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ABSTRACT  28 

BMP15 encodes an oocyte factor with a relevant role for folliculogenesis as homodimer or cumulin 29 

heterodimer (BMP15-GDF9). Heterozygous BMP15 variants in the precursor or mature peptide had been 30 

associated with primary ovarian insufficiency (POI), but the underlying mechanism remains elusive and a 31 

double dose of BMP15 was suggested to be required for adequate ovarian reserve. We uncovered two 32 

homozygous BMP15 null variants found in two girls with POI and primary amenorrhea. Both heterozygous 33 

mothers reported physiological menopause. We then performed western blot, immunofluorescence and 34 

reporter assays to investigate how previously reported missense variants, p.Y235C and p.R329C, located in 35 

the precursor or mature domains of BMP15, may affect protein function. The p.R329C variant demonstrates 36 

an impaired colocalization with GDF9 at confocal images and diminished activation of the SMAD pathways 37 

at western blot and reporter assays in COV434 follicular cell line. In conclusion, BMP15 null mutations 38 

cause POI only in the homozygous state, thus discarding the possibility that isolated BMP15 39 

haploinsufficiency can cause evident ovarian defects, Alternatively, heterozygous BMP15 missense variants 40 

may affect ovarian function by interfering with cumulin activity. Our data definitely supports the 41 

fundamental role of BMP15 in human ovarian folliculogenesis. 42 
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Introduction 48 

BMP15 (MIM# 300247) was indicated as the first ovarian determining gene on the X chromosome (Layman, 49 

2006). It encodes a protein known to act as homo- or hetero-dimer, together with the product of GDF9 50 

(MIM# 601919) gene. The Bone morphogenetic protein 15 (BMP15) and the Growth/differentiation factor 9 51 

(GDF9) are members of the Transforming growth factor beta (TGF-β) superfamily and factors of oocyte 52 

origin playing apparently variable fundamental roles in the ovary of mono- or poly-ovulating species 53 

(Persani, 2014). Like all TGFβ-like ligands, BMP15 and GDF9 are synthetized as large pre-proproteins 54 

composed of a signal peptide, a pro-region that directs their dimerization (Hashimoto, 2005; McIntosh, 2008) 55 

and a mature domain (Shimasaki, 2004). As processing proceeds, the dimeric proproteins are cleaved at 56 

RXXR site by furin-like proteases to generate the dimeric mature proteins, then secreted in the follicular 57 

fluid (Simpson, 2012; Al-Musawi, 2013). BMP15 and GDF9 are part of the few TGFβ members with the 58 

fourth cysteine of the “cystine knot” domain, which is involved in the formation of intersubunit disulfide 59 

bond, substituted by a serine (McDonald and Hendrickson, 1993; McPherron and Lee, 1993). Nevertheless, 60 

they are known to be able to form noncovalently linked homodimers (Liao, 2003), as well as noncovalently 61 

linked heterodimer, which was named cumulin (Mottershead, 2015), able to exhibit higher potent bioactivity 62 

on granulosa cells (GCs) (Mottershead, 2012; Peng, 2013). The action of BMP15 homodimer and/or 63 

BMP15-GDF9 heterodimer include: i) the promotion of early follicle growth and maturation, closely linked 64 

to GCs proliferation, in rats, humans and ruminants; ii) the regulation of follicular GCs sensitivity to the 65 

Follicle-Stimulating Hormone (FSH) action in rats and sheeps and the determination of ovulation quota in 66 

sheeps and mice; iii) the prevention of GCs apoptosis and iv) the promotion of oocyte developmental 67 

competence in ruminants (for review, Persani, 2014). As stated earlier, BMP15 and GDF9 influence 68 

fundamental female reproductive processes. In Humans, non-synonymous variants in the BMP15 and GDF9 69 

genes have been associated with different ovarian phenotypes, such as Primary Ovarian Insufficiency (POI; 70 

MIM# 300510) (Di Pasquale, 2004 and 2006; Dixit, 2006; Laissue, 2006; Rossetti, 2009; Tiotiu, 2010; 71 

Wang, 2010 and 2013; Zhang, 2018), dizygotic twinning (MIM# 276400) (Montgomery, 2004; Palmer, 72 

2006; Zhao, 2008), polycystic ovary syndrome (PCOS; MIM# 184700) (Wang, 2010; Liu, 2011; 73 

Mehdizadeh, 2016) and ovarian hyperstimulation syndrome (OHSS; MIM# 608115) (Morón, 2006; Hanevik, 74 

2011). POI represents one major cause of female infertility before 40 years of age. The premature loss of 75 



ovarian function may be due to a wide range of pathogenic causes, among which the genetic component 76 

seems to play a considerable role (Rossetti, 2017). BMP15 and GDF9 gene variants were found associated 77 

with significant prevalence with POI phenotype, respectively 1.5-12% for BMP15 (Persani, 2014) and 1-4% 78 

for GDF9 (Qin, 2015). Recently, this calculation has been confirmed with all nonsynonymous BMP15 79 

variants identified by March 2017 (Belli and Shimasaki, 2018). Since the first identified human BMP15 80 

p.Y235C mutation associated with hypergonadotropic ovarian failure and 46,XX gonadal dysgenesis (Di 81 

Pasquale, 2004), other 25 POI-related variants have been reported (Zhang, 2018; Belli and Shimasaki, 2018), 82 

mostly at the heterozygous state and located in the pro-region of the protein. So far, a few variants have been 83 

functionally tested showing either effects of negative dominance (Di Pasquale, 2004) or haploinsufficiency, 84 

due to altered protein processing and impaired bioactivity on target GCs (Rossetti, 2009; Inagaki and 85 

Shimasaki, 2010). However, the degree of functional impairment and the molecular mechanisms underlying 86 

most of the identified variants remain largely unexplained. Recently, novel BMP15 deletions have been 87 

identified in compound heterozygosity in a family with two sisters affected with POI, yielding a complete 88 

lack of mature BMP15 and representing the first example of a human “knockout-like” effect. Notably, the 89 

mother was heterozygous for only one of these mutations and had a normal fertility. Therefore, this family 90 

did not support previous reports of BMP15 haploinsufficiency and gene dosage in humans (Mayer, 2017). 91 

Here we obtain insights on these open questions by: a) the description of two BMP15 null homozygous 92 

variations in two girls with POI and primary amenorrhea confirming that BMP15 haploinsufficiency is not 93 

sufficient to cause POI; b) comprehensive molecular studies on previously described variants in the 94 

precursor or mature BMP15 peptide (Wang, 2010), suggesting that heterozygous missense variants can 95 

predispose to POI by interfering with the cumulin activity. These data give further support to the 96 

fundamental role of BMP15 in human ovarian folliculogenesis.   97 

 98 

Materials and Methods  99 

Patients 100 

Patient A (Fig. 1A, III.1) entered spontaneous menarche at 14 years of age but amenorrhea occurred few 101 

months later. She presented at 15 years with hypergonadotropic secondary amenorrhea (FSH; 63.2-73.1 U/L; 102 



LH: 28.1 U/L), low estradiol levels (14.84 pg/ml) and a normal 46,XX karyotype. Prolactin and TSH levels 103 

were normal (respectively: 8.4 μg/L and 3.0 mU/L). Both ovaries were small (left: 26x10x16mm; right: 104 

25x7x16mm) and without follicle on pelvic ultrasound. FMR1 analysis revealed a normal CGG trinucleotide 105 

expansion. Parents are first-degree cousins. The mother (Fig. 1A, II.2) entered menarche at 15 years of age, 106 

reported normal pubertal development, and entered physiological menopause at 56 years of age. Proband’s 107 

sister (Fig. 1A, III.2) never presented spontaneous menses and menarche was induced at 19 years of age. The 108 

hormone levels were similar to those of her sister. Unfortunately, the genomic DNAs (gDNA) of both 109 

mother and sister of the proband were not available for genetic analysis.  110 

Patient B (Fig. 1C, III.5) was included in a recent study (Bestetti, 2019). She presented at 16 years old with 111 

hypergonadotropic primary amenorrhea (FSH: 141-135 U/L; LH: 43.0 U/L) and hypoestrogenism (17betaE2 112 

27 pg/ml), while prolactin and TSH levels were normal (respectively: 12.2 μg/L and 1.4 mU/L). Both ovaries 113 

were small (left: 17x6mm; right: 19x10mm) and without follicle on pelvic ultrasound. Additionally, this 114 

patient presented glucose-6-phosphate dehydrogenase deficiency (locus Xq28) but no FMR1 premutation. 115 

Karyotype was 46,XX. Likewise to patient A, parents (Fig. 1C, II.6 and II.7) were first-degree cousins and 116 

the mother (Fig. 1C, II.7) entered physiological menopause at 50 years of age. 117 

Ethical approval 118 

Written informed consent for blood sampling and genetic investigations, approved by the Ethical Clinical 119 

Research Committees of IRCCS Istituto Auxologico Italiano, was obtained from patients and families. 120 

Next Generation Sequencing 121 

Genomic DNA (gDNA) was isolated from leukocytes of peripheral blood by using automatic DNA extractor 122 

Tecan Freedom Evo (Tecan Group Ltd, Männedorf, Switzerland). Mutations were sought in the coding 123 

exons and flanking splice sites of five POI candidate genes (BMP15, GDF9, NOBOX, FSHR, NR5A1). 124 

Primers were designed using DesignStudio software (Illumina, San Diego, CA, USA). Library preparation 125 

was performed according to the manufacturer protocol using 50 ng of gDNA. Samples were prepared for 126 

sequencing using the TruSeq Custom Amplicon Library Preparation Kit (Illumina). Amplicon libraries were 127 

sequenced on Illumina MiSeq system. The MiSeq Reagent Kits v2 was used for all sequencing reactions. 128 



After sequencing, reads were automatically aligned to the human Genome Assembly hg19 (GRCh37, UCSC 129 

Genome Browser) using the MiSeq Reporter software and visualized using the Amplicon Viewer software 130 

(both from Illumina). Variants with Minor Allele Frequency >0.01 were filtered out and IGV software was 131 

used for the real-time visualization and annotation of single nucleotide variants (SNVs) and small 132 

insertions/deletions (indels) (Robinson, 2011; Thorvaldsdóttir, 2013). The identified mutation was confirmed 133 

using Sanger sequencing. 134 

Array-CGH 135 

Patient B’s gDNA was processed by 400K Human Genome CGH Microarray, spanning approximately 136 

411,056 probes with an average spatial resolution of 5.3 kb (4.6 kb in RefSeq genes), as recently reported 137 

(Bestetti, 2019).  138 

Real-Time qPCR 139 

For copy number quantification using real-time quantitative PCR, 20 ng of gDNA from Patient B and her 140 

parents were used as target templates for the TaqMan Copy Number Assay (Thermo Fisher Scientific, 141 

Waltham, MA, USA), following the protocol previously described (Castronovo, 2014). A 46,XX gDNA 142 

known to have two copies of the target sequences was chosen as calibrator whereas a 46,XY gDNA was 143 

chosen as internal control with one copy of the target sequences. Four replicates for each sample were 144 

analyzed twice. Reactions were run on a 7900HT Real-Time PCR instrument (Thermo Fisher Scientific), 145 

SDS software 2.4, performing the Absolute Quantitation method. 146 

Constructs 147 

The NM_005448.2(BMP15_v001):c.462del variant (from Patient A) has been introduced by site-directed 148 

mutagenesis using the QuickChange Site-Directed Mutagenesis kit (Agilent Technologies) and a specific 149 

pair of primers (Supp. Table S1) into the pcDNA4 vector (Thermo Fisher Scientific) containing a full-length 150 

human BMP15 wt cDNA (NM_005448.2) in frame with a myc-histidine tag at C-term, thus leading to the 151 

pcDNA4-BMP15-W155Gfs*22 construct, which expresses a prematurely truncated form of BMP15 within 152 

the proregion domain. Similarly, the missense mutant NM_005448.2(BMP15_i001):p.R329C was obtained 153 

by site-directed mutagenesis of the wt pcDNA4-BMP15 construct with the 154 



NM_005448.2(BMP15_v001):c.985C>T variant, as control (Supp. Table S1). As further control, we used 155 

the pcDNA4-BMP15-Y235C vector expressing the NM_005448.2(BMP15_i001):p.Y235C variant 156 

(NM_005448.2(BMP15_v001):c.704A>G), already described (Di Pasquale, 2004). The analysis of SMAD2 157 

pathway activation was obtained by the cotransfection of pCS2 constructs for BMP15 (wt or variants) with 158 

the wt pCS2-GDF9, after subcloning the corresponding pcDNA4 vectors with ClaI and XbaI restriction 159 

enzymes (New England Biolabs, Ipswich, MA, USA) (Rossetti, 2009). For the reporter assay, it was used the 160 

pCS2-BMP15-R329C construct.   161 

The coding sequence of human GDF9 (NM_005260) was also cloned into the vector pCDNA3.1 with V5-162 

histidine tag at C-term by using HindIII and XhoI FastDigest restriction enzymes (all by Thermo Fisher 163 

Scientific). The eGFP-tagged plasmid containing the cDNA of human BMPR1b (NM_001203) was obtained 164 

by cloning the vector peGFP-N1 (Takara Bio USA, Mountain View, CA, USA) by using EcoRI and BamHI 165 

enzymes (New England Biolabs). 166 

All the plasmid sequences were verified by means of direct sequencing to exclude unwanted substitutions. 167 

Cell cultures and transfection 168 

Both HEK293T and COV434 cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium) with 169 

Glutamax (Thermo Fisher Scientific) supplemented with 1% penicillin-streptomycin and 10% foetal bovine 170 

serum (all from Sigma Aldrich, Saint Louis, MO, USA) at 37°C and 5% CO2, and transiently transfected 171 

using Fugene HD (Promega, Madison, WI, USA) according to the manufacturer’s protocol in either 172 

multiwell-6 for immunoblotting or in multiwell-12 for immunofluorescence microscopy. 173 

Treatments 174 

The broad-spectrum Matrix MetalloProteinase (MMP) inhibitor GM6001 (Merck, Darmstadt, Germany), or 175 

Ilomastat, was used at the final concentration of 20 μM, as previously reported (Panigone, 2008), and was 176 

added to HEK293T cells respectively 5 hours, 24 hours or 30 hours post-transfection in Optimem + 177 

Glutamax (Thermo Fisher Scientific) with 1% FBS. Culture media from treated and untreated cells from the 178 

three time points were finally recovered 48 hours post-transfection for purification and subsequent 179 

immunoblot. 180 



Antibodies 181 

Commercial primary antibodies were mouse monoclonal anti-myc (Thermo Fisher Scientific), rabbit 182 

monoclonal anti-Phospho-Smad2 (Ser465/467) (Cell Signaling Technology, Leiden, The Netherlands), 183 

mouse monoclonal anti-Smad2/3 (BD Biosciences, Franklin Lakes, New Jersey, U.S.A.), anti-actin (BD 184 

Biosciences) and rabbit polyclonal anti-V5 (Cell Signaling Technology, Danvers, MA, U.S.A.). For 185 

immunofluorescence experiments, double stainings were carried out with 555/488-tagged mouse or rabbit 186 

secondary antibodies (Thermo Fisher Scientific). Horseradish Peroxidase-conjugated secondary antibodies 187 

were purchased from Jackson Laboratories (Jackson ImmunoResearch Europe, Cambridge, UK). 188 

Immunoblotting 189 

Cultured HEK293T cells were lysed 48 hours post transfection in RIPA buffer (Radio-Immune Precipitation 190 

Assay: 50 mM Tris-HCl, pH 7.4, 150 mM sodium chloride, 1% NP-40, 0.5% Sodium Deoxycholic acid, 191 

0.1% sodium dodecylsulfate) with protease inhibitor cocktail (Roche, Basilea, Switzerland). Besides, culture 192 

media were recovered from the same wells and processed for the purification of recombinant human BMP15 193 

proteins wt or mutated by using the Dynabeads His-Tag Isolation & Pulldown kit (Thermo Fisher Scientific). 194 

Eluted samples were further precipitated with 4 volumes of Acetone (Sigma Aldrich) and then solubilized in 195 

sodium dodecyl sulphate denaturation buffer. Cultured COV434 cells were lysed 48 hours post-transfection 196 

in RIPA buffer with protease inhibitor cocktail and phosphatase inhibitor cocktail 3 (Sigma Aldrich). In each 197 

representative blots, equal amounts of extracted proteins were separated on NuPage 4–12% BIS-TRIS gels 198 

(Thermo Fisher Scientific) and transferred onto nitrocellulose membranes (Thermo Fisher Scientific). 199 

Signals were visualized by means of ECL Westar Supernova (Cyanagen, Bologna, Italy) after incubation 200 

with primary and secondary antibodies. Densitometry analysis was performed by using the NIH ImageJ 201 

software. 202 

Immunofluorescence microscopy 203 

Fortyeight hours after transfection, HEK293T cells were fixed for 20 min in 4% paraformaldehyde (Santa 204 

Cruz Biotechnology, Dallas, TX, USA) and immunostained in either permeabilizing or non-permeabilizing 205 

conditions, as follows: a) Permeabilizing conditions. Fixed cells were permeabilized in GDB solution (0.1% 206 



gelatine, 0.3% Triton-X100, 20 mM PO4 buffer pH 7.4, 0.45 mM NaCl). Primary and secondary antibodies 207 

were diluted in GDB. b) Non-Permeabilizing conditions. After blocking for 1 hour with 5% goat serum 208 

(Thermo Fisher Scientific) in PBS, cells were incubated with primary and secondary antibodies diluted in 209 

PBS + 1% BSA (Bovine Serum albumin, Sigma Aldrich). 210 

After immunostaining, cells were mounted using ProLong Gold Antifade reagent (Thermo Fischer 211 

Scientific) containing DAPI for nuclei staining. Images were acquired using a Nikon EclipseTi-E inverted 212 

microscope with IMA10X Argon-ion laser System by Melles Griot (Nikon, Tokyo, Japan); all images were 213 

acquired with CFI Plan Apo VC 60X Oil (Nikon), with a 2.1X digital magnification. 214 

Image Analysis 215 

The black and white magnifications in Fig. 7A were obtained by inverting the signal of the red channel 216 

(boxed areas only) using Adobe Photoshop (Adobe Systems, San Jose, CA, USA). The color-coded surface 217 

plots from the same areas were obtained using the NIH ImageJ software plugin ‘Interactive 3D Surface Plot’ 218 

using the ‘Fire LUT’ option; the scale on the right indicates fluorescence intensities expressed in Relative 219 

Light Units (RLUs). The Plot Profile graphs in Fig. 5B, Fig. 6B and Supp. Figure S4 were obtained using 220 

ImageJ plot profile. 221 

The degree of extracellular BMP15 clusterization in transfected cells was quantified on confocal images as 222 

follows: cell outlines (deduced from the GFP-BMPR1b signal) were drawn using ImageJ ‘segmented line’ 223 

tool (line width= 5 pixels). For the BMP15 signal alone, a plot profile (similar to the ones presented in Supp. 224 

Figure S4) was generated for each cell perimeter. To determine the ‘Number of peaks per cell’, numerical 225 

data used to generate the plot profiles (corresponding to the florescence intensity of each pixel of the cell 226 

perimeter, expressed in RLUs) were exported in Microsoft Office Excel and manually analysed. A string of 227 

numbers higher than 5 RLUs and separated from the other strings by at least 5 black pixels (RLU=0) was 228 

defined as a single peak. The ‘Mean peak’s length’ was inferred from the length of the numerical strings. At 229 

least 45 cells from 3 independent experiments were quantified for each transfectant. 230 

The percentage of colocalization between BMP15 and GDF9 in permeabilizing conditions was obtained by 231 

calculating the Manders’ colocalization coefficient (MCC) using ImageJ plugin JACoP (Bolte and 232 



Cordelières, 2006) in at least 15 cells for each transfectant. Similarly, the percentage of colocalization 233 

between each BMP15 variant and GDF9 along the cell membrane was obtained by calculating the MCC 234 

using ImageJ plugin JACoP (Bolte and Cordelières, 2006). Thresholds were calculated automatically by the 235 

plugin.  236 

Reporter assay 237 

The bioactivity of NM_005448.2(BMP15_i001):p.R329C variant was performed as previously described 238 

(Rossetti, 2009) by using the Dual Luciferase reporter Assay kit (Promega) and measuring the emitted 239 

luminescence in relative light units (RLU). 240 

Statistical analysis 241 

Real-Time qPCR: data files containing four replicates per sample CT values for each reporter dye were 242 

imported into the Copy Caller software analysis tool (Thermo Fisher Scientific) to calculate sample copy 243 

number values by relative quantification, using the comparative CT (ΔΔCT) method. The method measured 244 

the CT difference (ΔCT) between target and reference sequences and then compared the ΔCT values of each 245 

sample to the ΔCT of calibrator sample (a BMP15 wt 46,XX female), known to have two copies of the target 246 

sequence. The assay was repeated twice. Results are indicated as median, specifying the range of max and 247 

min values obtained. 248 

Image Analysis of immunofluorescence microscopy: all quantitative data are presented as mean ± s.e.m. 249 

The box and whiskers plot in Fig. 5C summarizes the data of three independent experiments, and the Tukey 250 

method was applied to identify outlier values. Multiple comparisons among groups were carried out with 251 

One-way Anova using Prism software (GraphPad Prism software, La Jolla, CA, USA), *p<0.05, **p<0.01 252 

and ***p<0.001. 253 

Immunoblot densitometry: the immunoblots of P-SMAD2 and SMAD2 were performed in duplicate, a 254 

representative blot is shown in Fig. 7A (left). The densitometry analysis was carried out with One-way 255 

Anova using Prism software, *p<0.05 (right). 256 



Reporter assay: the bioassay was performed four times in triplicate wells. All values represent the mean ± 257 

s.e.m. A Student’s t-test was used for statistical evaluation and a P value <0.05 was considered statistically 258 

significant, **p<0.01. 259 

 260 

Results 261 

Identification of two homozygous BMP15 variants 262 

Genomic DNAs extracted from lymphocytes of peripheral blood samples from Patient A and B were 263 

analyzed by Next Generation Sequencing (NGS) for 5 candidate genes known for having a role in the 264 

pathogenesis of POI: BMP15, GDF9, FSHR, NOBOX, NR5A1, we routinely screen for diagnostic purpose in 265 

patients with idiopathic POI. The NGS analysis of Patient A revealed the c.462del variant in the BMP15 266 

gene in homozygosis (Fig. 1A, III.1), further validated by Sanger sequencing (Fig. 1B, left). No signal of 267 

BMP15 probes were instead detected by NGS in Patient B (Fig. 1C, III.5; Fig. 2A), nor by direct sequencing, 268 

suggesting a biallelic deletion of this gene. The subsequent evaluation by high-resolution array-CGH 269 

(aCGH) analysis confirmed the homozygous deletion of 7 spots spanning 35.6 kb in Xp11.22 (Fig. 2B), 270 

consistent with the biallelic deletion of BMP15 in Patient B. Any other rare copy number variant in Patient 271 

B’s whole genome has been excluded (Bestetti, 2019). Patient B and her parents were further investigated for 272 

BMP15 copy number by real-time quantitative PCR (Fig. 2C). As expected, no copy of BMP15 was detected 273 

in both the proband and her father (Fig. 1C, II.6; Fig. 2C) whereas her mother (Fig. 1C, II.7; Fig. 2C) showed 274 

one BMP15 allele, resulted wild-type (wt) at direct sequencing. No variants were identified in the other 275 

screened candidates for both patients. 276 

The c.462del variant generates an aberrant precursor 277 

The c.462del variant causes a frameshift of BMP15 coding sequence leading to a premature stop codon at 278 

position 177 in the pro-region which ultimately results in a prematurely truncated aberrant precursor (here 279 

and thereafter named p.W155Gfs*22) of approximately 31KDa, as demonstrated by the immunoblot assay 280 

on total cell lysates obtained by HEK293T cells transfected with myc/his-tagged constructs (Fig. 3A). We 281 

included in the study two previously reported variants. One variant is p.R329C, located in the mature 282 



peptide, which was reported in a Chinese patient with POI and secondary amenorrhea, but no further 283 

molecular or functional characterizations have been performed yet (Wang, 2010). The other variant is 284 

p.Y235C, the first described BMP15 variant, which is associated with POI and 46,XX gonadal dysgenesis 285 

(Di Pasquale, 2004). Particularly, the p.Y235 was characterized as a residue under positive evolutive 286 

selection, thus suggesting its key importance in the function of the protein (Auclair, 2013). In the 287 

immunoblot of cell lysates with the monoclonal anti-myc antibody, the p.R329C variant shows a precursor 288 

band comparable to the wt and a faint band corresponding to the mature peptide, in contrast to the profile 289 

expression pattern of wt and the other variant p.Y235C (Fig. 3A). As expected, the secretion profile of 290 

recombinant human BMP15 proteins myc/his tagged, which were purified by cell culture media from the 291 

same transfections, confirmed the absence of the mature protein of p.W155Gfs*22 variant (Fig. 3B). 292 

Moreover, we excluded translation re-initiation downstream of the premature stop codon by transfecting 293 

HEK293T cells with the pcDNA-BMP15-462del mutant construct, where the nonsense codon generated by 294 

the single-base deletion was in frame with the myc-tag (Supp. Figure S1). Taking into account the two 295 

additional bands 1 and 2 (respectively at approximately 20 and 10 KDa) of possible degradation of the 296 

mature peptide, we noticed that the p.R329C lacks the second lower band (band 2 in Fig. 3B and 4), 297 

differently from wt and the p.Y235C variant.  298 

The p.R329C variant shows a peculiar processing 299 

In Fig. 4, we then evaluated the time course of production of p.R329C protein. At 24 hours post-transfection 300 

(pt), it is visible the precursor at 55 KDa, similarly to wt, and it appears a faint upper band of approximately 301 

70 KDa of uncertain origin (band 3). This band results more accentuated at 30 hours pt and completely 302 

disappears 48 hours pt. Band 3 is completely absent in the wt immunoblot. In contrast, band 2 never appears 303 

in presence of the variant at any time points. To further investigate if this band could be the result of the 304 

activity of a metalloproteinase of membrane (MMP), which it is known can modulate many bioactive 305 

molecules at the cell surface (Stefanidakis and Koivunen, 2006), and if the presence of p.R329C variant 306 

could eventually abolish the MMP activity, we treated HEK293T cells expressing wt or BMP15 p.R329C 307 

with GM6001, a broad-spectrum MMP inhibitor, at different time points (added at 5, 24 and 30 hours pt). 308 

However, as shown in Supp. Figure S2, no difference between treated and untreated cells was revealed. We 309 



cannot exclude that the protein degradation might still occur by other MMPs (not sensitive to GM6001), we 310 

have not tested here, or directly by the furin protease itself, which is able to translocate from trans-Golgi 311 

network to the cell membrane and here cut protein precursors (Molloy, 1994). 312 

All BMP15 variants are able to bind the external surface of cell membrane to different extents 313 

Given the differences in the extent of BMP15 variants secretion, we assessed whether the morphology of the 314 

organelles belonging to the secretion pathway might be macroscopically altered. For this purpose, 48 hours 315 

pt with either wt or mutant V5-tagged BMP15 constructs, HEK293T cells were processed for 316 

immunofluorescence staining under permeabilizing conditions. As shown in Fig. 5A, no macroscopical 317 

changes are visible in the organelles of the secretory pathway. Contrary to the p.W155G*fs22 variant, the wt 318 

and variants p.R329C and p.Y235C showed additional enrichments spots at the cell periphery (see boxed 319 

areas and their digitally modified magnifications in Fig. 5A). Such spots were localized at the plasma 320 

membrane (PM), as demonstrated by cotransfection with GFP-BMPR1b, which we used as a PM marker 321 

(Supp. Figure S3, see boxed areas and their magnifications). To discriminate if such spots were either i) 322 

BMP15-filled secretion vescicles docked at the intracellular side of the PM or ii) secreted BMP15 molecules 323 

bound on the extracellular face of the PM, we performed immunofluorescence stainings in HEK293T cells 324 

under non-permeabilizing conditions (Fig. 5B). The construct encoding for GFP-BMPR1b was again 325 

cotranfected with either wt or mutant BMP15 as a PM marker. As shown by the representative images in Fig. 326 

5B, the punctuate profile of wt, p.R329C and p.Y235C was still evident under non-permeabilizing conditions 327 

(see areas indicated by arrows, their magnifications and plot profiles). Surprisingly, the p.W155G*fs22 328 

variant also showed an extracellular signal, which was however diffusely distributed along the PM (see area 329 

indicated by arrow, its magnification and plot profile). The different distribution of the wt and 330 

p.W155G*fs22 variant along the PM is particularly evident when comparing the plot profiles generated from 331 

the confocal images of two representative cells, as shown in Supp. Figure S4. To better characterize the 332 

behavior of all the variants at the level of PM, additional plot profiles were generated and analyzed to 333 

determine the number of peaks per cells and their relative mean lengths. As demonstrated by the graphs in 334 

Fig. 5C, the reduced number of peaks per cell observed in the p.W155G*fs22 variant compared to the other 335 



transfectants inversely correlates with an increased peak’s length, collectively suggesting a decreased ability 336 

of this variant to clusterize. 337 

BMP15 variants do not impair GDF9 trafficking and secretion 338 

Given the importance of the BMP15-GDF9 heterodimer (cumulin) in mono-ovulatory species (Monestier, 339 

2014), we sought to analyze whether any of the BMP15 variants under study could affect GDF9 trafficking 340 

and secretion in cotransfected HEK293T cells. Immunofluorescence experiments under permeabilizing 341 

conditions conducted 48 hours pt showed that GDF9 protein is evenly distributed along the organelles of the 342 

secretory pathway without any morphological changes, regardless of the cotransfected BMP15 variant (Fig. 343 

6A). Indeed, the percentage of colocalization between any BMP15 variant and GDF9 along the secretory 344 

pathway was around 62-65%, calculated with ImageJ plugin JACoP. 345 

Lastly, immunofluorescence stainings under non-permeabilizing conditions in BMP15 and GDF9 346 

cotransfected HEK293T cells were performed to evaluate if GDF9 could: i) be secreted and ii) colocalize 347 

with BMP15 along the extracellular side of the PM. GDF9 could indeed be secreted and localize in a 348 

punctuated manner along the extracellular side of the PM, albeit with a substantial lower intensity of the 349 

GDF9-expressing cells found on the coverslip (see the magnified green channels in Fig. 6B), regardless of 350 

the cotransfected BMP15 variant. Nonetheless, for all BMP15 variants, except the frameshift, it was possible 351 

to assess an overlap, at least partial, with GDF9, by calculating the levels of colocalization (see the 352 

percentages in magnifications and the red and green peaks of the representative plot profiles in Fig. 6B). 353 

Notably, the p.W155G*fs22 variant maintained its diffusely distributed signal along the PM, even in the 354 

presence of clusters of GDF9 (see the magnified single channels and the representative plot profile in Fig. 355 

6B). 356 

p.R329C variant impairs cumulin signaling and BMP15 bioactivity  357 

With the purpose of functionally evaluating the heterodimer signaling in the presence of wt or mutated 358 

BMP15, COV434 cells were cotransfected with equal amounts of BMP15 (wt or mutated) and GDF9 359 

constructs. The pathway of SMAD2/3, which is known to be preferentially activated by the heterodimer 360 



(Peng, 2013), resulted significantly impaired in presence of the p.R329C variant (p<0.05, Fig. 7A on the 361 

right). 362 

The luciferase reporter assay study of the p.R329C variant in COV434 granulosa cells stably expressing the 363 

BMP responsive element, further demonstrated  a significant decrease (p<0.01) of luciferase activity upon 364 

transfection with the mutant construct compared to the wt, which was not restored even upon cotransfection 365 

with an equal amount of the wt construct (Fig. 7B).  366 

 367 

Discussion 368 

In this work we report two null mutations of BMP15 identified in homozygous condition in two patients with 369 

POI and primary amenorrhea. In one patient, the c.462del variant causes a frameshift with the inclusion of a 370 

premature stop codon at position 177 in the pro-region, resulting in a prematurely truncated protein 371 

(p.W155Gfs*22) and leading to the complete absence of the mature BMP15. When a stop codon is 372 

introduced more than 50 nucleotides upstream the final splice junction of an mRNA, the stop codon is 373 

classified as a premature termination codon and the corresponding mRNA isoform undergoes Nonsense 374 

Mediated Decay (NMD) (Lewis, 2003; Chang, 2007). However, the p.W155Gfs*22 variant occurs in the 375 

second and last exon of BMP15, downstream of the final exon-junction complex, therefore the nonsense 376 

transcript is predicted to be normally translated. Moreover, the possibility of a translation re-initiation 377 

downstream of the premature stop codon and therefore the presence of the mature form of BMP15 have been 378 

further excluded. Collectively, the experiments of confocal microscopy showed that the p.W155G*fs22 379 

aberrant precursor is secreted extracellularly, but with a diffusely distributed signal along the PM, thus 380 

suggesting a decreased ability of this variant to bundle, even in the presence of GDF9 clusters. Since receptor 381 

clustering within microdomains upon ligand binding is known to lead to spatially restricted activation of a 382 

signaling pathway (Stauffer and Meyer, 1997), we hypothesize that the BMP15 p.W155G*fs22 variant could 383 

still bind the receptor, but might prevent its activation. Further studies should be performed to validate this 384 

hypothesis. We also report a biallelic BMP15 whole-gene deletion. Also in this case, the parents were first-385 

degree cousins and the mother entered physiological menopause. Collectively, NGS, array-CGH and 386 



Taqman copy number analysis confirmed the proband and her father have no copy of BMP15 whereas the 387 

fertile mother has one wt allele.  388 

Taking into account the physiological menopause occurred in mothers of both patients, BMP15 389 

haploinsufficiency cannot cause POI. Alternatively, we propose as possible explanation the disruption of the 390 

functional interaction of BMP15 with its paralogue GDF9. Indeed, accumulating evidences indicate that 391 

cumulin, the heterodimer BMP15-GDF9, is more bioactive than the homodimers (Mottershead, 2012; Peng, 392 

2013)
 
and this cooperation would be regulated by the BMP15 pro-region (Hashimoto, 2005; McIntosh, 393 

2008). As supporting evidence, in this work we also show that the heterozygous arginine to cysteine 394 

substitution of residue 329 of the mature peptide of BMP15 (Wang, 2010) alters protein production and 395 

significantly decreases its function in vitro. During synthesis, the BMP15 prodomain interacts noncovalently 396 

with its mature peptide, maintaining the molecule in a conformation competent for dimerization and 397 

secretion (Harrison, 2011). The band of approximately 70 KDa, which appears 24 hours pt and then 398 

disappears 48 hours pt, could be the result of a prolonged unstable binding between the precursor and the 399 

mature peptides which might confer latency to the growth factor. This variation, located next to cysteines 400 

involved in the cystine knot domain (i.e. C324 to C391), could alter pro-protein intracellular integrity and 401 

modify the intra-chain disulfide bridges (Darling, 2000), however, further experiments should be performed 402 

to validate these hypothesis. It has been reported that individual bonds of cystine knot are essential for 403 

secretion and heterodimer formation but are not a prerequisite for in vitro bioactivity (Sato, 1997). As shown 404 

by immunofluorescence staining, the p.R329C variant, as well as wt and p.Y235C, show specific 405 

extracellular punctuate profile, which indicates the capacity of the variants to cluster. As several receptors 406 

have been reported to re-locate from a uniform distribution along the PM to punctuate microdomains in 407 

response to ligand binding, BMP15 extracellular clusterization on the PM could be the result of its ability to 408 

bind and activate its receptor (Stauffer and Meyer, 1997; Holowka, 2000). Nevertheless we can see only a 409 

faint clustering of GFP-BMPR1b corresponding to BMP15 peaks in our experiments (Fig. 5B, absent in plot 410 

profiles, but appreciate the green channels of Supp. Figure S3). Since HEK293T cells naturally express the 411 

BMPR1b (Human Protein Atlas) (Thul, 2017), the lack of visible receptor clustering in our experiments 412 

might be due to the preferential BMP15 binding with the endogenous BMPR1b, which does not bear the 413 

GFP molecule. Despite this, in the presence of p.R329C change we observed a severe reduction of luciferase 414 



reporter activation with respect to the wt, which was not recovered by cotransfection of the same amount of 415 

wt and mutant constructs, suggesting an aberrant binding and/or activation of its receptor, maybe due to a 416 

prolonged latent form of the protein, as other Authors already described for TGFβ-1 (Sengle, 2011). This 417 

result correlates with the finding that the p.R329 residue confers the high activity of the protein at the 418 

binding interface with the receptor BMPR1b (Al-Musawi, 2013). Moreover, in immunofluorescence 419 

experiments, the levels of colocalization of p.R329C variant with GDF9 seemed much lower than either 420 

BMP15 wt or p.Y235C, thus suggesting also a minor ability of this variant to activate the BMP15-GDF9 421 

heterodimer signaling. That is reflected in the significant impairment of the phosphorylation of SMAD2 422 

upon cotransfection of BMP15 p.R329C variant and GDF9 constructs in COV434 cells. As consequence, the 423 

impaired signaling pathways of both BMP15 homodimer and BMP15-GDF9 heterodimer suggests a 424 

dominant negative effect of this variant as possible pathogenic cause of an augmented rate of ovarian 425 

follicles expenditure, correlating with a late POI onset.  426 

In our hypothesis, heterozygous missense variants in BMP15 pro-region and, as here demonstrated, in the 427 

mature peptide would interfere with the heterodimer formation, thus predisposing to a variable reduction of 428 

ovarian reserve. In contrast, this interaction would be grossly unaffected in presence of only one copy of 429 

BMP15. A similar underlying mechanism has been observed in case of naturally occurring BMP15 mutations 430 

in the “Grivette” and “Olkuska” sheeps, which would mainly have an effect on the BMP15-GDF9 431 

heterodimer signaling (Demars, 2013). Since GDF9 is pivotal for the initiation of primordial follicle growth 432 

(Vitt, 2000) and no GDF9 variants have been found in our patients, the recruitment of primordial follicles 433 

from the resting pool into the growth phase would still be possible even in the absence of BMP15, as 434 

demonstrated by the occurrence of spontaneous menarche in Patient A, and recently suggested by other 435 

Authors (Mayer, 2017). However, the absence of the concurrent action of the heterodimer would then lead to 436 

a dysregulated progression of folliculogenesis and a premature complete exhaustion of the impaired ovarian 437 

reserve. As previously stated, the short arm on X chromosome and, in particular, the proximal region from 438 

Xp11.1 to Xp21 containing the BMP15 gene is of greatest importance for ovarian function, including several 439 

traits of Turner Syndrome. Notably, we previously reported the case of a patient with Turner syndrome 45,X 440 

who harbors a duplication of the entire BMP15 gene and had spontaneous menarche (Castronovo, 2014). In 441 

this patient, the double dose of BMP15 may have contributed to the maintenance of the ovarian reserve for 442 



several years but it was lost few years after puberty, probably due to the absence of other X-linked ovarian 443 

determinants. Therefore, BMP15 mutation/deletion might contribute to POI in a context of a polygenic-444 

multifactorial origin of the disease (Bouilly, 2016). Accordingly, only the combination of BMP15 445 

haploinsufficiency with the loss of other still unknown X-linked genes might cause the ovarian phenotype of 446 

Turner syndrome. 447 

In conclusion, the two BMP15 null mutations identified in our patients with POI and primary amenorrhea 448 

unveil a knockout-like effect with a recessive mode of inheritance, which further confirms the critical role of 449 

BMP15 and GDF9 for human female fertility. Altogether these findings suggest that cumulin heterodimer is 450 

required for adequate ovarian folliculogenesis in humans. 451 

452 
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 652 

Figure Legends  653 

Figure 1. A) Family pedigrees of Patients A. Patient A (III.1) presented with early secondary amenorrhea 654 

and harbors the c.462del variant in the BMP15 gene in homozygosis, likely inherited from her first-degree 655 

cousins parents (II.1 and II.2). Her mother (II.2) experienced a physiological menopause and proband’s sister 656 

never had menses (III.2). They could not be genetically investigated due to gDNAs unavailability. B) Sanger 657 

sequencing (left) and the alignment results (right). DNA sequence of BMP15 gene exon 2 of Patient A 658 

and the alignment with the reference sequences are shown. C) Family pedigrees of Patients B. Patient B 659 

(III.5) presented with primary amenorrhea and the biallelic deletion of the BMP15 gene (highlighted as red 660 

dots in the representation of sex chromosomes) (Bestetti, 2019). Parents are consanguineous. The father 661 

(II.6) has no BMP15 allele, while the fertile mother (II.7) has one wt BMP15 allele.  662 

Figure 2. A) NGS alignment of BMP15 sequences of Patient B and a wt control DNA sample. Patient B 663 

and a control sample sequences of BMP15 gene are displayed through the Integrative Genomics Viewer 664 

software (Robinson, 2011; Thorvaldsdóttir, 2013). The main window of IGV displays four tracks from top to 665 

bottom: 1) the BMP15 gene region (highlighted by a red line) on the X chromosome 2) the track of .bam files 666 

of Patient B; 3) the track of .bam files of the wt control sample; 4) the track of the reference genome Human 667 

hg19. No signal sequence of BMP15 gene has been detected in Patient B. B) High-resolution array-CGH 668 

analysis. The genome scan of Patient B was performed using the 400K Human Genome CGH Microarray 669 

(Bestetti, 2019). Pooled gDNA from peripheral blood of 10 healthy donors, sex-matched to the samples, was 670 

used as a reference DNA. The profile output derived from a competitive hybridization of Patient B and 671 

reference gDNA is represented for chrX and BMP15 gene region. Positive and negative values are shown as 672 

blue and red dots, respectively. The analysis confirmed the deletion of 7 spots spanning 35.6 kb in Xp11.22 673 

in homozygosity, compatible with the biallelic deletion of BMP15 in Patient B. C) Real-time quantitative 674 

PCR. The Taqman Copy Number assay has been performed on gDNAs from patient B and her parents. All 675 

samples were compared with a 46,XX control gDNA, known to have two copies of the target sequences 676 

(calibrator), and a 46,XY gDNA, with one copy of the target sequences (internal control). Four replicates for 677 

each sample were analyzed twice. Results are indicated as median, specifying the range of max and min 678 



values obtained. No BMP15 copy number was detected in both the Patient B and her father. Only one 679 

BMP15 copy number was detected in proband’s mother. 680 

Figure 3. Molecular analysis of BMP15 variants. Representative Western blots of: A) HEK293T cells 681 

lysates (20μg of loaded protein each) and B) equal amounts of their relative purified and precipitated culture 682 

media, transiently transfected for 72 hours with the indicated myc-his tagged BMP15 constructs. The 683 

pcDNA4-myc-his empty vector was transfected as control (MOCK). The p.W155Gfs*22 variant generates 684 

an aberrant precursor in total cell lysates and no mature protein is detected in the culture medium.  685 

Figure 4. The p.R329C variant shows a peculiar processing. Representative Western blots of the time 686 

course of production of p.R329C protein compared with the BMP15 wt counterpart from purified and 687 

precipitated culture media of HEK293T cells transiently transfected for 72 hours with the indicated myc-his 688 

tagged BMP15 constructs. Time points were set at 24, 30 and 48 hours post transfection. Differently from 689 

wt, a faint upper band of approximately 70 KDa (band 3) characterizes the p.R329C variant after 24 hours 690 

from transfection, but completely disappears after 48 hours. The p.R329C variant also lacks band 2 of 691 

approximately 10KDa that is instead present in the wt lane.  692 

Figure 5. BMP15 variants bind to the extracellular surface of the plasma membrane. A) Representative 693 

confocal images of HEK293T cells transiently transfected with V5-tagged wt and mutant BMP15. Cells were 694 

stained under permeabilizing conditions with a polyclonal antibody against the V5 tag (red); nuclei were 695 

stained with DAPI (blue). The 2X magnifications of the boxed areas (red channel only) are presented both as 696 

inverted staining (on the left) and as color-coded interactive 3D surface plots (on the right); the scale on the 697 

right indicates fluorescence intensities expressed in Relative Light Units (RLUs). Bar, 10 µm. B) Laser 698 

confocal images of HEK293T cells transiently co-transfected with GFP-BMPR1b (green) and V5-tagged 699 

BMP15, wt or mutants. Cells were probed under non-permeabilizing conditions with a polyclonal antibody 700 

against the V5 tag (red); nuclei were stained with DAPI (blue). Merged images and individual stainings of 701 

the areas indicated by arrows are shown below (2X magnifications). The corresponding plot profiles were 702 

obtained with NIH ImageJ Software. Bar, 10 µm. C, left) Box and Whiskers plot representing the number of 703 

peaks per cell, obtained from at least 45 cells from three different experiments for each transfectant. The 704 

Tukey method was applied to identify outlier values. The red lines represent the median values. C, 705 



right) Histogram representing the mean peaks’ length (n > 45 cells from three different experiments from 706 

each transfectant). P-values: **: p < 0.01; ***: p < 0.001. 707 

Figure 6. BMP15 variants do not impair GDF9 trafficking and secretion. A) Representative confocal 708 

images of HEK293T cells transiently co-transfected with V5-tagged wt or mutant BMP15 and myc-tagged 709 

GDF9. BMP15 and GDF9 localization was assessed under permeabilizing conditions with commercial 710 

antibodies against the V5 (red) and myc (green) tags, respectively. Nuclei were stained with DAPI (blue). 711 

The 2X magnifications of the boxed areas represent merged and individual stainings, as well as the 712 

colocalization signal (yellow) obtained with NIH ImageJ function ‘Image Calculator’. Bar: 10 µm. B) Laser 713 

confocal images of HEK293T cells transiently co-transfected with V5-tagged wt or mutant BMP15 and myc-714 

tagged GDF9. Cells were stained under non-permeabilizing conditions with commercial antibodies against 715 

the V5 (red, BMP15) and myc (green, GDF9) tags. Nuclei were stained with DAPI (blue). Merged images 716 

and individual stainings of the boxed areas are shown below (2X magnifications). The corresponding plot 717 

profiles were obtained with NIH ImageJ Software. Bar, 10 µm. The values reported in 2X magnifications 718 

represent the percentage of colocalization between each BMP15 variant and GDF9 along the PM obtained by 719 

calculating the MCC with NIH ImageJ Software. 720 

Figure 7. Functional evaluation of cumulin in presence of BMP15 variants. A, left) Representative 721 

western blot of cell lysates (15μg of loaded protein each) of COV434 cells transiently cotransfected for 48 722 

hours with equal amounts of pCS2-BMP15 (wt or mutated) and pCS2-GDF9 constructs. The pCS2 empty 723 

vector was transfected as control (MOCK) and not transfected cells (NT) control was also included. The 724 

p.R329C variant significantly impaired the phosphorylation of SMAD2. A, right) Densitometric analysis of 725 

the phosphorylation state of SMAD2/3 pathway. Results are expressed as the mean (± SEM) on two 726 

independent experiments and statistics were obtained by using One-way Anova, *p<0.05 (Prism software).  727 

B) The transcriptional activity of the p.R329C variant located in the mature peptide of BMP15 was 728 

investigated in the granulosa-derived COV434 cell line stably expressing the BMP responsive element 729 

luciferase-reporter. Cells transfected with empty vector were used as negative control (MOCK). A positive 730 

control of exogenous commercial rhBMP15 (100 ng/ml) was included. Co-transfections with equal amounts 731 

(250ng) of wt and mutant or mock constructs were performed to mimic heterozygous situations. Results are 732 



expressed as the mean (± SEM) of Relative Light Units (RLU) of four separate experiments each performed 733 

in triplicates. **p<0.01. 734 
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