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Abstract

:

Simple Summary


Vascular anomalies represent a heterogeneous group of rare disorders encompassing both vascular malformations and tumors, which can be congenital or arise shortly after birth. They often pose a diagnostic challenge in human and veterinary medicine, and the referring nomenclature is equivocal. Bovine juvenile angiomatosis (BJA), a clinical condition belonging to this group of disorders, encompasses vascular malformations and tumors arising in calves. Usually, such vascular anomalies are not further investigated on a molecular genetic level, mainly because of a lack of resources and diagnostic tools, as well as the low value and short lifespan of the affected animals. Here we report the clinical, pathological, immunohistochemical, and genetic features of a Simmental calf that displayed multiple cutaneous, subcutaneous, and visceral vascular hamartomas compatible with a generalized form of BJA. Whole-genome sequencing identified six coding variants, including four heterozygous variants in the PREX1, UBE3B, PCDHGA2, and ZSWIM6 genes, which occurred only in the BJA-affected calf and were absent in the global control cohort of more than 4500 cattle. Assuming a germline mutation as etiology, one of these variants might be responsible for the vascular malformations identified in this calf.




Abstract


Bovine juvenile angiomatosis (BJA) comprises a group of single or multiple proliferative vascular anomalies in the skin and viscera of affected calves. The purpose of this study was to characterize the clinicopathological phenotype of a 1.5-month-old Simmental calf with multiple cutaneous, subcutaneous, and visceral vascular hamartomas, which were compatible with a generalized form of BJA, and to identify genetic cause for this phenotype by whole-genome sequencing (WGS). The calf was referred to the clinics as a result of its failure to thrive and the presence of multiple cutaneous and subcutaneous nodules, some of which bled abundantly following spontaneous rupture. Gross pathology revealed similar lesions at the inner thoracic wall, diaphragm, mediastinum, pericardium, inner abdominal wall, and mesentery. Histologically, variably sized cavities lined by a single layer of plump cells and supported by a loose stroma with occasional acute hemorrhage were observed. Determined by immunochemistry, the plump cells lining the cavities displayed a strong cytoplasmic signal for PECAM-1, von Willebrand factor, and vimentin. WGS revealed six private protein-changing variants affecting different genes present in the calf and absent in more than 4500 control genomes. Assuming a spontaneous de novo mutation event, one of the identified variants found in the PREX1, UBE3B, PCDHGA2, and ZSWIM6 genes may represent a possible candidate pathogenic variant for this rare form of vascular malformation.
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1. Introduction


Congenital vascular tumors and malformations are rare anomalies that develop during pregnancy or within the first three months of life [1]. The International Society for the Study of Vascular Anomalies (ISSVA) published an updated classification of these lesions in 2020 that includes genetic and extended histologic findings that came to light since the original ISSVA classification was created in 1996 [2,3]. However, the differentiation between vascular tumors and malformations is not always straightforward [4], and the terminology of vascular anomalies often remains a challenge [2], not only in human, but also in veterinary medicine [5,6,7]. Specifically, calves are known to display several types of vascular anomalies, some of which are congenital [6]. Vascular hamartomas are relatively common and might be found in the mandibular gingiva [7,8,9,10,11], skin [12], heart [13], and lung [14]. Hemangioma is the most frequently reported benign vascular neoplasm in calves [15] and might be localized in the gingiva [15,16], skin [5,17,18], heart [6], or multifocally [17]. In addition, although malignant vascular tumors are rarely described in cattle [18,19], a multifocal hemangiosarcoma was diagnosed in a stillborn calf [20]. In 1990, Watson and Thompson [6] proposed that these different manifestations of single and multiple vascular anomalies in calves should be grouped under the term bovine juvenile angiomatosis (BJA). This condition differs from the so-called bovine cutaneous angiomatosis, which is mostly identified in adult dairy cattle with a mean age of 5.5 years and is characterized by the appearance of mostly single, proliferative cutaneous vascular anomalies that range from hamartomas to hemangiomas [21,22,23,24,25]. It was postulated that bovine cutaneous angiomatosis may be a consequence of exuberant granulation tissue formation, especially due to histologic similarities to lobular capillary hemangioma or granulation tissue-type hemangioma of man [6,21]. Some authors mentioned chromosomal abnormalities as a putative cause for the bovine juvenile angiomatosis in comparison to what has been described in humans with similar vascular lesions [6,26]. However, chromosomal abnormalities or other types of genetic mutations have not been identified in calves affected by BJA [6,26].



Herein, we aimed to characterize the clinical and pathological phenotype of multiple cutaneous, subcutaneous, and visceral vascular hamartomas compatible with a generalized form of BJA in a Simmental calf. In addition, whole-genome sequencing (WGS) was carried out to identify putatively pathogenic variants.




2. Materials and Methods


2.1. Clinical and Pathological Investigation


A 1.5-month-old female Simmental calf with a body weight of 64 kg was referred to the Clinic for Ruminants at the Vetsuisse Faculty, University of Bern, as a result of poor weight gain and skin lesions. Previous treatment by the referring veterinarian included anthelmintics (Ivermectin 0.2 mg/kg, sc, Ivomec, Biokema SA, Crissier, Switzerland) and antibiotics (Benzylpenicillinum procainum, 30,000 IU/kg, iv, Cobiotic, Virbac AG, Glattburg, Switzerland). The calf was euthanized with an intravenous injection of pentobarbital (pentobarbitalum natricum, 150 mg/kg, iv, Streuli Pharma AG, Uznach, Switzerland) and was subsequently submitted to the Institute of Animal Pathology at the Vetsuisse Faculty, University of Bern, for necropsy and histologic examination. Tissue samples from the subcutaneous and internal nodules, as well as from several inner organs, were immediately collected, fixed in 4% buffered formalin, embedded in paraffin, cut at 4 µm, and stained with haematoxylin and eosin (H&E) for further histologic evaluation. Immunohistochemical (IHC) analysis for platelet endothelial cell adhesion molecule (PECAM-1), von Willebrand factor, smooth muscle actin (SMA), vimentin, and a broad-spectrum cytokeratin marker (MNF116) were performed from one subcutaneous and one mediastinal nodule. For the PECAM-1 IHC, antigen retrieval using pressure cooking (98 °C, 20 min) in basic EDTA buffer (pH 9.0) was performed, and the primary antibody (sc1506, Santa Cruz Biotechnology, Dallas, TX, USA) was incubated for 1 h at room temperature (RT) (1:1000 dilution). For the von Willebrand factor IHC, pressure cooking in citate buffer (pH 6.0, S2031 Agilent Technologies, Santa Clara, CA, USA) was performed for antigen retrieval, and the primary antibody (A0082, Agilent Technologies) was incubated for 40 min (1:100 dilution) at RT. Peroxidase blocking (S2023, Agilent Technologies) was performed prior to primary antibody incubation for 10 min in both cases, followed by incubation with Envision+system HRP rabbit (K4003, Agilent Technologies) for 30 min at RT, labeling with 3,3′-diaminobenzidine (DAB) (K3468, Agilent Technologies) for 10 min, counterstaining with hematoxylin, and mounting. For the SMA IHC, no antigen retrieval was performed, primary antibody incubation (M085, Agilent Technologies) took place for 1 h at RT (1:400 dilution), and the Mach 4 Universal HRP Polymer kit (BRR 4012L, Medite, Dietikon, Switzerland) was used as secondary antibody at RT. Peroxidase blocking and DAB labeling were performed as previously described. For the vimentin IHC, antigen retrieval was performed with Bond Epitope Retrieval Buffer Type 2 (Tris-EDTA pH 9, AR9640 Leica Biosystems, Wetzlar, Germany) for 10 min at 95 °C, and was followed by primary antibody incubation (V9, M0725, Agilent Technologies) for 15 min at RT (1:1000 dilution). For the MNF116 IHC, antigen retrieval was performed with Bond Enzyme 1 (AR9551 Leica Biosystems) for 5 min at 37 °C, followed by primary antibody incubation (M0821, Agilent Technologies) for 15 min at RT (1:400 dilution). In both cases, all further steps were performed using reagents of the Bond Polymer Refine Detection Kit (DS9800, Leica Biosystems), namely peroxidase blocking for 5 min, incubation with rabbit anti-mouse secondary antibody for 8 min at RT, and peroxidase-labelled polymer incubation for 8 min. Finally, slides were developed in DAB/H2O2 for 10 min, counterstained with hematoxylin, and mounted. Tissue sections from normal haired skin from a cow were used as positive control for the PECAM-1, von Willenbrand, vimentin, and MNF116 IHCs, while a tissue section from the small intestine from a cow was used as positive control for the SMA IHC. Tissue sections from the nodules from the affected calf without primary antibody incubation were used as negative controls.




2.2. DNA Sample and Whole-Genome Sequencing


Genomic DNA was isolated from the liver of the calf using the Promega Maxwell RSC DNA system (Promega, Dübendorf, Switzerland). WGS using the Illumina NovaSeq6000 was performed on the genomic DNA of the calf. The sequenced reads were mapped to the ARS-UCD1.2 reference genome, resulting in an average read depth of approximately 17.5× [27], and single-nucleotide variants (SNVs) and small indel variants were called. The applied software and steps to process fastq files into binary alignment map (BAM) and genomic variant call format files were in accordance with the 1000 Bull Genomes Project processing guidelines of run 8 (www.1000bullgenomes.com) [28], except for the trimming, which was performed using fastp [29]. Further preparation of the genomic data had been done according to Häfliger et al. 2020 [30]. In order to find private variants, we compared the genotypes of the affected calf with 496 cattle genomes of various breeds that had been sequenced in the course of other ongoing studies at the Institute of Genetics at the Vetsuisse Faculty, University of Bern, and that are publicly available in the European Nucleotide Archive (SAMEA6528880 is the sample accession number of the affected calf; http://www.ebi.ac.uk/en) (Table S1). The filtered list of remaining variants were further checked for their occurrence in a global control cohort of 4110 genomes of a variety of breeds (1000 Bull Genomes Project run 8; www.1000bullgenomes.com accessed on 15 November 2020) [28]. Integrative Genomics Viewer (IGV) [31] software was used for visual inspection of genome regions containing possible candidate genes.



In order to evaluate possible chromosomal abnormalities, the read depth along all chromosomes was calculated. A sliding window approach was used where 3 different window sizes were executed (10 kb, 200 kb, 500 kb). Using the function bedcov of the program Samtools [32], the output generated was the number of reads within each specified window. Furthermore, coverage plots were produced using the function Manhattan of the package “qqman” in R [33].




2.3. Evaluation of the Molecular Consequences of Amino Acid Substitutions


PROVEAN [34], MutPred2 [35], and PredictSNP1 [36] were used to predict the functional consequences of the identified variants on protein.





3. Results


3.1. Clinical Phenotype


At clinical examination, the calf was alert but moderately reduced in its general body condition. The rectal body temperature was 39.0 °C, the heart rate was 80 beats per minute, and the respiratory rate was 40 beats per minute. Examination of the cardiovascular, respiratory, digestive, and urinary systems did not reveal any abnormalities.



The integumentary system of the calf revealed multiple, cutaneous and subcutaneous, soft, movable nodules, which measured up to 5 cm in diameter. These were predominantly present in the caudal aspect of the back, the pelvis, and the hind limbs (Figure 1a). The cutaneous nodules were occasionally covered by sanguineous crusts, and some nodules bled abundantly following spontaneous rupture (Figure 1b). No hematological and biochemical analyses were performed due to cost restrictions. Based on these findings and considering that no other calves in the herd showed similar skin lesions, a presumptive diagnosis of multifocal vascular anomalies was made. The animal was then euthanized due to a lack of response to treatment and poor prognosis.




3.2. Pathological Phenotype


At necropsy, the cutaneous and subcutaneous nodules displayed either a white or reddish cut surface. Additionally, mostly pedunculated but similar looking nodules were occasionally present at the inner thoracic wall and diaphragm (Figure 1c), the mediastinum (Figure 1d), the pericardium, the inner abdominal wall, and the mesentery adjacent to the duodenum. The remaining organs were macroscopically unremarkable.



Histologically, all analyzed nodules consisted of encapsulated (with the exception of the nodule present in the mesentery adjacent to the duodenum), well demarcated, expansively growing, moderately cellular masses. These consisted of abundant, variably sized, mostly empty cavities, which were lined by a single layer of plump cells and supported by a loose, partially edematous fibrovascular stroma (Figure 2a,b), with occasionally intermingled foci of mature connective tissue. The plump cells displayed a moderate amount of eosinophilic, homogeneous cytoplasm, an oval nucleus with finely stippled chromatin, and up to two basophilic, round nucleoli. The anisocytosis and anisokaryosis were low to moderate, and there were very few mitotic figures visible. Moderate to high numbers of free erythrocytes (compatible with acute hemorrhage), as well as occasional neutrophils and lymphocytes, were visible within the stroma.



To determine the cellular origin of these nodules, IHC was performed. In both nodules, the plump cells lining the cavities displayed a strong cytoplasmic signal for PECAM-1 (Figure 3a), von Willebrand factor (Figure 3b), and vimentin (Figure 3c) but not for SMA (Figure 3d). In addition, the supporting stromal cells displayed a strong cytoplasmic signal for vimentin (Figure 3c) and SMA (Figure 3d), as well as a rather strong background staining in the von Willebrand factor IHC (Figure 3b). Cells lining the cavities and stromal cells were negative for the pan cytokeratin marker MNF116 (not shown).



The above described histologic and immunohistochemical features resemble previously described vascular anomalies in calves [7,8]. In spite of the often conflicting nomenclature terminology [6,7], a final diagnosis of multiple cutaneous, subcutaneous, and visceral vascular hamartomas compatible with a generalized form of BJA as described by Watson and Thompson [6] was made in this case.




3.3. Genetic Analysis


Assuming a spontaneous mutation as etiology for this most likely congenital condition, the sequencing of the whole genome of the affected calf was carried out. Filtering of the obtained variant catalogue for private variants exclusively present in the BJA-affected calf and absent in 496 available control genomes identified 31 private protein-changing variants, and subsequent visual inspection using IGV software confirmed 29 as real variants. Analyzing the occurrence of these variants in the global control cohort of 4110 genomes of a variety of breeds [28], six heterozygous protein-changing variants exclusively present in the genome of the affected calf were identified (Table S2). A total of 137 sequenced genomes from Simmental cattle were considered during variant filtering. Results of the functional impact prediction of these six heterozygous protein-changing variants are presented in Table 1.



Based on the function of the identified genes and in the predicted impact on the protein, the variants identified in PREX1, UBE3B, ZSWIM6, and PCDHGA2 were considered the most likely candidate pathogenic variants for the observed phenotype. Unfortunately, no biological samples of the sire and dam were available to evaluate if one of these variants has occurred de novo in the calf.



No evidence for chromosomal abnormalities were detected by analyzing the obtained read depth or coverage along all chromosomes.





4. Discussion


We performed a comprehensive clinical, pathological, and genetic investigation in a Simmental calf displaying multifocal subcutaneous and visceral vascular hamartomas compatible with a generalized form of BJA.



We evaluated the hypothesis of a spontaneous mutation as the possible cause for this most likely congenital phenotype. Analysis of the genome sequence revealed six heterozygous protein-changing variants in the PREX1, UBE3B, PCDHGA2, ZSWIM6, NR1H3, and C23H6orf132 genes that were exclusively present in the genome of the affected calf and absent in a global control cohort of more than 4500 cattle genomes of a variety of breeds. Therefore, we considered these apparently rare coding variants as possible candidates for the observed BJA phenotype. In the following, literature and in silico effect predictions are used to discuss a conceivable causal role. The missense variants identified in the NR1H3 and C23H6orf132 genes were not considered as putative causes for these vascular malformations because they were predicted to have a neutral or benign effect.



However, the missense variant found in PREX1 was predicted to be deleterious by different tools such as PROVEAN and PredictSNP1 [34,36]. This gene belongs to the family of Rac guanine nucleotide exchange factors (Rac-GEF) and is activated by phosphatidylinositol 3,4,5-trisphosphate (PI (3,4,5) P3), which is generated by class I phosphoinositide 3-kinase (PI3K) and the β-gamma subunits of the heterotrimeric-G proteins (Gβγ) [38]. Furthermore, PREX1 has an important role in the control of many fundamental cellular functions, including cell migration, actin cytoskeletal rearrangement, adhesion, and the production of reactive oxygen species (ROS) [39]. Additionally, the major effector of PREX1 protein activity is related to the induction of actin-mediated membrane ruffling and lamellipodia production at the leading edge of cell migration, and abnormally activated Rac is involved in the metastasis and invasion of tumor cells [40]. Evidence suggested that Rac and PREX1 protein are increased in cell proliferation and migration in several human cancers such as melanoma [41], breast cancer [42], prostate cancer [43], and oral squamous cell carcinoma [44]. However, no association between PREX1 and the occurrence of vascular tumors has been reported to date.



The missense variant in UBE3B was predicted to be deleterious by PredictSNP1 [36]. An independent splice site variant in bovine UBE3B is associated with an autosomal-recessive inherited disorder called PIRM syndrome in Finnish Ayrshire cattle, which causes intellectual disability, retarded growth, and mortality (OMIA 001934-9913) [45], and which resembles the human autosomal-recessive Kaufman oculocerebrofacial syndrome (OMIM 244450) [46]. In addition, a recent study demonstrated that suppression of the E3 ubiquitin ligase UBE3B-mediated MYC ubiquitination and degradation caused by the integration of TRIB3 with MYC is associated with high proliferation and self-renewal of lymphoma cells [47]. However, in the case presented in this study, the identified variant in UBE3B was heterozygous, and the calf did not show a phenotype compatible with these disorders.



Moreover, a disruptive in-frame deletion in PCDHGA2 was predicted to have a deleterious impact in the protein using PROVEAN [34]. This gene presents a probability of loss-of-function intolerance score (pLI) of zero according to Genome Aggregation Database (gnomAD) [37]. Considering that transcripts with a pLI superior or equal to 0.9 are predicted to be loss-of-function (LoF) intolerant due to haploinsufficiency of the gene [48], PCDHGA2 most likely does not belong to the group of LoF haploinsufficient genes. In addition, PCDHGA2 protein is a potential calcium-dependent cell-adhesion protein that might be involved in the establishment and maintenance of specific neuronal connections in the brain [49,50]. In humans, somatic mutations in PCDHGA2 have been associated with cell and biological adhesion in aggressive papillary thyroid microcarcinomas [51]. However, and similarly to PREX1, no association between this gene and the occurrence of vascular tumors has been reported to date.



To date, no pathogenic variants of ZSWIM6 have been reported in domestic animals. Interestingly, recent data obtained from human genome sequencing studies presented in the gnomAD [37] showed that the pLI for this gene was 1, meaning that ZSWIM6 falls into the class of LoF haploinsufficient genes. The encoded protein, so-called Zinc finger SWIM domain-containing protein 6, is a protein of unknown function that is involved in the nervous system development and regulation [52]. Moreover, ZSWIM6 enables the zinc ion binding [53] and is part of the Cul2-RING ubiquitin ligase complex [49]. In humans, pathogenic variants in the ZSWIM6 gene (OMIM 615951) are associated to acromelic frontonasal dysostosis [54] and neurodevelopmental disorder with movement abnormalities, abnormal gait, and autistic features [52,55]. Additionally, the ZSWIM6 protein, according to the Biological General Repository for Interaction Datasets (BioGRID), is predicted to interact physically with ARIH1 [56], GLMN [57], HECW2 [58], HNRNPH1 [59] and HNRNPL [60]. Similarly to ZSWIM6, the GLMN is part of the Cul2-RING ubiquitin ligase complex [61] and known to be involved in numerous different processes, namely the normal development of the vasculature [62]. Particularly, autosomal dominant pathogenic variants in the GLMN gene (OMIM 138000) are associated with the development of glomuvenous malformations (GVMs) [63] and Blue rubber bleb nevus syndrome (BRBNS) (OMIM 112200) [64] in humans.



Based on these findings, we speculate whether the above-described vascular lesions in this calf could be due to an impaired interaction between ZSWIM6 and GLMN. However, it cannot be excluded that the phenotype displayed by this calf is due to one of the other remaining variants found exclusively in the sequenced case, or even to a combination of these. Either way, we hypothesize that one of these variants either occurred post-zygotically during the fetal development of the affected calf or represent a germline mutation that occurred in one of the parents. To prove that the private variants occurred was indeed de novo, genotyping of the sire and dam would be needed. Unfortunately, no samples from these animals were available at the time the genetic analysis was performed, therefore this hypothesis cannot be confirmed.



We hope that these findings may contribute to a better knowledge and characterization of BJA. However, it is highly unlikely that the candidate causal variants identified in the genome of the studied calf are responsible for other BJA cases since this condition encompasses several kinds of vascular anomalies, including both vascular malformations and tumors [6].




5. Conclusions


This report highlights the utility of WGS-based precision diagnostics for understanding the underlying genetics of rare disorders in animals with an available reference genome sequence and the value of surveillance for harmful genetic disorders in cattle breeding populations.
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Figure 1. Cutaneous and subcutaneous nodules (arrows) located at the back, flank, and hindlimbs of the Simmental calf (a), some of which were covered by abundant serosanguineous crusts (b). At necropsy, similar looking nodules (arrows) were identified, namely in the inner thoracic wall (c) and in the mediastinum (d). All nodules measured up to 5 cm in diameter, were well demarcated from the adjacent tissue, and displayed a white to reddish cut surface. Bar 5 cm (b), 3 cm (c), and 4 cm (d). 
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Figure 2. Histology of one of the subcutaneous nodules from the Bovine juvenile angiomatosis (BJA)-affected Simmental calf. Note the variably sized, mostly empty cavities lined by a single layer of plump cells (arrows) and supported by a loose fibrovascular stroma (stars) with occasional acute hemorrhage (arrowheads). Hematoxylin and eosin (H&E) staining, Bar 100 µm (a) and 50 µm (b). 
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Figure 3. Immunohistochemical (IHC) analysis of a subcutaneous nodule from the BJA-affected Simmental calf with platelet endothelial cell adhesion molecule (PECAM-1) (a), von Willebrand factor (b), vimentin (c), and smooth muscle actin (SMA) (d). Note that the plump cells lining the cavities (arrows) displayed a strong positive signal in the PECAM-1, von Willebrand factor, and vimentin IHC but were negative in the SMA IHC. The stromal cells (stars) displayed a positive cytoplasmic signal in the vimentin and SMA IHC staining, while the signal seen in the von Willebrand factor IHC was considered to represent background staining. IHC staining, Hematoxylin counterstain, Bar 100 µm. 
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Table 1. Pathogenicity prediction results for the six heterozygous protein-changing variants exclusively present in the genome of the BJA-affected calf and absent in global control cohort of more than 4500 genomes of a variety of breeds.
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	Gene
	Effect
	Protein-Changing
	pLI 1
	PROVEAN Score
	PROVEAN Impact
	MutPred2 Score
	MutPred2 Impact
	PredictSNP1 Score
	PredictSNP1 Impact





	PREX1
	missense
	p.Arg401Cys
	1
	−5.149
	deleterious
	0.387
	neutral
	0.719
	deleterious



	UBE3B
	missense
	p.Ala32Val
	0
	−1.946
	neutral
	0.583
	neutral
	0.510
	deleterious



	PCDHGA2
	disruptive in-frame deletion
	p.Lys141_Val142del
	0
	−11.366
	deleterious
	0.338
	neutral
	NA
	NA



	ZSWIM6
	disruptive in-frame deletion
	p.Ala146_Gly148del
	1
	1.280
	neutral
	0.366
	neutral
	NA
	NA



	NR1H3
	missense
	p.Thr46Met
	0.9
	−0.371
	neutral
	0.086
	neutral
	0.653
	neutral



	C23H6orf132
	missense
	p.Gly692Glu
	NA
	−0.907
	neutral
	0.035
	neutral
	0.826
	neutral







1 probability of loss-of-function intolerance score (pLI) provided by the Genome Aggregation Database (gnomAD) [37]. NA, not available.
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