation contrast for visualizations. 83 

A single PCR reaction using three primers (P1: 5’-84 

TGTTGTTGTTGTTGACAAAATACTTG; P2: 5’-AATACGAGAAAGCCGTGCTG; P3: 5’-85 

AAAGAGGTGGTGGTGTCCAG) identified the wild type allele (251 bp product) and the 86 

deletion allele (~ 510-520 bp product) in putative founders and resulting offspring.  Deletion of 87 

Grem2 in founder mice was verified by Sanger sequencing of the PCR-amplified deletion allele 88 

junction fragment.  Two founder mice were initially characterized but no difference in 89 

phenotypes (presence of an incisor defect; similar numbers of pups per litter; irregular litter 90 

production) were detectable, so one founder line was chosen for more detailed study.  Mice were 91 

genotyped by PCR of genomic DNA isolated from ear punches or tail snips.  To minimize 92 

potential off-target mutation effects, founder mice were backcrossed to F1 93 

C57BL/6/129S7;SvEvBrd mice prior to establishing homozygous mating to generate Grem2-/-.  94 

Wild type mice of the same mixed background (C57BL/6/129S7;SvEvBrd) were used as controls 95 

(“wild type”). 96 

 97 

Fertility Studies 98 

Individually housed female mice of each genotype were bred at 6-8 weeks of age 99 

continuously to wild type C57BL/6/129S7;SvEvBrd F1 hybrid males of known fertility for eight 100 

months.  The number of pups born at 4-week intervals (one ‘month’) was recorded beginning 101 

when each of the mating pairs was set up as individual pair-breeders.  For estrous cycle analysis, 102 

six-month old mice were individually housed with enrichment (EnviroPak, Lab Supplies, Dallas, 103 
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TX) and vaginal lavage and cytology was performed daily at 9:00am for 1 month as previously 104 

described to identify four stages: estrus, diestrus, proestrus and metestrus (23).  105 

 106 

Histologic Analysis  107 

 Mice were weighed prior to necropsy then anesthetized by isoflurane inhalation (Abbott 108 

Laboratories, Abbott Park, IL) and euthanized by cervical dislocation.  Estrous cycle was 109 

determined at time of necropsy, if not already known. Ovaries were collected and fixed in 10% 110 

neutral buffered formalin (Electron Microscopy Sciences, Hatfield, PA) overnight, transferred to 111 

70% ethanol, and processed and embedded at the Human Tissue Acquisition and Pathology Core 112 

at Baylor College of Medicine using standard protocols.  Follicle counts were performed as 113 

previously described (24).  Briefly, ovaries from 3-week mice were serially sectioned at 5-µm 114 

and all sections retained.  Sections were stained in periodic acid-Schiff (PAS) (Sigma, St. Louis, 115 

MO).  Only follicles containing an oocyte with a visible nucleus (primordial, primary, secondary, 116 

antral, atretic) were counted in every fifth section to avoid double counting oocytes.  Final values 117 

of preantral follicles were multiplied by a correction factor of 5 based on previous published 118 

methodologies (25).  Statistical differences in the total number of follicles were assessed using 119 

Student’s t-test.  120 

 121 

Hormone Analysis  122 

For hormone analysis, blood was retrieved from deeply anesthetized (isoflurane) 123 

diestrous stage mice by cardiac puncture, and serum separated by centrifugation in microtainer 124 

collection tubes (SST BD Microtainer, Becton, Dickinson and Company, Franklin Lakes, New 125 

Jersey) and stored at -20°C until assayed.  Estradiol (ELISA, CalBiotech), follicle stimulating 126 
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hormone (FSH)/luteinizing hormone (LH) (ELISA, EMD Millipore), AMH (ELISA, Ansh 127 

Laboratory), and testosterone (ELISA, IBL) were quantified by the University of Virginia 128 

Ligand Core Facility (Specialized Cooperative Centers Program in Reproductive Research 129 

NICHD/NIH U54-HD28934).  Assay method information is available online 130 

(https://med.virginia.edu/research-in-reproduction/ligand-assay-analysis-core/assay-methods/).  131 

For statistical analysis, values that fell below the threshold of detection were set to the value for 132 

the lower limit of detection (26).  As ELISA data are not normally distributed, data were log 133 

transformed prior to statistical analysis.   134 

 135 

Immunohistochemistry 136 

Immunohistochemistry was performed as previously described (27) using the Vectastain 137 

ABC method (Vector Laboratories, Burlingame, CA) for analysis of the macrophage marker, 138 

F4/80 (rat anti-F4/80, catalog #AB6640, Abcam, Cambridge UK, 1:100).  Immunoreactivity was 139 

visualized by diaminobenzidine (DAB) (Vector Laboratories) and ovaries counterstained in 140 

hematoxylin.  Fluorescent immunohistochemistry was used to visualize AMH (goat anti-AMH, 141 

1:250; catalog #6886, Santa Cruz Biotechnology, Santa Cruz, CA).  Briefly, 5 µm tissue sections 142 

were subject to antigen retrieval (0.01 M citric acid and 0.1% Triton X) (Sigma, St. Louis, MO), 143 

blocked with the avidin/biotin blocking kit (Vector Laboratories), followed by incubation 3% 144 

BSA in Tris-buffered saline (TBS) for non-specific binding.  The primary antibody incubated 145 

overnight at 4ºC in a humidified chamber.  Slides were washed in TBS-0.1%Tween (TBS-T) and 146 

incubated at room temperature with Alexa Fluor rabbit anti-goat 594 (Invitrogen; 1:250) for 1 147 

hour, washed, incubated in 4’6’-diamidino-2-phenylindole (DAPI) (1:1000) in TBS for 5 148 

minutes then mounted in Vectashield (Vector Laboratories). Fluorescent images were captured 149 
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using a Nikon A1R-s confocal laser scanning microscope at the BCM Integrated Microscopy 150 

Core and processed with the Nikon Perfect Focus System (Nikon Corporation, Japan).  151 

Representative follicles within ovary section from wild type and Grem2-/- mice (n=3 ovaries for 152 

each genotype) were analyzed using ImageJ software (ImageJ 1.52a Wayne Rasband, National 153 

Institutes of Health, USA http://imagej.nih.gov/ij) to measure the mean fluorescence intensity. 154 

Follicle type was based on the classification system developed by Pedersen et al (28).  From 155 

these values, the statistical difference between wild type and Grem2-/-  follicles was compared 156 

using Student’s t-test using Graph Pad Prism 5 (GraphPad Software La Jolla, CA).     157 

 158 

Quantitative PCR 159 

Tissues were harvested from diestrous stage females unless otherwise indicated and 160 

incubated in RNAlater (Ambion, Austin, TX) overnight at 4ºC then stored at -80ºC until use.  161 

RNA was isolated using the RNeasy Micro kit (Qiagen, Valencia, CA) with in column DNase 162 

treatment (Qiagen) following the manufacturer’s protocol.  RNA concentration was quantified 163 

using a NanoDrop Spectrophotometer ND-1000 (NanoDrop Technologies, Wilmington, DE).  164 

Complementary DNA was synthesized from 200ng of total RNA with the High-Capacity RNA-165 

to-cDNA reverse transcription kit (Life Technologies, Waltham, MA).  Real-time quantitative 166 

PCR (qPCR) assays were performed on an Applied Biosystems StepOne Realtime PCR System 167 

using TaqMan Fast Master mix and predesigned primer-probe mixes for Grem2 (FAM labeled 168 

Mm00501909_m1) and Gapd (FAM labeled Mm00484668_m1) or Fast SYBR Green Master 169 

Mix (Life Technologies, Waltham, MA) with custom primers chosen from validated qPCR 170 

primer sets at PrimerBank.  Primer sequences are available upon request.  Custom DNA 171 

oligonucleotide primer pairs were synthesized at Integrated DNA Technologies (IDT, Coralville, 172 
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Iowa).  Melt curve analysis was used to validate a single amplification peak when using SYBR 173 

Green Master Mix.  Relative level of transcript was calculated using the ΔΔCT method (29) with 174 

the housekeeping gene Gapd used for normalization and data shown mean to the relative level in 175 

wild type ovaries.  176 

  177 

POI Patient Sample Analysis and Protein Modeling 178 

 Whole exome sequence data (WES) were analyzed from two previously published 179 

datasets (30,31). These data included 103 patients diagnosed with primary ovarian insufficiency 180 

(POI) at the University of Pittsburgh under the approved Institutional Review Board protocols 181 

(PRO09080427).  Informed consent was obtained from all individual participants. Gene variants 182 

were evaluated using the guidelines of the American College of Medical Genetics and Genomics 183 

(ACMG), which recognizes five classes of variants: benign, likely benign, uncertain 184 

significance, likely pathogenic, and pathogenic (32) and variants with minor allelic frequency in 185 

the Exome Aggregation Consortium (ExAC) database > 1% were excluded. Variants not present 186 

in the 1000 Genomes Project, Exome Variant Server data sets, Exome Aggregation Consortium 187 

(ExAC, Cambridge, MA), or the Single Nucleotide Polymorphism database (dbSNP) were 188 

considered novel variants (33-35). Protein modeling was performed as previously described (6) 189 

using PyMol (The PyMol Molecular Graphics System, Schrödinger, LLC, New York, NY). 190 

 191 

Statistical Analyses  192 

 Statistical analysis was carried out using GraphPad Prism 5 (GraphPad Software, La 193 

Jolla, CA). Two-tailed unpaired Student t-test using Mann-Whitney U was used for single 194 

comparisons.  One-way analysis of variance followed by Fisher least significant difference test 195 
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was used for multiple comparisons.  Data not normally distributed (e.g., hormone data and qPCR 196 

data) were log transformed prior to statistical analysis.  Linear regression was used to assess 197 

correlation between FSH and estradiol levels.  Sample sizes are indicated in the text and figure 198 

legends and a minimum of at least three independent experiments was carried out at all times, 199 

with P<0.05 considered statistically significant.   200 
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Results 201 

 202 

Generation and validation of a Grem2-/- mouse model.   203 

 A null allele for Grem2 was engineered using CRISPR/Cas9 genome editing (Fig. 1).  204 

Two sgRNAs were designed to target Cas9 to flanking regions of exon 2, generating an 205 

approximately one kilobase deletion that contains the splice acceptor site in exon 2, the entire 206 

coding region, and portions of the 3’ UTR (Fig. 1A).  Exon 1, which encodes the 5’ untranslated 207 

region (UTR) and elements of the 3’ UTR remain.  sgRNA was injected into pro-nuclear stage 208 

embryos along with Cas9 mRNA.  Nonhomologous end joining (NHEJ)-mediated repair of the 209 

two double stranded breaks (DSBs) created by sgRNA targeted Cas9 should result in a null allele 210 

through loss of exon 2.  Seventeen live-born mice were obtained from 100 injected and 211 

transferred embryos.  PCR genotyping indicated that 4 pups contained a molecular weight band 212 

that approximated the predicated size of the deletion (Fig. 1B).  Different deletion sizes are 213 

produced in each founder because of the imprecise nature of NHEJ and DSB repair.  DNA from 214 

the four potential founders was sequenced, and two potential founder alleles aligned with the 215 

expected deletion (Fig. 1C).  These mice were individually crossed to F1 mixed hybrid strain 216 

C57BL/6/129S7/SvEvBrd, the genetic background for our previous studies on BMP and GREM1 217 

function in the ovary (20,36).  Breeding to the wild type strain ensures germline transmission of 218 

the correct allele and reduces the probability of carryover of potential off-target mutations.  219 

Homozygous mice for both founder lines were generated from heterozygous crosses and were 220 

produced at normal Mendelian ratios for both founders.  Male and female homozygous mice 221 

were viable. No difference in phenotype was detected in initial studies between founder lines 222 
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(e.g., incisor defects and fertility testing), so the founder line that contained the larger deletion 223 

(“P2” Fig. 1B) was chosen for further characterization.   224 

 We confirmed loss of Grem2 expression by measuring Grem2 mRNA levels by 225 

quantitative PCR (qPCR) in tissues known to highly express the transcript, which includes the 226 

ovary and lung.  As predicted, Grem2 transcript levels were undetectable in either tissue in 227 

Grem2-/- mice relative to the respective levels in wild type mice (Fig. 1D).  As a previous null 228 

allele of Grem2 demonstrated reduced breadth and depth of upper and lower incisors in Grem2-/- 229 

mice over 4 months of age (14), we also measured incisor length in adult animals of our new 230 

line.  Similar to the previous model, sexually mature (i.e., over 6 weeks of age) Grem2-/- female 231 

mice had defects in incisor length that mainly affected the upper incisors (Fig. 1E).  This did not 232 

have a major effect on their body weight, as Grem2-/- females had similar body weights to wild 233 

type mice at 3 weeks of age, were slightly but significantly larger than wild type mice at 6 and 12 234 

weeks, but had similar body weight to wild type mice at 24 weeks of age that fell within the 235 

range considered normal for adult C57/BL6 and 129SvEv mouse lines (Fig. 2A) (37,38). 236 

 237 

Loss of Grem2 reduced female fecundity  238 

 To test the effect of Grem2 loss on female fertility, 6-8-week old WT and Grem2-/- 239 

female mice were pair bred to fertile males continuously for eight months and numbers of pups 240 

per litter and litters per month were recorded.  Overall, wild type females gave birth to an 241 

average of 9.2 +/- 0.3 pups per litter and 1.1 +/- 0.02 litters per month (Fig. 2B, C).   Grem2-/- 242 

females gave birth to similar numbers of pups per litter (8.9 +/- 0.5).  However, if age is 243 

considered, a small but statistically significant, decline of 22% in pups per litter was detected in 244 

older Grem2-/- females when the breeding data were split into two age groups (younger and 245 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 1, 2020. ; https://doi.org/10.1101/2020.10.01.322818doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.01.322818


15 
 

older) (P=0.03) (Fig. 2B).  In addition, there was a significant decrease in the numbers of litters 246 

per month in Grem2-/- females (0.67 +/- 0.05) compared to wild type females (1.02 +/- 0.02) 247 

(P=0.001) (Fig. 2C).  Cycle irregularity in Grem2-/- occurred regardless of age; on average, 248 

during months 1-4, Grem2-/- female mice missed an average of 1.2 +/- 0.2 litters (compared to 0 249 

for the wild type), and during months 5-8, Grem2-/- female mice missed 1.8 +/- 0.2 litters 250 

(compared to 0 for the wild type).  Thus, loss of Grem2 caused an overall reduction in fecundity 251 

that appears to be primarily driven by a reduction in litter production.  252 

 253 

Grem2-/- females have abnormal estrous cycles  254 

To determine if there were defects in ovarian function, we first analyzed the ovarian 255 

histology of wild type and Grem2-/- females at multiple time points, including immature (3-weeks 256 

of age) and sexually mature (6-weeks, 12-weeks, and 6-months of age).  In sexually immature 3-257 

week old mice, there were no significant differences in the total number of ovarian follicles at 258 

the primordial, primary, secondary, or antral stage comparing wild type to Grem2-/- ovaries (Fig. 259 

3A) and ovaries were of similar size with no obvious histologic defects (Fig. 3C-D).  However, 260 

there was a statistically significant reduction (P<0.01) in the number of atretic follicles in Grem2-261 

/- compared to wild type (Fig. 3B).  At 6 or 12 weeks of age, there were no gross histologic 262 

differences in ovaries from adult Grem2-/- females compared to wild type mice all stages of 263 

follicles including corpora lutea (CL) were present in both genoytypes (data not shown).   264 

At 6-months of age, both wild type and Grem2-/- ovaries contained follicles of each size 265 

class (primordial, primary, secondary, antral) as well as CL (Fig. 4A, B).  However, 75% of 266 

Grem2-/- (n=4) contained unusually large patches of PAS positive regions of multinucleated 267 

cells, while wild type ovaries (n=4) showed only minimal patches (Fig. 4C, D).  These large 268 
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patches of PAS+ cells have been previously described as multinucleated macrophage giant cells 269 

that are typically present in ovaries from aged mice but mostly absent from mice less than 7 270 

months of age (39).  By immunohistochemistry, these cells were positive for the mouse 271 

macrophage marker F4/80 (Fig. 4E, F).  Previous studies have also shown that in aged (i.e., +21 272 

weeks) mouse ovaries, the presence of macrophage giant cells is associated with increased 273 

fibrosis and inflammation (39).  To identify if Grem2-/- ovaries showed increased fibrosis, 6-274 

month old ovary sections were stained with picrosirius red (PSR), which has previously been 275 

validated as an indicator of fibrous collagen in the ovary (39).  A similar level of PSR staining 276 

was observed between wild type and Grem2-/- ovaries (data not shown), indicating similar levels 277 

of fibrous collagen in the ovaries, and thus macrophage infiltration does not appear to be directly 278 

linked to fibrosis, unlike in aged mice (39).  As a prior study of the role of Grem2-/- in the heart 279 

after myocardial infarction (MI) (40), identified increases in inflammatory markers, which 280 

included Bmp2, tumor necrosis factor alpha (Tnf) and e-selectin (Sele), we therefore analyzed 281 

potential upregulation of these genes in 6-month old ovaries from WT and Grem2-/- by qPCR; 282 

however, we did not see any difference in expression levels (Table 1).   283 

Because of the significant changes to litter production, (Fig. 2C), estrous cycles were 284 

evaluated in six-month-old females.  Six-month old wild type mice had normal estrous cycles 285 

that averaged 4-5 days while Grem2-/- female mice had irregular estrous cycles (Fig. 5A). 286 

Grem2-/- females had a significant increase in the percentage of days spent in metestrus and 287 

diestrus and a concomitant decrease in the number of estrous cycles per month (Fig. 5B, C).  288 

Serum hormone profiles of diestrous stage 6-month old females showed no change in mean 289 

levels of estradiol, testosterone, luteinizing hormone, or follicle stimulating hormone (FSH) 290 

between wild type and Grem2-/- (Table 2).  We additionally used linear regression to test the 291 
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correlation between estradiol and FSH levels.  While diestrous stage wild type mice exhibit a 292 

correlation between estradiol and FSH (r2=0.48), this correlation is not found in diestrous stage 293 

Grem2-/- females (r2=0.07) (Fig. 6A).    294 

 Alterations in the estrous cycle could be due to dysfucntion of the HPO axis, but there is 295 

limited information for a role for Grem2, even though BMP4 is known to be important in mouse 296 

pituitary development (41) and may regulate FSH in gonadotropes (42,43).  Grem2 is expressed 297 

in the brain (1), but hypothalamic expression has not been previously reported (44).  By qPCR, 298 

Grem2 could not be detected in the adult mouse pituitary; however, expression was present in the 299 

hypothalamus at ~60% relative to the ovary (Fig. 6B).  As the production of the peptide 300 

hormone, inhibin, from the ovary is also responsible for HPO negative feedback and suppression 301 

of FSH, ovarian expression of genes encoding the inhibin/activin subunits were measured.  By 302 

qPCR, transcript levels of Inha, Inhba, and Inhbb significantly increased (P<0.05) in Grem2-/- 303 

ovaries compared to wild type (Fig. 6C).  Markers of key cell types in the ovary showed no 304 

difference between genotypes, including genes expressed in oocytes (Bmp15, Gdf9), granulosa 305 

cells (Bmp2, Cype19a1, Fshr, Kitl1/2) or thecal cells (Bmp4) (Table 1), supporting the histologic 306 

findings of similar follicle stages at this age.  Because of its role as a marker of the ovarian 307 

reserve (45-47), serum levels of AMH were measured in wild type and Grem2-/- mice.  308 

Compared to wild type, Grem2-/- showed significantly reduced levels of AMH at 6 months of age 309 

(P<0.01) (Table 2).  As AMH is secreted from granulosa cells of growing follicles, AMH 310 

immunoreactivity in individual follicles was quantified by immunofluorescence (Fig. 7).  When 311 

plotted by mean fluorescent intensity versus follicle stage, there was significantly reduced AMH 312 

immunoreactivity in Grem2-/- preantral follicles mice compared to the follicles of wild type mice 313 
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(Fig. 7), indicating that it is not loss of follicles that reduces serum AMH, but instead, the 314 

reduction is due to decreased expression in granulosa cells. 315 

 316 

GREM2 has a rare variant in patient samples of POI 317 

 A previously published cohort of POI patient samples that had undergone whole exome 318 

sequencing (WES) was queried for nonsynonymous and splice site variants in GREM2 (30).  Of 319 

the 103 POI cases sequenced, one individual contained a single novel nonsynonymous 320 

heterozygous variant in GREM2, c.C356T:p.S119F in exon 2. This variant was not present in 321 

The Genome Aggregation Database (gnomAD) or other databases.  We further modeled the 322 

location of this variant based on the previously published crystal structure of GREM2 with 323 

GDF5 (6).  The S119F variant lies in the interface of the interaction domain between antagonist 324 

and ligand (Fig. 8), which has previously been shown to be key region required for robust BMP 325 

antagonism (6). 326 

327 
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Discussion 328 

Because of their roles as powerful developmental morphogens and regulators of adult 329 

tissue homeostasis, BMP activity is under strict biologic control.  One mechanism for their 330 

regulation is through production of extracellular binding proteins, including GREM2, which 331 

when bound to BMPs, disrupts the ability of the ligand to form the ternary signaling receptor 332 

complex.  GREM2 exists as a stable non-disulfide bonded dimer with binding affinities for 333 

BMP2 and BMP4 in the nanomolar range (1,2,6,48).  Additionally, GREM2 binds and inhibits 334 

AMH, another member of the TGFb family, in in vitro assays (7).  GREM2 is expressed in the 335 

fetal human ovary as well as in granulosa cells of mouse ovarian follicles (1,16) although its role 336 

in either the embryonic or adult ovary is not well understood.  A previous mouse knockout of 337 

Grem2 was published as part of a high-throughput knockout phenotyping program by Lexicon 338 

Pharmaceuticals that included fertility assays.  These assays typically were performed from ages 339 

8-16 weeks using two homozygous knockout females mated to a wild type male (49).  The major 340 

defect identified in Lexicon’s Grem2-/- line related to small and malformed upper and lower 341 

mandibular incisors (14).  No fertility defects were noted, though it is unlikely that the fertility 342 

screen had sufficient depth to identify changes in fecundity beyond overt sterility, particularly for 343 

those that arise due to aging.  As that model was unavailable, we developed a new Grem2-/- 344 

mouse model using CRISPR/Cas9 gene targeting to delete 1kb containing the entire coding exon 345 

(exon 2).  This new mouse model phenocopies the Lexicon deletion with respect to dental 346 

defects, even though the genetic background is dissimilar [inbred C57/Bl6 (albino) versus mixed 347 

hybrid in our study], suggesting a robust phenotype resulting from loss of Grem2 in tooth 348 

development.  349 
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Unlike homozygous mutations in Grem1, which are perinatal lethal (27,50), Grem2-/- 350 

mice are viable but subfertile.  Overall litter production in Grem2-/- females was reduced 351 

throughout the reproductive lifespan, but appears to worsen in older mice (i.e., 6-8 months of 352 

age).  This change in litter production primarily results from irregular estrous cycles.  As Grem2 353 

is widely expressed and transcripts have been identified in the mouse ovary, brain, and uterus 354 

amongst other organs (1), it is currently unclear if the changes in cyclicity are due intraovarian 355 

defects, defects in other tissues, or a combination of both.  Within the mouse ovary, Grem2 is 356 

expressed from granulosa cells and is upregulated in response to gonadotropin stimulation 357 

(1,27,51).  While Grem2 expression could not be detected in the mouse pituitary by qPCR, 358 

mRNA transcripts were detected in the hypothalamus at about half the level in the ovary.  The 359 

relative contribution of intraovarian defects versus potential hypothalamic defects remains to be 360 

determined and would require generation of a conditional allele for Grem2 for cell-specific 361 

deletion.  Interestingly, the AMH receptor (Amhr) has been detected in a subset of gonadotropin 362 

releasing hormone (GnRH) neurons within the hypothalamus and at least one study has shown 363 

that AMH potently activates GnRH neuron firing and GnRH-dependent LH pulsatility and 364 

secretion (52).  If GREM2 regulates AMH activity as has been suggested (7), then it is possible 365 

that GnRH neuronal activity may be disrupted in Grem2-/- females and contribute to the fertility 366 

defect.  Such studies require more precise measurements of LH pulse generation, rather than the 367 

steady state (diestrus) levels reported here.    368 

Previous studies suggest GREM2 has a role in embryonic human ovary development, as 369 

its expression increases between 8-11 weeks and 14-16 weeks gestation, which corresponds to 370 

the timing of post-migratory germ cell proliferation and entry into meiosis I, respectively (16).  371 

This study also demonstrates that GREM2 partially antagonizes BMP4 induced gene expression 372 
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(16).  Furthermore, treatment of organ cultures of rat ovaries with GREM2 reverses the ability of 373 

AMH to suppress primordial follicle activation (7).  Surprisingly, ovaries from sexually 374 

immature (3-week old) Grem2-/- mice contain equivalent numbers of primordial follicles as the 375 

wild type mice, suggesting that Grem2 may not play a major role in embryonic or postnatal 376 

formation of the ovarian reserve in mice, or that developmental changes in the ovarian reserve 377 

are resolved to wild type levels during the first wave of folliculogenesis.  This is different than 378 

what has been noted for mice homozygous null for Grem1, which have decreased numbers of 379 

germ cells and primordial follicles at birth (27).  Alternatively, loss of Grem2 in the embryo or 380 

postnatally could be compensated for by another BMP antagonist, such as Grem1.  Functional 381 

redundancy between Grem2 and Grem1 has been hypothesized (7,27), but not demonstrated.   382 

Ovaries from adult Grem2-/- contained all stages of follicle growth, including primordial 383 

follicles, and produced normal-sized litters earlier in their reproductive lifespan but show a small 384 

but significant decrease in litter sizes (~24%) at later ages (>6 months of age).  This suggests 385 

some intraovarian defect in older mice.  While the mean diestrous stage serum levels of estradiol 386 

and FSH were similar between wild type and Grem2-/- mice, the well-known correlation between 387 

estradiol and FSH was altered in Grem2-/- females.  In wild type rodents, at metestrus and 388 

diestrus, low but rising levels of estradiol from granulosa cells of growing follicles negatively 389 

regulate production of FSH by suppressing hypothalamic secretion of gonadotropin hormone 390 

releasing hormone (53-55).  Furthermore, circulating levels of inhibin suppress FSH production 391 

from the pituitary (55-57).  In Grem2-/- ovaries, the inhibin/activin subunit genes (Inha, Inhba, 392 

Inhbb) were upregulated in adult animals, which may further contribute to changes to 393 

reproductive cyclicity if circulating levels of inhibin A and inhibin B, which are known to vary 394 

with the estrous cycle stage in rodents (57), are also altered.  A more detailed analysis of FSH 395 
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and LH production and secretion as well as an analysis of circulating inhibin levels during the 396 

different stages of the estrous cycle will help to resolve these issues.  In addition, in Grem2-/- 397 

ovaries, there were loss of granulosa cell production of AMH, which is most highly expressed in 398 

growing preantral follicles (58,59).  Suppression of Amh expression in Grem2-/- ovaries could be 399 

directly or indirectly related to changes in BMP signaling, as regulation of Amh by various 400 

growth factor pathways during preantral folliculogenesis is not fully understood (60).  Amh is 401 

known to be downregulated in rodents and human when follicles reach the antral stage (61), so 402 

potentially, the Grem2-/- model will allow us to elucidating key pathways controlling AMH 403 

production.  404 

While litter production was reduced in Grem2-/- females after 10-12 weeks of age 405 

compared to wild type mice, it was more pronounced after six months of age.  However, unlike 406 

wild type mice, 6-month old Grem2-/- ovaries accumulate large patches of F4/80+ multinucleated 407 

macrophage giant cells, which were not present at three-month of age (data not shown).  The 408 

significance of macrophage giant cells is unknown, but ovaries from aged wild type female mice 409 

(14-17 months of age) accumulate areas of fibrotic tissue concurrent with chronic inflammation 410 

and macrophage giant cells and these were generally absent in ovaries from mice less than 7 411 

months of age (CD1 and CB6F1 strains) (62).  Thus Grem2-/- ovaries have one hallmark of early 412 

aging, but without significant changes in fibrosis.  The presence of large patches of F4/80+ 413 

macrophages also suggests an increase in tissue inflammation, similar to a previous study of 414 

Grem2-/- within the heart the context of recovery from MI.  Following MI, Grem2-/- mice show 415 

excessive inflammation, including increases in F4/80+ macrophages and poorer functional 416 

outcomes as result of overactive BMP signaling, which can be rescued by intraperitoneal 417 

administration of recombinant GREM2 (40).  Furthermore, a BMP pro-inflammatory cascade 418 
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has been suggested in other diseases, including chronic inflammatory arthritis and 419 

atherosclerosis, though in other diseases BMP signaling is anti-inflammatory (63,64).  How loss 420 

of Grem2 affects the balance of TGFb superfamily signaling, including AMH and BMPs, within 421 

the ovary remains to be determined.  As AMH has reduced expression in follicles of Grem2-/- 422 

ovaries, inter-and intra-follicle BMP signaling may predominate over AMH, promoting 423 

macrophage recruitment or differentiation, disrupting ovarian function, and possibly altering 424 

feedback within the HPO axis. 425 

 A number of recent studies implicate changes to BMP signaling with the development of 426 

POI in women.  This includes genetic variants in BMP ligands (BMP15) (65,66), the BMP15 427 

promoter (67), the BMP receptors (BMPR1A and BMPR1B) (68), and the BMP antagonist, 428 

GREM1 (15).  It is currently unknown how these variants contribute to POI in women.  Because 429 

these genes are also expressed in the brain and pituitary in various species (42,69-72), alterations 430 

in their activity in the etiology of POI could occur at multiple levels of the HPO axis.  Studies on 431 

the structure of GREM2 with GDF5 indicates that GREM2 forms alternating higher form stable 432 

aggregates with its ligands that is unique among the BMP antagonists, as compared to Noggin 433 

and Follistatin (6).  The location of the S119F mutation lies within the interface between 434 

GREM2 and GDF5, but it is currently not known how this mutation affects functional 435 

antagonism.  Mechanistically, GREM2 wraps around the BMP signaling molecule, occluding 436 

both the type I (located at the concave dimer interface) and type II (at the convex surface of the 437 

ligand) binding sites needed for signaling (6).  The side chain of the S119 residue points directly 438 

into one of the primary binding interfaces of GDF5, specifically the one that impairs binding of 439 

GDF5 to the type II BMP receptors.  Previous mutational work has demonstrated that this section 440 

of GREM2 is particularly important to robust BMP inhibition and sensitive to mutational 441 
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disruption (6).  Additionally, when we modeled S119 with a phenylalanine, a significant steric 442 

clash occurred with both the ligand and residues of GREM2 important for GDF5 binding.  Thus, 443 

we anticipate the S119F mutation would interfere ligand binding and weaken GREM2 444 

antagonism, potentially leading to a gain-of-function in BMP or AMH signaling.  The genetic 445 

variants found for BMPR1A (ALK3) and BMPR1B (ALK6) are located within the kinase domain 446 

of the receptors, and show altered signaling when measured by in vitro assays.  The BMPR1A 447 

p.Arg442His variant inhibits receptor activation and was discovered in a patient with menarche 448 

at 14 years and amenorrhea 1 year later (73).  The BMPR1B p.Phe272Leu variant shows 449 

constitutive activation when tested in vitro, and was discovered in a patient with secondary 450 

amenorrhea at age 27 (73).  Thus, both loss-of-function and gain-of-function mutations that alter 451 

BMP signaling may drive POI.  Of interest, mouse knockouts do not always fully phenocopy 452 

human disease; for instance, women with loss-of-function variants in DCAF17 show 453 

hypogonadism, but when the same mutations are made in mouse models, the mice are subfertile 454 

(74).  Additional structure-function studies will be required to understand how the GREM2 455 

variant alters BMP or AMH signaling and its consequences on HPO function.   456 
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Figures legends 698 

 699 

Fig. 1.  Generation and validation of a Grem2 null allele.  (A) Schematic of the Grem2 locus 700 

on chromosome 1.  Grem2 contains two exons, with the open reading frame (ORF) encoded in 701 

exon 2.  The 5’ and 3’ guide sequences are shown with the protospacer adjacent motif (PAM) 702 

site in red.  The 5’ guide sequence is located in intron 1 and the 3’ guide sequence is located 703 

within the 3’ untranslated region (UTR).  (B) PCR genotyping of genomic DNA of potential 704 

founder mice, labeled P1-P4.  Different size deletions are typical due to the imprecise nature of 705 

NHEJ.  (C) Summary of DNA sequencing information and alignment of the founders P2 and P3 706 

with the location of the ORF shown in green and the 3’ UTR in red.  (D) Validation of loss of 707 

Grem2 transcript in Grem2-/- tissues by qPCR, n=3 independent ovaries for wild type (WT) and 708 

n=4 for knockout (KO), **P<0.01.  Levels are normalized to Gapd and shown relative to the 709 

amount in the wild type ovary.  (E) Comparison of incisors between wild type and Grem2-/- from 710 

the P2 parental line, which was chosen from 2 founder lines with similar fertility defects.  Graph 711 

shows data for upper and lower incisors in wild type and Grem2-/- at three ages.  No difference 712 

was found in upper or lower incisor length between wild type and Grem2-/- at 3 weeks of age 713 

(n=6 mice each genotype).  Lower and upper incisors of Grem2-/- (n=5 mice) were significantly 714 

smaller at 6 weeks of age (*P<0.05) but only upper incisors were significantly smaller 715 

(**P<0.01) in Grem2-/- (n=5) compared to wild type (n=5) at 12 weeks of age.  Image insert, 716 

wild type and Grem2-/- incisors at 9 months of age. Scale bar in photograph, 4mm.  717 

 718 

Fig. 2.  Grem2-/- females are subfertile.  (A) Body weight (g) at time of necropsy for wild type 719 

(black squares) and Grem2-/- (grey circles) females at 3, 6, 12, and 24 weeks of age.  Markers 720 
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represent the mean +/- s.e.m. of n=3-16 animals of each genotype, **P<0.01 by Student’s t-test 721 

between wild type and knockout mice at the indicated time point.  (B) Average litter sizes (pups 722 

per litter) wild type (n=4) and Grem2-/- (n=5) mice.  Females of each genotype were set up in 723 

breeding pairs at sexual maturity (6-8 weeks of age) to a wild type male and the number of pups 724 

recorded over eight months.  The average pups per litter is shown as mean +/- s.e.m for the entire 725 

breeding trial (“overall”; months 1-8) or in two age brackets (1-4 months versus 5-8 months).  726 

The data were split into two age brackets to determine if there was any effect of age, with the 727 

asterisk indicated statistical significance in the 5-8-month group; *P<0.05 by Student’s t-test.  728 

(C) Average litters per month between wild type and Grem2-/- (“KO”) females in the same 8-729 

month breeding trial as shown in panel B.  Data are shown as mean +/- s.e.m, with **indicating 730 

P<0.01 by Student’s t-test. 731 

 732 

Fig. 3.  Grem2-/- ovaries show normal follicle morphometrics prior to sexual maturity.  (A) 733 

(A) Morphometric assessment of follicle numbers in sexually immature mice.  Shown are mean 734 

+/- s.e.m. of follicle counts obtained from n=3 of each genotype at 3-weeks of age.  B) Atretic 735 

follicle counts for the same ovaries as in panel A but at a different scale due to the low overall 736 

amounts of follicle atresia in immature mice. **P<0.01 indicates a significantly reduced number 737 

of atretic follicles in Grem2-/- by Student’s t-test. (C) Representative PAS histology for a 3-week 738 

wild type ovary showing primordial follicles (PrF), primary follicles (PF), secondary follicles 739 

(SF) and antral follicles (AF).  The oviduct (OVI) is also indicated.  (D) Representative PAS 740 

histology for a 3-week old Grem2-/- with similar follicle stages as the wild type. Scale bar in C, D 741 

100 µm.    742 

 743 
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Fig. 4.  Sexually mature Grem2-/- ovaries show continuing folliculogenesis but evidence of 744 

macrophage infiltration at six months of age.   (A, B) Representative PAS histology of a wild 745 

type ovary at 6-months of age showing folliculogenesis and oocyte remnants (ZPR) within the 746 

interior of the ovary, which is typical in this strain of mice. Area boxed in (A) is shown at a 747 

higher magnification in panel B.  (B) Boxed area in panel (A) showing primordial follicles (PrF), 748 

primary follicles (PF), secondary follicles (SF), ZPR, and an atretic follicle (Atr) are shown at 749 

higher magnification for the representative wild type ovary.  (C)  Representative PAS histologic 750 

section of an ovary from a 6-month old Grem2-/- mouse.  All follicle stages are present as are 751 

corpora lutea (CL), indicating ovulation. Boxed areas in panel C is shown as higher 752 

magnification images in panel D. Arrowheads in panel C, D indicate large patches of PAS+ cells 753 

that are distinct from PAS+ ZPRs (Panel E).  (E) Anti-F4/80 immunohistochemistry in a 754 

representative wild type ovary showing the typical pattern of single positive cells (arrowheads) 755 

scattered within the stroma, theca, and CL.  (F) Representative Grem2-/- ovary at the same 756 

magnification as panel (E) showing regions of F4/80 positive immunoreactivity (arrowheads) in 757 

areas that are larger and less dispersed as well as an F4/80 negative ZPR.  Scale bar in panels A, 758 

C, 200 µm; panel B, D,E, F, scale bar 50µm. 759 

 760 

Fig. 5. Grem2-/- mice have irregular estrous cycles.  (A) Three typical estrous cycles for each 761 

genotype are shown for 6-month old wild type (WT) (black) and Grem2-/- (red) mice from a total 762 

of n=6 mice per genotype.  Estrous cycle day is indicated on the y-axis as estrus (E), proestrus 763 

(P), diestrus (D), and metestrus (M) for both genotypes  (B) Percentage of time in metestrus and 764 

diestrus, and (C) number of days in estrus for 6-month old wild type (n=6) and Grem2-/- (n=6) 765 

for a one-month period. *P<0.05. 766 
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 767 

Fig. 6.  Lack of correlation between serum estradiol and FSH in diestrous stage Grem2-/- 768 

mice.  (A) Linear regression of serum estradiol (pg/mL) and FSH (ng/mL) in WT (shown as 769 

black circles) (n=5) and Grem2-/- (shown as red squares) (n=6) at six months of age.  (B) Relative 770 

mRNA expression levels by qPCR for Grem2 in the wild type mouse ovary, hypothalamus, and 771 

pituitary normalized to Gapd and relative to the level of Grem2 in the ovary (n=5 animals).  (C) 772 

mRNA expression of inhibin/activin subunits, Inha, Inhba, Inhbb, by qPCR in ovaries from 773 

diestrus stage 6-month-old mice (n=6 each genotype). *P<0.05 by Student’s t-test. 774 

  775 

Fig. 7. Follicles from Grem2-/- mice produce reduced levels of AMH.  Ovary sections from 6-776 

month-old WT and Grem2-/- mice were analyzed for AMH immunoreactivity (red) and DAPI 777 

(blue) was used to stain nuclei (A).  Arrowheads indicate secondary follicles (SF).  Scale bars, 778 

100 µm (n=3 per genotype).  Data were analyzed by classifying follicles as preantral follicle type 779 

(B) or by individual types (C, D, and E).  Grouping all preantral follicles showed lower levels of 780 

expression in the Grem2-/- mice (B), as did type 4 follicles (D). 781 

 782 

Fig. 8.  Model of the GREM2 variant S119F with the ligand GDF5.  (A) Structure of GREM2 783 

(monomers in pale orange and tan) in complex with GDF5 (monomers in slate and pale green) 784 

with S119 shown in red, PDB ID: 5HK5 (6) (B)  Structure of GREM2-GDF5 with S119 mutated 785 

to F119, with the most probable rotomer shown in red.  Zoomed in view of panel A, focusing on 786 

the S119 residue and its local interactions. (D) Zoomed in view of panel B, focusing the F119 787 

residue and its local interactions. 788 

789 
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Tables 790 

Table 1.  Summary of gene expression by qPCR of six-month-old wild type (n=6) and Grem2-/- 791 

(n=6) ovaries at diestrus. Data were analyzed by the DDCT method using Gapd for normalization 792 

and data are shown relative to the wild type mean. Fold change is levels of Grem2-/- compared to 793 

WT. Data were analyzed using the nonparametric Mann-Whitney U test.  aStatistical significance 794 

between wild type and Grem2-/- ovaries (P<0.05).  ND, no difference. 795 

Symbol Gene 

WT  

Ave. +/- 

s.e.m. 

Grem2-/-  

Ave. +/- s.e.m. 
Fold 

Change  

Bmp2 Bone morphogenetic protein-2 1.0 +/- 0.2 1.0 +/- 0.1 ND 

Bmp4 Bone morphogenetic protein-4 1.0 +/- 0.3 0.7 +/- 0.1 ND 

Bmp15 Bone morphogenetic protein-15 1.0 +/- 0.2 1.2 +/- 0.1 ND 

Cyp19a1 Aromatase 1.0 +/- 0.3 0.8 +/- 0.1 ND 

Fshr Follicle stimulating hormone receptor 1.0 +/- 0.3 1.0 +/- 0.0 ND 

Gdf9 Growth and differentiation factor-9 1.0 +/- 0.1 1.1 +/- 0.1 ND 

Kitl1 Kit ligand 1 1.0 +/- 0.1 0.8 +/- 0.1 ND 

Kitl2 Kit ligand 2 1.1 +/- 0.1 0.9 +/- 0.2 ND 

Sele Selectin E 1.0 +/- 0.2 1.0 +/- 0.1 ND 

Tnfa Tumor necrosis factor a 1.0 +/- 0.2 0.9 +/- 0.1 ND 

 796 

 797 

 798 
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Table 2.  Serum hormone data for six-month old female wild type and Grem2-/- mice at 799 

diestrus. Results are shown as the mean +/- s.e.m. for the indicated number of females (n). Data 800 

were log transformed prior to statistical analysis using the nonparametric Mann-Whitney U test.  801 

Statistical significance was only detected for AMH values, **P<0.01 802 

Hormone Wild type (n) Grem2-/- (n) 

FSH (ng/mL) 7.8 +/- 2.5 (5) 6.2 +/- 1.7 (6) 

LH (ng/mL) 0.4 +/- 0.1 (5) 1.1 +/- 0.8 (6) 

Estradiol (pg/mL) 8.7 +/- 4.8 (5) 4.5 +/- 1.1 (6) 

Testosterone (ng/dL) 45.5 +/- 29.8 (5) 31.0 +/- 5.6 (6) 

Anti-Müllerian Hormone (ng/mL) 146.8 +/- 13.8 (5) 66.1 +/- 10.5** (6) 
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