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Introduction

Pulmonary Arterial Hypertension (PAH) is a progressive disorder of the pulmonary vasculature
that mainly involves small pulmonary arterioles (Lai ef al., 2014). PAH is a disease characterized
by elevated pulmonary arterial pressure that leads to right heart failure (Austin and Loyd, 2014).
Approximately 20% of adult and up to 50% of pediatric PAH cases are associated with mutations
in the Bone Morphogenetic Protein Receptor Type 2 (BMPR2) gene (Devendran et al., 2022).
BMPR?2-associated PAH is an autosomal dominant disease, but penetrance is highly variable with
pathologic expression occurring in ~42% of females but only ~14% of males (Austin & Loyd,
2014; Larkin et al., 2012). Additionally, homozygous BMPR2""-) mutations are embryonic lethal
(Beppu et al., 2000). To date, investigations using rodent models have advanced our understanding
of BMPR? signaling (Boucherat et al., 2022). However, their small size prevents adequate
modelling of human cardiopulmonary responses, which requires a large animal preclinical genetic
model. The objective of this study was to generate heterozygous BMPR2") sheep by using
CRISPR/Cas9 to introduce a knockout through Non-Homologous End Joining (NHEJ), in
combination with a ssODN repair template designed to introduce synonymous mutations that
disrupted the NGG protospacer adjacent motif (PAM) sequence but coded for wildtype (WT)
protein when double strand breaks were repaired with the homology directed repair (HDR)
pathway.

Materials & Methods

Guide RNA design and testing. Single guide RNAs (sgRNAs) targeting exon 3 of ovine BMPR?2
were designed using CHOPCHOP and Ovis aries RefSeq GCF_000298735.1 and screened for
potential off-target effects (Labun et al., 2019). Two sgRNAs targeting opposite DNA strands of
exon 3 were tested in combination with a 99-bp single-stranded oligodeoxynucleotide (ssODN)
homology-directed repair (HDR) template (Figure 1).

Ovine zygote production and electroporation. Ovaries were collected (Superior Farms, CA) and
aspirated within 2 hrs. Cumulous Oocytes Complex (COC) were collected and transferred into
maturation media (BO-IVM, IVF BIOSCIENCE). Matured COCs’ were rinsed and placed in
fertilization media (BO-IVF, IVF BIOSCIENCE) with 2x10° sperm/ml prepared from frozen
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Sequence Complementarity
CATGCAAGGTAAGACTTAAC sgRNA 2

GTTAAGTCTTACCTTGCATG sgRNA 1
. . .CCCCACCCTCAATTCAGAATGGAACGTACCGGTTC. . . BMPR2 E 3
. . .GGGGTGGGAGTTAAGTCTTACCTTGCATGGCCAAG. . . =01

. - - CCCCACCATCAATTCAGAATGGAACGTACCGATTC. . . 99 bp ssODN

NHEJ HDR

. .CCCCACCCTCAA ~ AGAATGGAACGTACCGGTTC... ...CCCCACCATCAATTCAGAATGGAACGTACCGATTC. ..
. . GGGGTGGGAGTT ~ TCTTACCTTGCATGGCCAAG. .. . ..GGGGTGGTAGTTAAGTCTTACCTTGCATGGCTAAG. . .
Indel mutations Template-repaired PAM disruption

Figure 1. Ovine CRISPR/Cas 9 BMPR?2 guide RNA design. Single guide RNA (sgRNA) 1
(green) and 2 (blue) were targeted to exon 3 of BMPR?.

semen of a Hampshire ram. Presumptive zygotes at 6 h post-fertilization were denuded, transferred
to fresh Opti-MEM and incubated with sgRNA 1 or 2 (100 ng/uL), Cas9 (200 ng/uL) and 600
ng/ul ssODN. The mixture was electroporated and embryos incubated for 7 days, then collected in
lysis buffer for genotyping. BMPR2 was amplified by two rounds of nested PCR, and products run
through agarose gels, purified using the QIAquick Gel Extraction Kit (Qiagen) and Sanger
sequenced (GeneWiz).

Embryo transfer and breeding of BMPR2*") F1 sheep. Procedures were approved by the
Institutional Animal Care and Use Committee at UC Davis (#23844). Five to six blastocysts/straw
were transferred into the uterine horn ipsilateral to the corpus luteum of 8 ewes as described (Mahdi
et al. 2025). Pregnancies were detected after 6 weeks and monitored. Sperm was collected from
FO BMPR2 ©) knockout ram at maturity to inseminate synchronized WT females.

Germline transmission F0 and F1. Semen was obtained from a sexually mature FO gene-edited
ram (#4). Genomic DNA was isolated from the semen samples, and the BMPR2 locus was
amplified by PCR. In parallel, the semen was used for in vitro fertilization of sheep oocytes (as
above) following established protocols. The resulting blastocysts were subsequently genotyped to
determine the presence and distribution of edited and WT BMPR? alleles in the embryos. This
procedure was repeated for a male offspring of animal #4 (ID: 3913B) and the blastocysts were
also analyzed for distribution of genotypes.

Genotype analysis FO and F1. Genomic DNA was isolated from tissue samples obtained from
stillborn lambs and from whole blood collected from liveborn lambs using the DNeasy Blood and
Tissue Kit (Qiagen, Redwood City, CA). PCR amplicons were gel purified, including the isolation
of two distinct bands for lambs #4 and #8, each of which was independently extracted and analyzed
by Sanger sequencing (Genewiz). To quantify allele frequencies and identify low abundance
variants in mosaic individuals, PCR products ranging from 300—-500 bp were pooled for each lamb,
gel purified as a single composite sample and subjected to Amplicon EZ next generation
sequencing (Genewiz).



Quantitative PCR (qPCR). BMPR?2 and ACTB (B-actin) transcript levels were quantified using
TagMan qPCR. ACTB was included as the housekeeping control. Primers were designed to span
exon—exon junctions to minimize genomic DNA amplification. Locked nucleic acid probes
specific for either the WT- BMPR?2 sequence or the ssODN introduced -PAM disrupting- variant
were synthesized with 5’ fluorophores (6-FAM or SUN) and 3' BHQ-1 quenchers. Each qPCR run
included a no template- control, and all reactions samples, standards, and controls were performed
in duplicate. Quantification was based on a relative standard curve generated from six four-fold
serial dilutions of lung RNA with high BMPR?2 expression. Standard curves were created by linear
regression of Ct versus log (dilution factor). BMPR2 expression was normalized to ACTB and
reported as the BMPR2/ACTB expression ratio. A Welch’s t-test was used to compare WT and
edited genotype within tissues. Significance was declared at P<0.05.

Results
Generation of CRISPR/Cas9 ovine BMPR2 lambs. sgRNAI electroporated with the ODN
resulted in the highest rate of HDR repair compared with sgRNA2 (P<0.05). Using sgRNA1, eight
pregnancies resulted in eight lambs, of which 4 were liveborn (39,13 and 4 died perinatally
(Table 1).

Table 1. Sex, survival, and genotype derived from samples taken from 8 FO gene-edited lambs.

ID Sex GT Status Sample Allele 1 Allele 2 Allele 3 Allele 4

1 F (+/-) Perinatal death Tissue WT (56%) +21 (44%) N/A N/A

2 M (+/-) Perinatal death Tissue WT (49%) -4,+3 (51%) N/A N/A

3 F (+/-) Perinatal death Tissue WT (35%) WT (35%) +1 (30%) N/A

4 M (+/-) Liveborn Blood WT (38.5%) -49 (58%) -7 (3.5%) N/A
Sperm WT (26%) -49 (58%) -7 (17%) N/A

5 F (+/-) Liveborn Blood WT (26%) WT (16%) +1, -9 (49%) -15 (8%)

6 F (+/-) Liveborn Blood WT (52%) -7 (48%) N/A N/A

7 F (+/-) Perinatal death Tissue WT (50%) WT (50%) N/A N/A

8 F (+/-) Liveborn Blood WT (78%) +94 (22%) N/A N/A

Genomic DNA was extracted from the eight FO lambs, and the BMPR?2 editing site amplified
(Figure 2A). All eight of the gene edited lambs carried one allele expected to produce a WT protein,
edited via HDR using the ssODN template to disrupt the PAM (CCT > CAT). All liveborn lambs
4, 5, 6, 8) were BMPR2™ carrying at least one BMPR?2 knockout allele (Table 1). Most edited
alleles were predicted to encode truncated BMPR2 proteins, including 49 bp and 7 bp deletion
alleles in the liveborn BMPR2™"~) ram #4. This ram was used to produce 19 F1 offspring, of which
nine inherited a 49 bp NHEJ deletion allele, three inherited a 7 bp NHEJ deletion allele and seven
inherited the HDR WT allele (Figure 2B). An F1 BMPR2"" ram that inherited the -49 bp deletion
allele was used to fertilize WT oocytes and 11/23 (48%) of the resulting embryos inherited the -

49 bp deletion, with 12/23 (52%) inheriting the WT allele.
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Figure 2. BMPR?2 genotypes in A) eight FO (1-8) lambs and B) nineteen F1 offspring of FO ram
lamb #4. amplified for 431 bp wildtype (WT) BMPR2. Neg, negative control.

3



Quantitative PCR (qPCR). BMPR2 expression in the ear and heart of the BMPR2*") FO ram
(#4) was significantly reduced compared with WT animals, whereas expression in the lung was
not significantly different (Figure 3A; p < 0.05). In Fllambs, BMPR?2 expression was
significantly lower in both the heart and lung of BMPR2(+/-) F1 lambs compared with WT
controls (Figure 3B, P<0.05).
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Figure 3. Relative mRNA expression of wildtype (WT) BMPR?2 in lambs. A) Ear, lung and heart
of WT (n=3-5) and FO BMPR2"" ram #4 (n=1). Individual points are from replicate qPCR
assays. B) Lung and heart of WT (n=10) and F1 BMPR2®"” lambs (n=9). Data are means +/-
SEM. Square, male. Circle, female. P values are indicated on each graph.

Discussion

We generated the first heritable large-animal model of pulmonary arterial hypertension by creating
heterozygous BMPR2"” knockout sheep using CRISPR-Cas9 and an ssODN repair template. All
eight gene-edited lambs retained at least one WT allele, supporting the requirement for one WT copy
of BMPR?2 for embryonic survival. Repair outcomes demonstrated efficient indel formation, with
mosaicism observed in some founder animals. In contrast, the F1 lamb did not exhibit mosaicism,
as only the —49bp deletion allele inherited from the FO ram was observed. Stable germline
transmission was also observed in F2 embryos where two alleles from the F1 ram segregated evenly.
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