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Modulation of granulosa cell 
function via CRISPR‑Cas fuelled 
editing of BMPR‑IB gene in goats 
(Capra hircus)
Sai Kumar1, Meeti Punetha1, Bosco Jose1, Jaya Bharati1, Shivani Khanna1, Arvind Sonwane2, 
Jonathan A. Green3, Kristin Whitworth3 & Mihir Sarkar1*

BMPs are multifunctional growth factors implicated in regulating the ovarian function as key intra-
ovarian factors. Biological effects of BMPs are mediated through binding with membrane bound 
receptors like BMPR-IB and initiating downstream Smad signaling pathway. FecB mutation, regarded 
as a loss of function mutation in the BMPR-IB gene was identified in certain sheep breeds having high 
fecundity. Similar type of fecundity genes in goats have not been discovered so far. Hence, the current 
study was designed to investigate the effects of BMPR-IB gene modulation on granulosa cell function 
in goats. The BMPR-IB gene was knocked out using CRISPR-Cas technology in granulosa cells and 
cultured in vitro with BMP-4 stimulation for three different durations In addition, the FecB mutation 
was introduced in the BMPR-IB gene applying Easi-CRISPR followed by BMP-4/7 stimulation for 72 h. 
Steroidogenesis and cell viability were studied to explore the granulosa cell function on BMPR-IB gene 
modulation. BMPRs were found to be expressed stage specifically in granulosa cells of goats. Higher 
transcriptional abundance of R-Smads, LHR and FSHR indicating sensitisation of Smad signaling 
and increased gonadotropin sensitivity along with a significant reduction in the cell proliferation and 
viability was observed in granulosa cells upon BMPR-IB modulation. The inhibitory action of BMP-4/7 
on P4 secretion was abolished in both KO and KI cells. Altogether, the study has revealed an altered 
Smad signaling, steroidogenesis and cell viability upon modulation of BMPR-IB gene in granulosa cells 
similar to that are documented in sheep breeds carrying the FecB mutation.

Cyclical production of fertilizable ova and steroid hormones are the two major functions performed by mamma-
lian ovary1. The ovarian follicle, regarded as a fundamental unit of the mammalian ovary endows the necessary 
microenvironment for oocyte growth, maturation and performs some complex reactions that yield important 
steroid hormones2,3. Follicular growth can be divided gonadotropin independent, gonadotropin responsive and 
gonadotropin dependent phases depending on their gonadotropin dependence4–6. In the gonadotropin responsive 
phase, growth of the follicle does not strictly require gonadotropins for growth but stimulated if present and 
chiefly regulated by intraovarian regulators like growth factors, cytokines, and gonadal steroids7. The emergence 
of the dominant follicle in each follicular wave depends on the tissue specific expression of the BMP system that 
includes ligands and their receptors8.

BMPs, regarded as indispensable group of multifunctional growth factors belonging to the TGF-β 
superfamily9. Apart from possessing the distinct ability to induce bone, cartilage, ligament, and tendon formation, 
BMPs also play a critical role in the regulation of cell proliferation, survival, differentiation and apoptosis. BMPs 
bind to a hetero-tetrameric transmembrane receptor complex composed by type I (BMPR-IA and BMPR-IB) 
and type II (BMPR-II) serine threonine kinase receptors10. The signal transduction of BMPs via their receptors 
occurs via Smad dependent or independent pathways, the former being the customary pathway11. The canonical 
Smad dependent pathway recruit Smads as major signal transducers for the serine/threonine kinase receptors 
in BMP signaling. Activation of type I receptors by ligand bound type-II receptors leads to the phosphorylation 
of receptor-regulated Smads (R-Smads), resulting in the formation of complexes with common-partner Smads 
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(Co-Smads). Translocation of R-Smad/Co-Smad complexes into the nucleus helps in regulating transcription 
of target genes by interacting with various transcription factors and transcriptional co-activators or co-repres-
sors10,12. Point mutation in the BMPR-IB gene resulting in an A → G substitution at 746 position in exon eight is 
known as the FecB or Booroola mutation, leading to the substitution of the 249th amino acid from glutamine to 
arginine (Q249R) known as FecB or Booroola fecundity gene13. Regarded as a loss of function mutation, FecB 
found to exert profound effect on litter size and ovulation rate in Booroola Merino sheep14,15. Each copy of mutant 
allele increases ovulation rate by about 1.6 with the effect being additive for an additional copy16. Introgression of 
FecB gene into non-prolific sheep breeds like Malpura and Kashmir valley lead to a significant improvement in 
their fecundity17,18. FecB mutation induces precocious maturation of follicles, increased responsiveness to FSH 
and progesterone production8. The presence of large number of small pre-ovulatory follicles is one of the strik-
ing features identified in FecB carrier ewes19. However, the FecB mutation was found to be absent in Indian goat 
breeds viz. Black Bengal, Beetal, Barbari, Malabari, Sikkim, Jakhrana, Raighar and Gaddi20,21. Goat, known as a 
“poor man’s cow”/“mini cow”, holds a prime position in providing livelihood activity and subsidiary income to 
many landless and marginal farmers in India. Recent reports suggest a negative growth trend with an estimated 
3.82 per cent decline in goat population over the previous census (19th Livestock Census, 2012). Augmenting the 
reproductive efficiency of low prolific breeds is need of the hour to counter the dwindling numbers and amass 
goat population that leads to a subsequent increase in Chevon production.

Site-specific genetic engineering has become effortless with the advent of Clustered Regularly Interspaced 
Short Palindromic Repeats (CRISPR-Cas) genome editing technology and an indispensable tool for functional 
validation of genes. Nevertheless, the genetic control for fecundity in goats remains as a key area to be addressed 
for the aforementioned reasons. However, we hypothesised that modulation of BMPR-IB gene may alter the 
granulosa cell function in goat similar to what was found in sheep breeds carrying the FecB mutation. Hence, 
the current study was designed to investigate the effects of BMPR-IB gene modulation on granulosa cell function 
in terms of steroidogenesis, gonadotropin sensitivity and cell survivability.

Methods
All methods and experimental protocols were carried out in accordance with relevant safety guidelines and 
regulations.

Experiment 1  To demonstrate the transcriptional abundance of BMPRs in granulosa cells in follicles during 
different stages of growth in goats.

Isolation of granulosa cells (GC).  Ovaries from apparently healthy does without any abnormalities in the 
reproductive tract were collected from the local slaughterhouse and transported to the laboratory at 37 °C in 
sterile PBS supplemented with antibiotic- antimycotic solution (Penicillin, Streptomycin and Amphotericin-B). 
Up on gross examination of the follicles contour and vascularity, healthy follicles were chosen and classified in 
to three categories based upon their diameter as Small (< 3 mm), Medium (3-5 mm) and large (> 5 mm)22–24. 
Granulosa cells from each follicle class (n = 6) were harvested according to the earlier described protocol25.

RNA extraction and cDNA synthesis.  Total RNA was extracted from different GC samples using Trizin 
reagent (GCC Biotech) according to the manufacturer’s protocol. Followed by RNA extraction, the RNA sam-
ples were subjected to RNase free DNase treatment with subsequent incubation at 56 °C for 10 min to inactivate 
DNAase. The quality and integrity of the RNA samples was checked by A260/A280 ratio using a Nanodrop spec-
trophotometer along with visualising 28S and 18S bands using agarose gel electrophoresis. 0.5 µg of total RNA 
was reverse transcribed to yield cDNA using RevertAid First cDNA synthesis kit (ThermoFisher Scientific).

Primers.  Primers for BMPR-IA, BMPR-IB and RPS15A were designed in-silico using the DNAStar (online 
trial version, DNASTAR Lasergene 6, 2004), Gene tool (online trial version, 2004) and Oligo Analyser (open 
access tool, 2017) software. Previously published primer was used for BMPR-II. Details of the primers are listed 
in Table 1. Annealing temperature of each primer was optimised using end point PCR.

qPCR analysis.  Quantitative real-time PCR was performed using the Maxima SYBR Green qPCR kit 
(Thermo Scientific). The slopes obtained by the amplification of a standardized dilution series were used for 
determining Real time PCR efficiencies. A generalised qPCR protocol was followed with initial denaturation at 
95 °C for 10 min followed by 40 cycles of denaturation at 95 °C for 15 s, with primer specific annealing tempera-
ture step and extension at 72 °C for 30 s. A no template control reaction was set up for each primer to monitor the 
contamination and primer-dimer formation. The cycle threshold values (Ct), amplification plot and melt curves 
were analysed using the Biorad CFX manager Real-Time qPCR software.

Experiment 2  To demonstrate the effect of knocking out of BMPR-IB gene on granulosa cell function in goats.

Tissue collection and granulosa cell (GC) culture.  A primary granulosa cell culture from large antral 
follicles (> 5 mm in diameter) according to the established protocol26. Briefly, the follicular fluid (FF) was aspi-
rated using a sterile needle (22 gauge) and syringe. Then, the contents were transferred into a Petri plate (60 mm) 
containing 1X PBS followed by the removal of all cumulus-oocyte complexes (COCs). The remaining cells in the 
PBS were transferred into a 15 mL centrifuge tube followed by centrifugation at 300 g for 5 min. The supernatant 
was discarded and the GC pellet obtained was again subjected to a second wash with 1X PBS and centrifuged. 
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The GC pellet was then resuspended in Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone) containing 
10% fetal bovine serum (FBS) and antibiotic–antimycotic solution. Trypan blue exclusion dye technique was 
used to assess the vitality of the cells. Finally, then the granulosa cells were seeded at a density of 2 × 105 viable 
cells/well in a 24-well plate and cultured in a humidified CO2 (5%) incubator at 37 °C (Fig. 1A).

Production of BMPR‑IB knock out (KO) granulosa cells (GC).  Knocking out of BMPR-IB gene in 
granulosa cells (Fig. 1B) was accomplished by using CRISPR-Cas genome editing technology. The CRISPR-Cas 
machinery was delivered into the cells using lipofection and the workflow was described below:

Preparation of synthetic single guide RNA (SgRNA).  SgRNA for targeting the BMPR-IB gene was 
designed in silico using available software. The synthesis of SgRNA was performed according to the laboratory 
protocol established earlier27,28. Prior to the SgRNA synthesis, T7 promotor sequence was added to the forward 
primer and the DNA template for SgRNA was generated by PCR amplification using the designed primers. Then, 
the SgRNA was obtained by performing in vitro transcription (IVT) using High TranscriptAid Enzyme Mix 
(Invitrogen) and later the in vitro transcribed SgRNA was purified using the GeneJET purification. The quality 
of the SgRNA was assessed by agarose gel electrophoresis and quantified using Nanodrop spectrophotometry.

Transfection and genomic cleavage detection.  Ready to transfect Cas9 was procured from (GeneArt 
Platinum Cas9 Nuclease Cat. No. B25640). The SgRNA and Cas9 (RNP) were added to the cultured granu-
losa cells (75–80% confluency) using Lipofectamine as per manufacturer’s protocol (Invitrogen; Cat. No. 
CMAX00015). The transfected cells were cultured for 72 h and T7E1 assay (GeneArt Genomic Cleavage Detec-
tion Kit, Invitogen; Cat No. A24372) was used to assess the cleavage efficiency (Fig. 1C).

The cleavage efficiency of the BMPR-IB knock out was measured by the following equation:

Cleavage efficiency = [sum of cleaved band intensities]/(sum of cleaved and parental band intensities)×100%29.

Table 1.   Primer sequences used for target genes in the current study.

Gene Sequences of nucleotide (5′–3′) Amplicon length (bp) EMBL accession no.(or) reference

BMPR-IA Forward: GTG​TCA​CAG​GAG​GAA​TAG​TCG​AAG​
Reverse: GAC​ACA​ATT​GGC​CGC​AAA​CG 121 XM_018042146.1

BMPR-IB Forward: TGT​GTG​TCA​GGA​GGT​ATA​GTGG​
Reverse: TGA​GAC​ACT​CGT​CAC​TGC​TC 151 XM_013964506.2

BMPR-II Forward:TGT​GCC​AAA​GAT​TGG​CCC​TT
Reverse: TGC​TTG​CTG​CCG​TTC​ATA​GT 175 J. J. N. Costa et al., 2012

RPS-15A Forward:AGG​GCT​GGG​AAA​ATT​GTT​GTGAA​
Reverse:TGA​CGG​GAT​GGG​AGC​AGG​TTAT​ 125 XM_005697526.3

SMAD-1 Forward: TCT​TTC​CAG​CAG​CCC​AAC​AGC​
Reverse: CTG​GTC​GGA​GAG​TGA​GGG​TA 104 XM_018061578.1

SMAD-5 Forward: CCT​ATG​AAG​AGC​CCA​AAC​AT
Reverse: GGT​CTG​TGA​ATC​CAT​CTA​CTA​ 114 XM_018050347.1

SMAD-8 Forward: ACT​ATC​AGC​ACG​GCT​TCC​AC
Reverse: GGT​CAG​CTC​ATA​GAC​GAC​TTC​ 140 XM_005687505.3

StAR Forward: CTG​CGT​GGA​TTA​ACC​AGG​TTCG​
Reverse: CAA​GCT​CTT​GGT​CGC​TGT​AGAG​ 84 XM_013975437.2

3βHSD Forward: CGG​CAT​CCT​GAC​CAA​TTA​CT
Reverse: TTT​GGT​GTG​GTG​TGT​CGT​CT 164 50

CYP11A1 Forward: ATC​CAC​TTT​CGC​CAC​ATC​G
Reverse: GGT​CTT​TCT​TCC​AGG​CTC​CT 232 51

CYP19A1 Forward: CAT​CCT​CAA​TAC​CAG​GTC​CCA​
Reverse: GGT​TTC​CTC​TCC​ACA​TAC​CCA​ 152 51

PCNA Forward: TAC​CTG​TAG​CCG​TGT​CAT​TGCGA​
Reverse: AGA​CGA​GTC​CAT​GCT​CTG​TAGG​ 162 XM_005688167.3

CASPASE3 Forward: TTC​CTG​GCG​AAA​CTC​AAA​GT
Reverse: TTG​CAT​GAA​AAG​CAG​AAT​CG 164 XM_018041755.1

LHR Forward: GAA​AGC​ACA​GCA​AGG​AGA​CC
Reverse: CAG​TCA​CAT​TTC​CCG​TGA​TG 226 NM_001314279.1

FSHR Forward: AGG​CAA​ATG​TGT​TCT​CCA​ACC​TGC​
Reverse: TGG​AAG​GCA​TCA​GGG​TCG​ATG​TAT​ 91 52

SgRNA Forward: TAA​TAC​GAC​TCA​CTA​TAG​AGA​TTG​GAA​AAG​GTC​GCT​AT
Reverse: TTC​TAG​CTC​TAA​AAC​ATA​GCG​ACC​TTT​TCC​AATCT​

Genomic cleavage detection Forward: TCT​GTA​GTG​CCG​TGA​ATG​CA
Reverse: CAT​TCT​TGG​GCT​CAT​GGC​AA

ssODN CTA​CAG​AGG​AGG​CCA​GCT​GGTTC​CGA​GAG​ACA​GAA​ATA​TAT​AGG​ACG​GTG​
TTG​ATG​AGG​CAT​GAA​AAC​ATC​TT
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Treatment of BMPR‑IB KO cells with BMP‑4.  The wild type cells and KO cells were then cultured for 
three different durations (24, 48 and 72 h) with BMP-4 @50 ng/mL30. Altogether, there were four (4) experi-
mental conditions: (1) Wild type cells, (2) Wild type cells treated with BMP-4, (3) KO cells and (4) KO cells 
treated with BMP-4. Cells were cultured in replicates of four in each group. Followed by the completion of each 
duration, MTT assay was performed to determine the cell viability, the spent media was stored at − 20 °C for 
estimating progesterone (P4) and estradiol (E2) concentrations and cells were harvested for total RNA isolation. 
Finally, qPCR analysis of StAR, 3βHSD, CYP11A1 (P450scc), CYP19A1 (Aromatase), Smad-1, Smad-5, Smad-8, 
Caspase3, PCNA, LHR and FSHR was carried out to determine the expression pattern.

Experiment 3  To investigate the effects of introduction of Booroola (FecB) mutation [knock-in] on granulosa 
cell function in goats.

Production of BMPR‑IB Knock‑in (KI) granulosa cells and detection.  The FecB mutation in BMPR-
IB gene was introduced using Easi-CRISPR31. The SgRNA used earlier in the knock out experiment along with 
the ssODN template having the desired point mutation were used for knocking-in.

Preparation of single‑stranded oligo deoxynucleotides (ssODN) containing Booroola (FecB) 
mutation.  Single-stranded oligo deoxynucleotides (ssODN) containing Booroola (FecB) mutation 
(~ A746G) was designed and used as a HDR template. The ssODN with the desired mutation was flanked by 
two homologous arms (arm length 30–60 bases) on each side. An additional synonymous mutation (C → A), 
1 bp upstream of the target site, was designed in the synthetic ssODN to identify the desired change by genomic 
cleavage detection assay.

Figure 1.   (A) 75–80% in vitro cultured caprine granulosa cells. (B) In vitro cultured BMPR-IB KO cells. (C) 
Gel image of Genomic Cleavage Detection Assay of granulosa cells transfected with components of CRISPR-Cas 
system for BMPR-IB gene knock out (KO) using Lipofectamine 2000. Lane 1 and 2: Negative control samples 
for BMPR-IB KO, Lane3: Genomic cleavage showing both Parent band and Cleaved band. (D) Gel image of 
Genomic Cleavage Detection Assay of granulosa cells electroporated with components of CRISPR-Cas system 
along with ssODN for BMPR-IB gene knock-in (KI) using Lipofectamine 2000. Lane1: Genomic cleavage 
showing both Parent band and Cleaved band and Lane2: Negative control sample for BMPR-IB knock-in (KI).
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Transfection and genomic cleavage detection.  The Cas9, SgRNA and ssODN were delivered using 
Neon transfection system (Invitrogen). Prior to the delivery, the electroporation conditions were optimised 
(Voltage: 1200 V, Width: 20 ms, Frequency: 2) in granulosa cells using plasmid encoded with green fluorescent 
(GFP). After electroporation, the cells were seeded in a 24 well culture plate and cultured for a period of 72 h. The 
knock-in was detected using the T7E1 assay (Fig. 1D) (GeneArt Genomic Cleavage Detection Kit, Invitrogen) 
as described in KO.

Treatment of BMPR‑IB KI cells with BMP‑4 and BMP‑7.  The wild type and knock-in cells were then 
treated with BMP-4 (50  ng/ml)and BMP-7 (100  ng/ml) separately for 72  h. In each treatment there were 4 
experimental conditions: (1) Wild type cells, (2) Wild cell with BMP-4 /BMP-7, (3) Knock-in and (4) Knock-in 
cells with BMP-4/BMP-7. After 72 h, cell viability was assessed by MTT assay, spent media was stored for P4 
and E2 estimation and the cells were harvested for total RNA extraction. The total RNA extracted was used for 
expression analysis of StAR, 3βHSD, CYP11A1 (P450scc), CYP19A1 (Aromatase), Smad-1, Smad-5, Smad-8, 
Caspase3, PCNA, LHR and FSHR genes.

Cell viability assay.  MTT assay was performed to assess the cell viability in both the experiments. Briefly, 
the cells were seeded on 96 well plates and cultured at 37 °C and were incubated for prescribed durations. After 
culture, 10 μl of 5 mg/ml of 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltertrazolium bromide (MTT; MP Bio-
medicals) was added in to each well to get a final concentration of 0.5 mg/mL media/well. The cells were further 
incubated for 4 h at 37 °C and followed by discarding the media along with MTT reagent. Then, 100 μl of DMSO 
(MP Biomedicals) was added and the absorbance at 450 nm recorded (Biorad, Microplate reader) within 15 min.

Hormone estimation.  Concentrations of P4 in the spent media was determined by P4 125I RIA kit 
(Immunotech, Czech Republic) as per manufacturer’s instructions. Concentration of E2 was determined in the 
spent media using E2 ELISA kit (LDN).

Statistical analyses.  The resultant experimental data are shown as Mean ± SEM. Statistical significance 
differences in expression analysis of different genes chosen in the current study, P4 and E2 concentrations and 
cell viability were assessed using the software SPSS.22 (online trial version) by using one-way ANOVA followed 

Figure 2.   Transcriptional abundance of BMPRs (BMPR-IA, BMPR-IB and BMPR-II) in granulosa cells from 
different antral follicles of Goat (n = 6/group). All values are shown as mean ± SEM. Different superscripts 
denote statistically different values (p < 0.05). Abbreviations: FL1, FL2 and FL3 denotes antral follicles of < 3 mm, 
3–5 mm and > 5 mm diameters respectively.
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by Tukey’s honestly significant difference (HSD) test. The relative quantification of mRNA was obtained using 
Pfaffl’s method32. Differences were considered significant at p < 0.05.

Results
Transcriptional abundance of BMPRs in caprine granulosa cells.  Transcripts of BMPR-IA were 
significantly upregulated in medium and large antral follicles as compared to the small antral follicle (p < 0.05; 
Fig. 2A). Whereas, the relative fold change of BMPR-IB mRNA was significantly higher in large follicles, fol-
lowed by medium follicles (p < 0.05; Fig. 2B). BMPR-II was significantly upregulated in the medium stage follicle 
and a significant downregulation in the large antral follicles was observed (p < 0.05; Fig. 2C). Overall, all the three 
variants of BMP receptor system were being expressed in the granulosa cells of goats.

Effects of BMPR‑IB gene KO on granulosa cells.  Effects on Smad signaling.  Smad-1 expression was 
significantly up regulated (p < 0.05; Fig. 3A) in both the wild and KO cells treated with the BMP ligand in all the 
three durations, with the highest expression being in the latter. Expression analysis of Smad-5 revealed a signifi-
cant up regulation (p < 0.05; Fig. 3B) of Smad-5 in all the three durations in both wild and KO cells cultured with 
BMP-4 in comparison to their control groups. However, the expression was higher in KO cells with BMP-4 than 
wild cells cultured with BMP-4. On the other hand, no significant difference in the expression of Smad-8/9 was 
found in granulosa cells cultured for 24 h. Nevertheless, the levels are significantly up regulated from 48 h on-
wards in both the WT and KO cells cultured with BMP-4(p < 0.05; Fig. 3C). Taken together, there is an increased 
expression of R-Smads in BMPR-IB gene knock out cells cultured with BMP-4 in comparison to the wild cells 
treated with BMP-4 and the control groups.

Effects on granulosa cell steroidogenic pathway and gonadotropin sensitivity.  The expression of StAR transcripts 
in the WT cells treated BMP-4 showed a decreasing trend with a significant fall in the 72 h group. On the other 
side, the expression in KO cells stimulated with BMP-4 increased significantly in comparison to all other groups 
(p < 0.05; Fig. 4A). The mRNA expression of CYP11A1 gene followed the same trend as that of StAR, with a sig-
nificant fall in the WT cells stimulated with BMP-4 (at 48 and 72 h) and up regulated in all the three durations in 
KO cells cultured with BMP-4 (p < 0.05; Fig. 4B). Expression analysis of 3βHSD transcripts revealed a significant 
increase in the KO cells cultured with BMP-4 in all the three durations, while a decreasing trend, which was 

Figure 3.   Effect of BMPR-IB gene KO on expression of Smad1, Smad5 and Smad 8 transcripts in in vitro 
cultured granulosa cells stimulated with BMP-4 (50 ng/ml) for three different time durations (24, 48 and 72 h). 
All values are shown as mean ± SEM. Different superscripts denote statistically different values (p < 0.05). 
Abbreviations: WT indicate wild type cells, WT + BMP-4 indicate wild cells treated with BMP-4 (50 ng/mL), KO 
indicate BMPR-IB gene knock out cells. KO + BMP-4 indicate KO cells treated with BMP-4(50 ng/ml).
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significant at 72 h, has been observed in the wild cells stimulated with BMP-4(p < 0.05; Fig. 4C). The aromatase 
(CYP19A1) expression in WT cells was on an average 3 folds higher in and significantly differ from the other 
groups including the KO cells supplemented with BMP-4 (p < 0.05; Fig. 4D). Expression analysis of LHR revealed 
a significant increase in BMP-4 stimulated KO cells, a significant down regulation was seen in WT cells treated 
with BMP-4 at 72 h (p < 0.05; Fig. 4E). FSHR transcripts in BMP-4 treated WT cells were on a decreasing trend, 

Figure 4.   Effect of BMPR-IB gene KO on expression pattern of StAR, CYP11A1, 3βHSD, Aromatase, LHR 
and FSHR genes in in vitro cultured granulosa cells stimulated with BMP-4 (50 ng/ml) for three different time 
durations (24, 48 and 72 h). All values are shown as mean ± SEM. Different superscripts denote statistically 
different values (p < 0.05). Abbreviations: WT indicate wild type cells, WT + BMP-4 indicate wild cells treated 
with BMP-4 (50 ng/mL), KO indicate BMPR-IB gene knock out cells. KO + BMP-4 indicate KO cells treated with 
BMP-4(50 ng/ml).
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which is insignificant. On the other side, FSHR transcripts in KO cells treated with BMP-4 were significantly 
upregulated at all the three durations (p < 0.05; Fig. 4F).

Effects on cell proliferation and viability.  Significant up regulation of PCNA in wild cells supplemented with 
BMP-4 at 48 and 72 h in comparison to the control group (wild cells without treatment) was observed. On the 
other side, there is a decreasing trend in PCNA expression in KO cells with BMP-4 significantly differing BMP-4 
treated wild cells at 48 and 72 h (p < 0.05; Fig. 5A). With an overall increasing trend, a significant up regulation 
was observed in the Caspase3 expression at 48 and 72 h in knock out cells with BMP-4 when compared with 
wild cells with or without BMP-4 treatment (p < 0.05; Fig. 5B). MTT assay in KO cells stimulated BMP-4 revealed 
a significant decrease in the number of viable cells over a period of 24, 48 and 72 h (p < 0.05; Fig. 5C,D,E). On 
the other side, there is a significant increase at 48 and 72 h period in the viable WT cell numbers with BMP-4 
treatment. Furthermore, the cell viability results were in accordance with the expression pattern of PCNA and 
Caspase3 genes.

Effect on estradiol (E2) and progesterone (P4) production.  Significantly higher E2 concentrations were observed 
at 48 and 72 h in the WT cells treated with BMP-4 in comparison to KO cells treated with BMP-4 (p < 0.05; 
Fig. 5F). On the other side, the E2 concentration in BMP-4 treated KO cells was on the lower end when com-
pared to the untreated knock out and wild cells. These observed results were in agreement with the lowered and 
increase expression of aromatase in treated KO and wild cells respectively. P4 concentrations in the WT cells 
treated with BMP-4 was significantly lower in comparison to the untreated wild cells, untreated KO cells and 
KO cells treated with BMP-4 at all the durations. The P4 concentrations were on the higher in BMP-4 treated 
KO cells with a significant difference at 48 and 72 h when compared to the rest of the groups (p < 0.05; Fig. 5G). 
These results are in congruence with the altered expression of StAR, CYP11A1 (P450scc), 3βHSD and CYP19A1 
found in wild and KO cells treated with BMP-4.

Effects of the introduction of FecB mutation on granulosa cell function.  Effects on Smad signaling.  On expres-
sion analysis, Smad-1 revealed a significant (p < 0.05; Fig.  6A,B) up regulation in both BMP-4 and BMP-7 
stimulated knock in and wild cells in comparison to untreated wild or knock-in cells. Smad-5 transcripts were 
abundant in both knock in and wild cells co-cultured with BMP ligands, highest being in the former (p < 0.05; 
Fig. 6C,D). Smad 8 transcripts were on average 1.5 and 2 folds higher in wild and knock-in cells treated with 
BMP-4 and BMP-7 (p < 0.05; Fig. 6E,F).

Effects on granulosa cell steroidogenic pathway and gonadotropin sensitivity.  Wild cells treated with either 
of the BMP ligands have shown a significant decrease in the expression StAR transcripts. On the other hand, 
the expression of the same is twofold higher in knock out cells stimulated with BMP-4/7 (p < 0.05; Fig. 7A,B). 
The P450scc (CYP11A1) too has followed the same trend as that of StAR with a highest and lowest expression 
being in BMP treated knock in cells and wild cells respectively (p < 0.05; Fig. 7C,D). The 3βHSD mRNA expres-
sion analysis revealed a significant up regulation in knock in cells co-cultured with a BMP ligand (BMP4/7) in 
comparison to untreated knock in or wild cells (p < 0.05; Fig. 7E,F). However, a significant reduction was seen 
in wild cells cultured with a BMP ligand. Aromatase was significantly expressed to a higher extent in BMP-4/7 
treated wild cells. Wherein, its expression was least in BMP ligand stimulated granulosa cells having the FecB 
mutation and is around 0.5 fold less than that of untreated knock in or wild cells (p < 0.05; Fig. 8A,B). Overall, 
the expression analysis of the above genes in knock-in cells treated with BMP-4/7 has followed a similar pat-
tern when compared with BMPR-IB KO cells treated with BMP-4. A significant decrease and increase in the 
FSHR transcripts was observed in WT cells cultured with BMP-4 and BMP-7 respectively. Whereas, the FSHR 
transcripts were significantly upregulated in KI cells stimulated with BMP-4/7 (p < 0.05; Fig. 8C,D). A significant 
downregulation of LHR gene in WT cells stimulated with either of the BMPs was observed along with a signifi-
cant down regulation (p < 0.05; Fig. 8E,F).

Figure 5.   (A, B) Effect of BMPR-IB gene KO on expression pattern of PCNA, Caspase3 genes on in vitro 
cultured granulosa cells stimulated with BMP-4 (50 ng/ml) for three different time durations (24, 48 and 72 h). 
All values are shown as mean ± SEM. Different superscripts denote statistically different values (p < 0.05). 
Abbreviations: WT indicate wild type cells, WT + BMP-4 indicate wild cells treated with BMP-4 (50 ng/mL), 
KO indicate BMPR-IB gene knock out cells. KO + BMP-4 indicate KO cells treated with BMP-4(50 ng/ml). (C, 
D, E) Effect of BMPR-IB gene KO on cell viability in in vitro cultured granulosa cells stimulated with BMP-4 
(50 ng/ml) for three different time durations (24, 48 and 72 h) assessed by MTT assay. All values are shown as 
mean ± SEM. Different superscripts denote statistically different values (p < 0.05). Abbreviations: WT indicate 
wild type cells, WT + BMP-4 indicate wild cells treated with BMP-4 (50 ng/mL), KO indicate BMPR-IB gene 
knock out cells. KO + BMP-4 indicate KO cells treated with BMP-4(50 ng/ml). (F, G) Effect of BMPR-IB gene 
KO on Progesterone (P4) and Estradiol (E2) stimulation of BMPR-IB gene KO on All values are shown as 
mean ± SEM. Different superscripts denote statistically different values (p < 0.05). Abbreviations: WT indicate 
wild type cells, WT + BMP-4 indicate wild cells treated with BMP-4 (50 ng/mL), KO indicate BMPR-IB gene 
knock out cells. KO + BMP-4 indicate KO cells treated with BMP-4(50 ng/ml).
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Effects on cell proliferation and viability.  A significant higher abundance of Caspase3 mRNA with a concurrent 
down regulation of PCNA (p < 0.05; Fig. 9A,B) was found in BMP treated KI cells. On the other side, Caspase 3 
was down regulated (p < 0.05; Fig. 9C,D) and PCNA was up regulated in WT cells that have been supplemented 
with BMP-4 or BMP-7. MTT assay revealed a significant reduction of cell viability of KI cells with BMP stimula-
tion. The cell viability of untreated knock in cells is similar to that of wild cells without BMP treatment. On the 
other side, there is a significant increase in the viable cell number in wild cells (p < 0.05; Fig. 9E,F) that have been 
supplemented with BMP-4/7 viz almost 130% in comparison to untreated wild or knock-in cells.

Effect on estradiol (E2) and progesterone (P4) production.  There was a significant increase in the estradiol and 
decrease in the progesterone concentrations in spent media of WT cells cultured with BMP-4/7. Knock-in cells 
stimulated with BMP-4 or BMP-7 has significantly altered levels of E2 (p < 0.05; Fig. 10A,B) and P4 (p < 0.05; 
Fig. 10C,D) production in comparison to BMP treated wild cells or untreated knock in cells.

Discussion
The complex regulation of follicular dynamics dictates the degree of prolificacy in different species, thus accreting 
adequate knowledge in this area is necessary to augment livestock production. Follicular development involves 
rigid intraovarian control mechanisms in conjunction with systemic signals culminating in a series of steps 
mainly the recruitment, selection and growth of follicles from the primordial stage through to ovulation and 
corpus luteum formation33. Oocyte-somatic cell interactions are now widely accepted to be critical for the 
development of a follicle as a whole and critical for the prevention of luteinization by promoting growth and 
regulating steroidogenesis. With a fully established BMP system in the mammalian ovary, mutations in the 
BMPR-IB, BMP15 and GDF9 genes that have additive effect on ovulation rate have been discovered in various 
sheep breeds across the world34. However, none of these mutations were found in goats35. Hence, in our current 
study, we attempted to document the expression of BMP receptors and the effects of modulating BMPR-IB gene 
on granulosa cell function in goats.

In our study, we have characterised the expression of BMP receptors (BMPRs) in granulosa cells from antral 
follicles of various diameters in goat. We found that all the BMP receptors viz. BMPR-IA, BMPR-IB and BMPR-II 

Figure 6.   Effect of BMPR-IB gene KI on expression of Smad1, Smad5 and Smad 8 transcripts in in vitro 
cultured granulosa cells stimulated with BMP-4 (50 ng/ml) or BMP-7 (100 ng/ml) for 72 h. All values are shown 
as mean ± SEM. Different superscripts denote statistically different values (p < 0.05). Abbreviations: WT indicate 
wild type cells, WT + BMP-4/BMP-7 indicate wild cells treated with BMP-4 (50 ng/mL), KO indicate BMPR-IB 
gene knock out cells. KI + BMP-4/BMP-7 indicate KI cells treated with BMP-4(50 ng/ml) or BMP-7 (100 ng/ml).
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Figure 7.   Effect of BMPR-IB gene KI on expression of StAR, CYP11A1 and 3βHSD genes in in vitro cultured 
granulosa cells stimulated with BMP-4 (50 ng/ml) or BMP-7 (100 ng/ml) for 72 h. All values are shown as 
mean ± SEM. Different superscripts denote statistically different values (p < 0.05). Abbreviations: WT indicate 
wild type cells, WT + BMP-4/BMP-7 indicate wild cells treated with BMP-4 (50 ng/mL), KI indicate BMPR-IB 
gene knock out cells. KI + BMP-4/BMP-7 indicate KI cells treated with BMP-4(50 ng/ml) or BMP-7 (100 ng/ml).
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Figure 8.   Effect of BMPR-IB gene KI on expression of Aromatase, FSHR and LHR genes in in vitro cultured 
granulosa cells stimulated with BMP-4 (50 ng/ml) or BMP-7 (100 ng/ml) for 72 h. All values are shown as 
mean ± SEM. Different superscripts denote statistically different values (p < 0.05). Abbreviations: WT indicate 
wild type cells, WT + BMP-4/BMP-7 indicate wild cells treated with BMP-4 (50 ng/mL), KI indicate BMPR-IB 
gene knock out cells. KI + BMP-4/BMP-7 indicate KI cells treated with BMP-4(50 ng/ml) or BMP-7 (100 ng/ml).
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Figure 9.   Effect of BMPR-IB gene KI on expression pattern of PCNA, Capase3 genes and cell viability of 
in vitro cultured granulosa cells stimulated with BMP-4 (50 ng/ml) or BMP-7 (100 ng/ml) for 72 h. All values 
are shown as mean ± SEM. Different superscripts denote statistically different values (p < 0.05). Abbreviations: 
WT indicate wild type cells, WT + BMP-4/BMP-7 indicate wild cells treated with BMP-4 (50 ng/mL), KI 
indicate BMPR-IB gene knock out cells. KI + BMP-4/BMP-7 indicate KI cells treated with BMP-4(50 ng/ml) or 
BMP-7 (100 ng/ml).
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were expressed in granulosa cells derived from antral follicles of different sizes in regulated manner with stage 
specific differences. Our result was consistent with the findings of Silva et al.36, reported the expression of BMPRs 
in granulosa cells of antral follicles in goat. Significantly (p < 0.05) higher abundance of BMPR-IB mRNA in 
granulosa cells obtained from large antral follicles was found in our study is in accordance to earlier reports in 
goat, pig and buffalo37–39. The expression of BMPRs in the follicle suggests the potential role of BMP system in 
affecting the steroidogenesis and functional differentiation of granulosa cells.

Bone morphogenetic proteins (BMPs), belonging to TGF-β superfamily play multiple roles in regulating cel-
lular growth, differentiation and apoptosis in a wide variety of tissues. BMP-4 and BMP-7 are well-documented 
paracrine/autocrine modulators of granulosa cell steroidogenesis, peptide secretion and proliferation39,40. Hence, 
we have chosen BMP-4 and BMP-7 as ligands in our in vitro study to investigate the outcomes of BMPR-IB gene 
knock out or knock-in on granulosa cell function.

To determine the effects of BMPR-IB disruption on granulosa cell function, we have successfully knocked 
out BMPR-IB gene using CRIPSR-Cas genome editing technology and stimulated with BMP-4. Our results on 
R-Smad expression surprisingly showed a higher transcriptional abundance in knock out cells treated with 
the BMP ligand in comparison to BMP-4 stimulated control group over the 72 h period. In an earlier study, 
the deletion of BMPR-IB resulted in an increased level of p-SMAD1/5/9 up on BMP stimulation and have an 
equally efficient nuclear translocation in pre-osteoblasts in mice41. Furthermore, our study revealed a decreas-
ing trend in the expression of StAR, CYP11A, and 3βHSD mRNA in WT cells stimulated with BMP-4, being 
reversed in knock out cells with BMP-4 treatment. These results are in harmony with the findings that BMP-4 
inhibits progesterone secretion by inhibiting StAR and CYP11A1 (P450scc) in granulosa cells of ovine42. On the 

Figure 10.   Effect of BMPR-IB gene KI on P4 and E2 synthesis in in vitro cultured granulosa cells stimulated 
with BMP-4 (50 ng/ml) or BMP-7 (100 ng/ml) for 72 h. All values are shown as mean ± SEM. Different 
superscripts denote statistically different values (p < 0.05). Abbreviations: WT indicate wild type cells, 
WT + BMP-4/BMP-7 indicate wild cells treated with BMP-4 (50 ng/mL), KI indicate BMPR-IB gene knock out 
cells. KI + BMP-4/BMP-7 indicate KI cells treated with BMP-4(50 ng/ml) or BMP-7 (100 ng/ml).
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other hand, we found a significant increase in the aromatase expression in BMP-4 treated WT cells, which was 
abolished by knocking out of BMPR-IB gene. Yi et al.43, reported a reduction in levels of aromatase (CYP19A1) 
production in granulosa cells of mice deficient with BMPR-IB gene. In addition, increased levels progesterone 
(P4) and lower estradiol (E2) levels in the spent media of knock out cells stimulated with BMP-4 are in agree-
ment with the expression pattern of StAR, CYP11A1, 3βHSD and aromatase transcripts. Altered levels of P4 
and E2 suggests that BMP-4 failed to stimulate granulosa cells due to the disruption in the BMPR-IB gene. A 
significant increase in expression pattern of FSHR and LHR in BMP-4 stimulated KO cells was found suggesting 
an altered gonadotropin sensitivity. Earlier reports suggest that BMP4 via BMPR-IB downregulates the expression 
StAR, CYP11A1 and FSHR genes in the granulosa cells which in turn will lead to an inhibition on progesterone 
synthesis and the early onset of the LH surge and ovulation44. With regard to cell viability, our study revealed 
a significant reduction in the number of viable cells in BMP-4 treated KO cells, where as there is a significant 
increase in the viable cell count in WT cells cultured with BMP-4. The result regarding the cell viability is in 
congruence with the expression pattern on pro-apoptotic Caspase3 and PCNA. Earlier report in bovine antral 
follicles suggest an increased cell viability in granulosa cells cultured with BMPs40. In another study, siRNA 
mediated repression of the BMPR-IB gene in porcine granulosa cells had resulted in a significant inhibition on 
proliferation and estradiol production, whilst inducing apoptosis38. As a whole, knocking out of BMPR-IB gene 
might have relieved the inhibitory action of BMP-4 on progesterone secretion, with a concomitant decrease in 
the E2, cell viability and an increased gonadotropin receptivity.

In order to validate the effects of FecB mutation in granulosa cells of goats, we have also introduced the 
Booroola (FecB) mutation using Easi-CRISPR technology. Then, the BMPR-IB gene knock-in granulosa cells 
were cultured separately with BMP-4 and BMP-7. In this current study, investigation on the expression pattern 
of R-Smads transcripts in knock-in cells up on stimulation with both the BMP ligands revealed an upregula-
tion which is similar to the BMP-4 stimulated knock out cells. This suggests that the introduction of Booroola 
mutation has resulted in a loss of function of BMPR-IB. Earlier studies reported that FecB mutation attenuates 
the receptor activity partially or completely leading to an altered signaling pathway resulting in high ovulation 
rate in sheep45,46. Additionally, the upregulation of StAR, P450scc and 3βHSD genes along with a significant 
downregulation of aromatase in the BMP-4/7 treated knock in cells is analogous to the pattern that has been 
found in BMP-4 treated knock out cells. In our study, high P4 concentration in spent media in either of the 
BMP stimulated knock-in cells is in parallel with the expression of StAR,P450scc, 3βHSD genes and P4 levels in 
BMPR-IB KO cells. Earlier reports in granulosa cells from FecB carrier ewes revealed a higher P4 secretion than 
those from non-carrier animals, suggesting FecB mutation has resulted in loss of responsiveness to the inhibitory 
effect of BMP-430. The lower E2 levels in knock-in cells treated with BMP-4/7 found in our current investigation 
was comparable to that of the findings in KO cells. McNatty et al.14, found that oestradiol from the five or more 
preovulatory follicles from FecB carrier ewes is compared to one or two such follicles of non-carriers. A decrease 
in oestradiol and inhibin production was observed in follicles from FecB carriers13. In addition, our investigation 
to test gonadotropin sensitivity revealed an upregulation in both FSHR and LHR transcripts in granulosa cells 
with FecB mutation. Previous studies report that FecB mutation results in the precocious maturation of ovar-
ian follicles by increasing the sensitivity of the follicles to FSH, developing LHR and aromatase activity earlier 
and ovulate smaller follicular diameters46–48. Moreover, a significant reduction in viability of the BMP treated 
knock-in cells was revealed in MTT assay which is in accordance with down regulated PCNA and up regulated 
Caspase3 transcripts. This could be due to the probable loss of receptor function in knock-in cells leading to a 
failure in inducing proliferative and anti-apoptotic effects of BMPs resulting in ovulatory follicles with smaller 
diameters. Another study with luciferase reporter, granulosa cells with FecB mutation showed no response sug-
gesting a loss of function in the receptor activity49.

Conclusion
The study has revealed an altered Smad signaling, steroidogenesis and cell viability upon modulation of BMPR-IB 
gene in granulosa cells similar to that are documented in sheep breeds carrying the FecB mutation. These findings 
suggest the probable effects of BMPR-IB gene modulation on granulosa cell function of goats can potentially 
alter their reproductive performance.

Received: 21 March 2020; Accepted: 13 October 2020

References
	 1.	 Hafez, E. S. E. & Hafez, B. Folliculogenesis, egg maturation, and ovulation. In Reproduction in Farm Animals (eds Hafez, B. & 

Hafez, E.) 68–81 (Lippincott Williams & Wilkins, Philadelphia, 2000).
	 2.	 Telfer, E. E. The development of methods for isolation and culture of preantral follicles from bovine and porcine ovaries. Theriog-

enology 45, 101–110 (1996).
	 3.	 Sharma, G. T. & Majumdar, A. C. Control of follicular steroidogenesis in early-and late-luteal phase goat ovaries. Small Ruminant 

Res. 34, 111–117 (1999).
	 4.	 Kumar, T. R., Wang, Y., Lu, N. & Matzuk, M. M. Follicle stimulating hormone is required for ovarian follicle maturation but not 

male fertility. Nat. Genet. 15, 201 (1997).
	 5.	 McGee, E. A. & Hsueh, A. J. Initial and cyclic recruitment of ovarian follicles. Endocr. Rev. 21, 200–214 (2000).
	 6.	 Craig, J. et al. Gonadotropin and intra-ovarian signals regulating follicle development and atresia: the delicate balance between 

life and death. Front. Biosci. 12, 3628–3639 (2007).
	 7.	 Fortune, J. E. The early stages of follicular development: activation of primordial follicles and growth of preantral follicles. Anim. 

Reprod. Sci. 78, 135–163 (2003).
	 8.	 Shimasaki, S., Moore, R. K., Otsuka, F. & Erickson, G. F. The bone morphogenetic protein system in mammalian reproduction. 

Endocr. Rev. 25, 72–101 (2004).



16

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20446  | https://doi.org/10.1038/s41598-020-77596-9

www.nature.com/scientificreports/

	 9.	 Chen, D. I., Zhao, M. & Mundy, G. R. Bone morphogenetic protein. Growth Factors 22, 233–241 (2004).
	10.	 Xiao, Y. T., Xiang, L. X. & Shao, J. Z. Bone morphogenetic protein. Biochem. Biophys. Res. Commun. 362, 550–553 (2007).
	11.	 Nohe, A., Keating, E., Knaus, P. & Petersen, N. O. Signal transduction of bone morphogenetic protein receptors. Cell. Signal. 16, 

291–299 (2004).
	12.	 Miyazono, K., Maeda, S. & Imamura, T. BMP receptor signaling: transcriptional targets, regulation of signals, and signaling cross-

talk. Cytokine Growth Factor Rev. 16, 251–263 (2005).
	13.	 Fabre, S. et al. Regulation of ovulation rate in mammals: contribution of sheep genetic models. Reprod. Biol. Endocrinol. 4, 20 

(2006).
	14.	 McNatty, K. P., Juengel, J. L., Wilson, T., Galloway, S. M. & Davis, G. H. Genetic mutations influencing ovulation rate in sheep. 

Reprod. Fertil. Dev. 13, 549–555 (2001).
	15.	 Zhang, X. et al. Disruption of the sheep BMPR-IB gene by CRISPR/Cas9 in in vitro-produced embryos. Theriogenology 91, 163–172 

(2017).
	16.	 Mishra, A. K., Arora, A. L., Kumar, S. & Prince, L. L. L. Studies on effect of Booroola (FecB) genotype on lifetime ewes’ productivity 

efficiency, litter size and number of weaned lambs in Garole× Malpura sheep. Anim. Reprod. Sci. 113, 293–298 (2009).
	17.	 Ganai, T. A. S., Misra, S. S. & Shabir, M. Polymorphism analysis of BMPR1B gene by forced RFLP and PCR-SSCP techniques and 

expression of the mutation in introgressed sheep. Trop. Anim. Health Prod. 44, 277–283 (2012).
	18.	 Gowane, G. R., Chopra, A., Prince, L. L. L., Mishra, A. K. & Arora, A. L. Genetic analysis for growth traits of prolific Garole× 

Malpura (GM) sheep. Trop. Anim. Health Prod. 43, 299–303 (2011).
	19.	 Souza, C. J. H., Campbell, B. K., Webb, R. & Baird, D. T. Secretion of inhibin A and follicular dynamics throughout the estrous 

cycle in the sheep with and without the booroola gene (Fec B). Endocrinology 138, 5333–5340 (1997).
	20.	 Ahlawat, S., Sharma, R. & Maitra, A. Screening of indigenous goats for prolificacy associated DNA markers of sheep. Gene 517, 

128–131 (2013).
	21.	 Sankhyan, V., Thakur, Y. P. & Dogra, P. K. Analysis of polymorphism at fecb locus in gaddi goats of Western Himalayas under 

transhumance production system. Int. J. Pure Appl. Biosci. 6, 547–550 (2018).
	22.	 Medan, M. S. et al. Ovarian dynamics and their associations with peripheral concentrations of gonadotropins, ovarian steroids, 

and inhibin during the estrous cycle in goats. Biol. Reprod. 69, 57–63 (2003).
	23.	 Simões, J. et al. Follicular dynamics in Serrana goats. Anim. Reprod. Sci. 95, 16–26 (2006).
	24.	 Kandiel, M. M. et al. Ovarian follicular dynamics and hormonal changes in goats during early pregnancy. J. Reprod. Dev. 56, 

1007220291–1007220291 (2010).
	25.	 Sarkar, M., Schilffarth, S., Schams, D., Meyer, H. H. & Berisha, B. The expression of leptin and its receptor during different physi-

ological stages in the bovine ovary. Mol. Reprod. Dev. 77, 174–181 (2010).
	26.	 Babitha, V. et al. Luteinizing hormone, insulin like growth factor-1, and epidermal growth factor stimulate vascular endothelial 

growth factor production in cultured bubaline granulosa cells. Gen. Comp. Endocrinol. 198, 1–12 (2014).
	27.	 Paul, A. et al. Transcriptional regulation of thrombospondins and its functional validation through CRISPR/Cas9 mediated gene 

editing in corpus luteum of water buffalo (Bubalus bubalis). Cell Physiol. Biochem. 52, 532–552 (2019).
	28.	 Punetha, M. et al. Early growth response gene mediates in VEGF and FGF signaling as dissected by CRISPR in corpus luteum of 

water buffalo. Sci. Rep. 10, 6849 (2020).
	29.	 Liang, X. et al. Rapid and highly efficient mammalian cell engineering via Cas9 protein transfection. J. Biotechnol. 208, 44–53 

(2015).
	30.	 Mulsant, P. et al. Mutation in bone morphogenetic protein receptor-IB is associated with increased ovulation rate in Booroola 

Merino ewes. Proc. Natl. Acad. Sci. U.S.A. 98, 5104–5109 (2001).
	31.	 Zhou, S. et al. Generation of gene-edited sheep with a defined Booroola fecundity gene (FecBB) mutation in bone morphogenetic 

protein receptor type 1B (BMPR1B) via clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated 
(Cas) 9. Reprod. Fertil. Dev. 30, 1616–1621 (2018).

	32.	 Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT–PCR. Nucleic Acids Res. 29, e45–e45 (2001).
	33.	 Knight, P. G. & Glister, C. TGF-β superfamily members and ovarian follicle development. Reproduction 132, 191–206 (2006).
	34.	 Davis, G. Fecundity genes in sheep. Anim. Reprod. Sci. 82, 247–253 (2004).
	35.	 Hua, G. H., Chen, S. L., Ai, J. T. & Yang, L. G. None of polymorphism of ovine fecundity major genes FecB and FecX was tested in 

goat. Anim. Reprod. Sci. 108, 279–286 (2008).
	36.	 Silva, J. R. V., Van Den Hurk, R., Van Tol, H. T. A., Roelen, B. A. J. & Figueiredo, J. R. Expression of growth differentiation factor 9 

(GDF9), bone morphogenetic protein 15 (BMP15), and BMP receptors in the ovaries of goats. Mol. Reprod. Dev. 70, 11–19 (2005).
	37.	 Lima, I. M. T. et al. BMPRIB and BMPRII mRNA expression levels in goat ovarian follicles and the in vitro effects of BMP-15 on 

preantral follicle development. Cell Tissue Res. 348, 225–238 (2012).
	38.	 Zhao, Y. Y. et al. Effect of BMPRIB gene silencing by siRNA on apoptosis and steroidogenesis of porcine granulosa cells. Genet. 

Mol. Res. 13, 9964–9975 (2014).
	39.	 Rajesh, G. et al. Transcriptional and translational abundance of Bone morphogenetic protein (BMP) 2, 4, 6, 7 and their receptors 

BMPR1A, 1B and BMPR2 in buffalo ovarian follicle and the role of BMP4 and BMP7 on estrogen production and survival of 
cultured granulosa cells. Res. Vet. Sci. 118, 371–388 (2018).

	40.	 Glister, C., Kemp, C. F. & Knight, P. G. Bone morphogenetic protein (BMP) ligands and receptors in bovine ovarian follicle cells: 
actions of BMP-4, -6 and-7 on granulosa cells and differential modulation of Smad-1 phosphorylation by follistatin. Reproduction 
127, 239–254 (2004).

	41.	 Shi, C. et al. Deletion of BMP receptor type IB decreased bone mass in association with compromised osteoblastic differentiation 
of bone marrow mesenchymal progenitors. Sci. Rep. 6, 24256 (2016).

	42.	 Pierre, A. et al. Molecular basis of bone morphogenetic protein-4 inhibitory action on progesterone secretion by ovine granulosa 
cells. Mol. Endocrinol. 33, 805–817 (2004).

	43.	 Soyun, E. Y. et al. The type I BMP receptor BmprIB is essential for female reproductive function. Proc. Natl. Acad. Sci. U.S.A. 98, 
7994–7999 (2001).

	44.	 Regan, S. L. et al. Involvement of bone morphogenetic proteins (BMP) in the regulation of ovarian function. Vitam. Horm. 107, 
227–261 (2018).

	45.	 Souza, C. J. H., MacDougall, C., Campbell, B. K., McNeilly, A. S. & Baird, D. T. The Booroola (FecB) phenotype is associated with 
a mutation in the bone morphogenetic receptor type 1 B (BMPR1B) gene. J. Endocrinol. 169, R1 (2001).

	46.	 Wilson, T. et al. Highly prolific Booroola sheep have a mutation in the intracellular kinase domain of bone morphogenetic protein 
IB receptor (ALK-6) that is expressed in both oocytes and granulosa cells. Biol. Reprod. 64, 1225–1235 (2001).

	47.	 Montgomery, G. W., McNatty, K. P. & Davis, G. H. Physiology and molecular genetics of mutations that increase ovulation rate in 
sheep. Endocr. Rev. 13, 309–328 (1992).

	48.	 Fogarty, N. M. A review of the effects of the Booroola gene (FecB) on sheep production. Small Rumin. 85, 75–84 (2009).
	49.	 Fabre, S. et al. The Booroola mutation in sheep is associated with an alteration of the bone morphogenetic protein receptor-IB 

functionality. J. Endocrinol. 177, 435–444 (2003).



17

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20446  | https://doi.org/10.1038/s41598-020-77596-9

www.nature.com/scientificreports/

	50.	 Samir, H. et al. Investigation the mRNA expression of KISS1 and localization of kisspeptin in the testes of Shiba goats and its 
relationship with the puberty and steriodogenic enzymes. Small Ruminant Res. 133, 1–6 (2015).

	51.	 Yuan, J. H. et al. Expression of steroidogenic enzymes and synthesis of steroid hormones during development of ovarian follicles 
in prepubertal goats. Domest. Anim. Endocrinol. 34, 451–460 (2008).

	52.	 Saraiva, M. V. A. et al. Expression of follicle-stimulating hormone receptor (FSHR) in goat ovarian follicles and the impact of 
sequential culture medium on in vitro development of caprine preantral follicles. Zygote 19, 205–214 (2011).

Acknowledgements
We thank Director of Indian Veterinary Research Institute for providing necessary facilities for conducting this 
research work.

Author contributions
Sai.K. performed experiments, analyzed data, wrote the manuscript and prepared the figures. M.P. performed 
experiments and prepared the figures. B.J. performed experiments and prepared the figures. J.B. analyzed data 
and revised the manuscript. S.K. reviewed and revised the manuscript. A.S. performed experiments and analyzed 
data. J.A.G. participated in experimental design and analyzed data. K.W. participated in experimental design 
and interpreted data. M.S. participated in study design, contributed reagents, performed experiments, analyzed 
data, reviewed and edited the manuscript. All authors reviewed and approved the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Modulation of granulosa cell function via CRISPR-Cas fuelled editing of BMPR-IB gene in goats (Capra hircus)
	Methods
	Isolation of granulosa cells (GC). 
	RNA extraction and cDNA synthesis. 
	Primers. 
	qPCR analysis. 
	Tissue collection and granulosa cell (GC) culture. 
	Production of BMPR-IB knock out (KO) granulosa cells (GC). 
	Preparation of synthetic single guide RNA (SgRNA). 
	Transfection and genomic cleavage detection. 
	Treatment of BMPR-IB KO cells with BMP-4. 
	Production of BMPR-IB Knock-in (KI) granulosa cells and detection. 
	Preparation of single-stranded oligo deoxynucleotides (ssODN) containing Booroola (FecB) mutation. 
	Transfection and genomic cleavage detection. 
	Treatment of BMPR-IB KI cells with BMP-4 and BMP-7. 
	Cell viability assay. 
	Hormone estimation. 
	Statistical analyses. 

	Results
	Transcriptional abundance of BMPRs in caprine granulosa cells. 
	Effects of BMPR-IB gene KO on granulosa cells. 
	Effects on Smad signaling. 
	Effects on granulosa cell steroidogenic pathway and gonadotropin sensitivity. 
	Effects on cell proliferation and viability. 
	Effect on estradiol (E2) and progesterone (P4) production. 
	Effects of the introduction of FecB mutation on granulosa cell function. 
	Effects on Smad signaling. 
	Effects on granulosa cell steroidogenic pathway and gonadotropin sensitivity. 
	Effects on cell proliferation and viability. 
	Effect on estradiol (E2) and progesterone (P4) production. 



	Discussion
	Conclusion
	References
	Acknowledgements


