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ABSTRACT   

In order to identify cellular phenotypes resulting from nonsense (gain of stop/premature termination 

codon) variants, we devised a framework of analytic methods that minimised confounder contributions, 

and applied to blood outgrowth endothelial cells (BOECs) derived from controls and patients with 

heterozygous nonsense variants in ACVRL1, ENG or SMAD4 causing hereditary haemorrhagic 

telangiectasia (HHT).  Following validation of 48 pre-selected genes by single cell qRT-PCR, discovery 

RNASeq ranked HHT-differential alignments of 16,807 Ensembl transcripts. Consistent gene ontology 

(GO) processes enriched compared to randomly-selected gene lists included bone morphogenetic 

protein, transforming growth factor-β and angiogenesis GO processes already implicated in HHT, 

further validating methodologies. Additional terms/genes including for endoplasmic reticulum stress 

could be attributed to a generic process of inefficient nonsense mediated decay (NMD). NMD efficiency 

ranged from 78-92% (mean 87%) in different BOEC cultures, with misprocessed mutant protein 

production confirmed by pulse chase experiments.  Genes in HHT-specific and generic nonsense decay 

(ND) lists displayed differing expression profiles in normal endothelial cells exposed to an additional 

stress of exogenous 10μmol/L iron which acutely upregulates multiple mRNAs: Despite differing 

donors and endothelial cell types, >50% of iron-induced variability could be explained by the magnitude 

of transcript downregulation in HHT BOECs with less efficient NMD.  The Genotype Tissue 

Expression (GTEx) Project indicated ND list genes were usually most highly expressed in non-

endothelial tissues. However, across 5 major tissues, although 18/486 nonsense and frameshift variants 

in highly expressed genes were captured in GTEx, none were sufficiently prevalent to obtain genome-

wide significant p values for expression quantitative trait loci (GnomAD allele frequencies <0.0005).   

In conclusion, RNASeq analytics of rare genotype-selected, patient-derived endothelial cells facilitated 

identification of natural disease-specific and more generic transcriptional signatures.  Future studies 

should evaluate wider relevance and whether injury from external agents is augmented in cells with 

already high burdens of defective protein production. 
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INTRODUCTION 

Amongst tens of thousands of changes in cells resulting from genomic or environmental stimuli, it can 

be difficult to disentangle damaging responses that would be better corrected, from necessary cellular 

adaptations, or chance observations.  Both mechanistic understanding, and efficacious preclinical 

testing of potentially new therapeutic agents require robust laboratory assays, particularly for rare 

diseases, and genome-personalised medicine when sample size is limiting. The current decade benefits 

from global ‘omics approaches that provide prior evidence in normal states,1 and avoid over-targeted 

experimental readouts that can miss unanticipated adaptations employed by cells in order to survive, 

including therapy-nullifying responses.2 Evaluation platforms now include patient-derived cells for 

bulk, single cell, and organ-on-a-CHIP analyses. 

Our goals were to deliver robust methodologies for pre-clinical studies in patient-derived blood 

outgrowth endothelial cells (BOECs), and to test the extent to which transcripts harbouring premature 

termination codons (PTCs) undergo nonsense mediated decay (NMD)3,4 in BOECs. We focussed on 

patients with the vascular dysplasia hereditary hemorrhagic telangiectasia (HHT) where new treatments 

are required to further reduce morbidity from hemorrhage caused by abnormal blood vessels.5-14 HHT 

is inherited as an autosomal dominant trait, and typically caused by heterozygous, loss-of-function 

variants in ACVRL1, ENG and SMAD4.15-17 As recently reviewed,16,17 these genes encode endothelial-

cell expressed proteins that transmit or modify signalling by the BMP/TGF-β superfamily, with HHT 

causality confirmed by null, heterozygous and endothelial-specific disease gene models.18-22 Signalling 

defects are usually studied in conditional homozygous null models which generate pronounced and 

reproducible phenotypes in the context of trauma19 or angiogenesis,23,24 and have provided important 

insights into HHT pathophysiology:  ACVRL1, ENG and SMAD4 deficiency results in reduced 

endothelial integrity, red cell extravasation and increased endothelial proliferation following ischemia-

induced angiogenesis.20,22-24  Modified BMP/TGF-β signalling by lower ALK5 and ALK1 receptor 

expression/signalling has been interpreted as an adaptive response that enabled more ENG deficient 

cells to survive.24   Other potentially relevant BMP/TGF-β independent roles of endoglin and ALK1 
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were summarised recently16 and include actin cytoskeleton organization, modulation of integrin-

dependent endothelium-leukocyte adhesion mediated by CXCL12, and regulation of endothelial nitric 

oxide synthase (eNOS) activation, with ACVRL1+/- and ENG+/- cells generating more eNOS-derived 

superoxide and reactive oxygen species.25-27 

In HHT, early evidence demonstrated that the wildtype allele is still expressed in diseased tissues in 

vivo,28,29 however, a relevant phenotype in heterozygous HHT cells has been described as “elusive”. 

We hypothesised that the heterozygous HHT state would also display differences that would be 

important to complement the null models, and that these would be definable in modest sample size 

numbers.  Blood outgrowth endothelial cells (BOECs) are an established platform for examining 

endothelial cells in a variety of disease states including pulmonary arterial hypertension which can also 

be caused by null alleles in the ACVRL1 gene,30 and HHT.31  Here we report that employing stringent 

steps to minimise other biological and methodological variation, enabled identification of HHT 

heterozygous BOEC transcriptomic signatures, and a new transcriptional index related to the efficiency 

of nonsense mediated decay in specific cultures.  Together the findings advance pathogenic 

understanding and preclinical testing opportunities. 

 

METHODS  (Additional information in Supplemental Methods).    

 

Endothelial cell methods 

This research was approved by national ethics committees, and all human participants provided written 

informed consent. Primary studies were performed in blood outgrowth endothelial cells (BOECs) 

established from healthy volunteers and pre-genotyped HHT patients.  BOEC methods were previously 

optimised for similar studies in patient with pulmonary arterial hypertension.30 Comparator assays were 

performed in normal human umbilical vein endothelial cells (HUVEC), and human dermal 

microvascular endothelial cells (HDMEC) as previously described.30,32-34 All analyses were performed 
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in confluent passage 3 vials.  

 

Following confirmation of endothelial status by bulk flow cytometry (Supplemental Figure 1), for 

RNASeq library preparations, RNA was extracted from 16 separate cultures of confluent BOECs from 

4 separate donors, cultured in the presence and absence of BMP9 at 10ng/ml for 1 hr.  Library 

preparations, alignments to Homo sapiens GRCh38, and initial variant calls35 were performed by 

Genewiz (Leipzig, Germany). 

 

To facilitate quantitative identification of subtle readouts, novel housekeeping genes were sought from 

genes with low Gini Coefficients (GC) within multiple cell lines.36,37 These included RBM45 (catalogue 

number 4351372, assay number HS00912280_M1), and SF3B2 (catalogue number 4331182, assay 

number HS00199190_M1).  These were evaluated using bulk quantitative reverse transcriptase PCR 

(qRT-PCR) as described33 using pre-designed TaqMan qRT-PCR assays (Applied Biosystems, Thermo 

Fisher, Waltham, MA, Supplemental Table 1). 

 

To provide numeric validations of a larger subset of genes, single cell qRT-PCR was performed as 

detailed further in the Data Supplement:38,39 For each culture, 40 viable (DRAQ7 negative) single-cells 

were sorted directly into 96-well-plates containing pre-amplification mix for 48 genes selected as 

endothelial gene markers as validation for endothelial differentiation, likely relevance to the HHT 

cellular phenotype, or important negative controls. Specific target amplification was performed using 

CellDirect One-Step qRT-PCR Kit (Invitrogen, Thermo Fisher, Waltham, MA) as described.38,39 The 

48 genes examined by sc qRT-PCR were normalized to UBC expression, analysed, and plotted using 

an R script developed in house. 

 

For further endothelial validations, we compared RNASeq findings in the HHT patient and control-

derived BOECs to earlier RNASeq studies in normal primary HDMEC.33 For the current manuscript, 
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comparisons focussed on alignment changes after 1 hour treatment with TGF-β1, BMP9 or 10μmol/L 

ferric citrate, as described.33 

 

 

RNA Sequencing Analyses 

Genewiz analytic pipelines aligned sequenced reads to Homo sapiens GRCh38 using STAR aligner 

v2.5.2b, counted unique gene reads that fell within exon regions using Subread package v1.5.2, and 

normalised to total alignment counts per library (Genewiz, Leipzig, Germany).  Genewiz also assessed 

sample-to-sample similarities by Euclidean distance and principal component analyses (PCA). 

 

In-house, the intra-assay coefficient of variation (CV) was calculated for replicate pairs as 100 x 

standard deviation (SD)/mean, and for each transcript, alignment pairs were categorised by whether 

they did or did not meet a CV≤ 10% (CV10).  Associations between RNASeq low Gini36,37-normalised 

alignments with donor age, sex, experimental variability, and HHT disease status were examined by 

Spearman rank correlation, and multivariate linear regression (STATA IC v 15.0., Statacorp, College 

Station, TX). 

  

Quantitative RNASeq validations were performed in endothelial cells from different HHT and control 

donors, using bulk qRT-PCR, and single cell qRT-PCR.38,39 The 48 genes examined by scPCR were 

categorised by quartiles of ranking in control BOECs (number of expressing single BOECs*relative 

expression) and compared to alignment values in RNASeq. 

 

To focus on the biological discovery question ‘how do HHT BOECs differ to control BOECs?’, each 

gene was ranked by differential alignments in untreated HHT and control BOECs, using the maximum 

alignment per pair. The x axis of a scatter plot plotted the log of alignment fold differences described 

further in the Data Supplement:  
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𝐿𝑜𝑔 ( 
𝐿𝑜𝑤𝑒𝑠𝑡 𝑅𝐵𝑀45_𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝐸𝑁𝐺, 𝐴𝐶𝑉𝑅𝐿 𝑜𝑟 𝑆𝑀𝐴𝐷4  𝐵𝑂𝐸𝐶 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡  

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑅𝐵𝑀45_𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝐵𝑂𝐸𝐶 𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡 
) 

 

The y axis plotted a simple measure of statistical confidence40: 

−𝐿𝑜𝑔 (
1

𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑎𝑐𝑟𝑜𝑠𝑠 𝑎𝑙𝑙 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝐵𝑂𝐸𝐶𝑠  
)   

  

The product was squared, and the square root used to generate a single rank score: 

√{Log (
𝐿𝑜𝑤𝑒𝑠𝑡 𝑅𝐵𝑀45_𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝐻𝐻𝑇 𝐵𝑂𝐸𝐶 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡

𝐻𝑖𝑔ℎ𝑒𝑠𝑡 𝑅𝐵𝑀45_𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝐵𝑂𝐸𝐶 𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡 
) 𝑥 − 𝐿𝑜𝑔 (  

1

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 
)}

2

  

 

Quantitative RNASeq validations of these ranking methods were performed using the HHT differential 

expression by scPCR of 48 genes which were categorised by no change (p≥0.05); increased expression 

(p<0.05) and decreased expression (p<0.05).  

 

 

Nonsense mediated decay 

BOECs undergoing RNASeq had been established from HHT patients heterozygous for nonsense (“stop 

gain”) pathogenic15,41,42 DNA variants in ENG, ACVRL1 or SMAD4.   Binary sequence alignment (bam) 

and vcf files were analysed in Galaxy Version 2.4.143 and uploaded to the UCSC Genome Browser,44,45 

and Integrated Genome Browser (IGV) 9.1.846 for further analyses. Percentage loss of the nonsense 

allele in ACVRL1+/-, ENG+/- and SMAD4+/- BOECs was calculated assuming that without nonsense 

mediated decay (NMD)3, there would have been an approximately equal number of alignments to 

wildtype and nonsense alleles in each HHT BOEC library. BOECs were categorised according to this 

% loss of the nonsense pathogenic variant to generate an “ND” index of NMD inefficiency in each HHT 

BOEC dataset.  This was validated by comparison to ratios of common single nucleotide variant (SNV) 

alignments within the untranslated regions of ACVRL1, ENG and SMAD4 called by Genewiz using 
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VarScan2 set to standard thresholds.   

 

To validate persistence of RNA transcripts and protein synthesis, metabolic labelling was performed in 

BOEC protein extracts using ENG mAb Sn6H (Dako Denmark A/S, Denmark). Modifying methods of 

Pece et al,47 a 1 hour “pulse” with 50μCi/ml of 35S methionine, preceded a 0, 1, 2 or 3.5hr “chase” in 

media containing unlabelled methionine, immunoprecipitation and SDS-PAGE gel fractionation. 

 

Gene ontology enrichment analysis 

Gene Ontology48 (GO) enrichment analysis was performed by Functional Annotation Clustering using 

the Database for Annotation, Visualization and Integrated Discovery (DAVID)49,50 v6.8. This was 

performed initially for the top 100, 200, 300, 400, 500 750, 1,000, 1,250, 1,500 and 2,000 differentially 

expressed genes ranked as above, and subsequently for 10 random sets of 1000 genes derived from the 

complete gene dataset,33 and genes where the ND index was significantly associated with RBM45-

normalised alignments in ACVRL1+/- and SMAD4+/- BOECs.  GO terms meeting cluster enrichment of 

≥1.2 fold and GO term p<0.05 were compared between experimentally-ranked, randomly-generated 

and ND index-flagged genes. Data were visualised using GraphPad Prism 9 (GraphPad Software, San 

Diego, CA), and STATA IC v 15.0 (Statacorp, College Station, TX).  

 

Broader tissue and variant examinations 

To examine if findings may be of  broader relevance, gene expression was examined across RNASeq 

data from the 54 tissues representing 17,382 samples, 948 donors (V8, Aug 2019).1,51 To explore 

whether there was statistical evidence that other nonsense variants were associated with modified 

expression of genes identified in the current study, we examined expression quantitative trait loci 

(eQTLs) within GTEx,1,51 focussing on all nonsense and frameshift variants listed in GnomAD v3.1.252 

that were present in the 100 most highly expressed transcripts in at least two of 5 tissues of disease-

specific relevance (colon, heart, lung, liver, and skeletal muscle). The tissues were selected to span 

different categories observed for eQTLs, allele specific expression (aseQTLs) and transQTLs in the full 
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GTEX databases.1,51  Following cross check on the UCSC Genome Browser,44,45 11 common variants 

(MAF >0.0005) that were only present in minor alternate transcripts (HLA-B, RPL29), or had been 

misassigned to the categories (TPM2), were removed.  

 

Data Sharing Statement  

Non-sensitive data underlying this article are available at 10.5281/zenodo.5201823 and can be used 

under the Creative Commons Attribution licence.  Primary sequence data used in this research was 

collected subject to the informed consent of the participants. Access to these data will only be granted 

in line with that consent, subject to approval by the project ethics board and under a formal Data Sharing 

Agreement. 

 

 

RESULTS 

Endothelial cell phenotypes 

BOECs were confirmed as CD31+, CD44+ CD105+, CD90- by bulk flow cytometric evaluations, and 

displayed consistently high expression of a panel of endothelial marker genes (Supplemental Figure 1). 

From each of the 16 BOEC cultures, RNASeq generated between 34,400,000 and 45,100,000 (median 

39,800,000) alignments to human genome build GRCh38.  A median of 35,400,000 alignments per 

sample (88.0%) mapped uniquely to GRCh38, representing alignments to 16,807 Ensembl transcripts.   

Mean alignments across the 16 samples corresponded better with endothelial expressed genes from our 

earlier data in primary human dermal microvascular endothelial cells (HDMEC Figure 1Ai) than 

pulmonary artery endothelial cells (HPAEC, Figure 1Aii). 
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Two genes with low Gini coefficients of variation36,37 were defined as improved housekeeper genes 

compared to those previously used for reference (Figure 1B). BOEC RBM45 alignments were similar 

to the lowest quartile of endothelial transcripts (Figure 1Ci), including many HHT target genes 

examined in wider studies (data not shown). SF3B2 alignments were similar to endothelial-expressed 

vascular malformation disease genes including for HHT (Figure 1Cii).    

 

 

RNASeq detects the 3 HHT genotypes 

VarScan2 did not detect the nonsense substitution in HHT BOECs.  Instead, BOECs were confirmed 

as retaining the source HHT genotype by examining raw alignments to the nucleotides corresponding 

to the HHT donors’ variants: ACVRL1 exon 8 (c.1171G>T, p.Glu391X), ENG exon 3 (c.277C>T, 

p.Arg93X), and SMAD4 exon 9 (c.1096C>T, p.Gln366X, (Supplemental Figure 2).  In keeping with 

expectation from nonsense mediated decay3,4 and earlier studies in HHT patient lymphoblastoid lines,53 

none of the nonsense variants (at chr12:51,916,157, chr9:127,829,769 or chr18:51065562) were present 

at a 1:1 ratio as would otherwise be expected for germline heterozygous alleles (Figure 1D). Instead, 

the allele alignment ratios implied substantial loss of the mutant allele (mean 89%, range 78-92% loss), 

and this was reflected in reduced total alignments to the respective gene (Figure 1E).    Micro RNA 

alignments were also in keeping with published data of lower miR-10a and miR-370 in ENG+/- patients 

compared to ACVRL1+/- (Supplemental Figure 3). 

 

Further confirmation was obtained in ACVRL1 BOECs that by chance, were from a donor heterozygous 

for a common variant in the 3’ untranslated region (UTR) where the wildtype allele was in cis with the 

exon 8 pathogenic nonsense substitution, enabling variant allele detection by VarScan2: In each of the 

ACVRL1+/- BOECs, loss of the exon 8 pathogenic nonsense substitution closely paralleled loss of the 

exon 10 proximal 3’UTR wildtype allele (r2 0.92, p=0.011, Supplementary Figure 4). 

 

 

Global RNASeq Analyses  

Having confirmed that BOECs had maintained their endothelial cell phenotype and HHT genotype, 

global comparative evaluations were undertaken. Initial Genewiz principal component (Figure 2A) and 
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Euclidean distance (Figure 2B) analyses clustered ENG+/- and SMAD4+/- BOECs more closely than 

ACVRL1+/- BOECs.  Since control BOECs were placed between HHT BOECs (Figure 2B), it was 

concluded that these methodologies were not identifying shared heterozygous HHT BOEC phenotypes.   

 

Further, although the greatest similarity was seen between the two members of each pair of untreated 

BOECs (Figure 2B), and there was high sequencing fidelity (Supplemental Figures 5,6), only 5,014/ 

16,807 (29.8%) Ensembl transcripts met an intra-assay coefficient of variation of 10% when normalised 

to total alignments across all libraries. Notably, there was marked variability in RBM45 and SF3B2 

alignments across sample pairs, despite very low known biological variability,36,37 confirmed biological 

replicates, and standardized culture conditions (Figure 2C).  

 

To minimise this element of variability, for further analyses, all RNASeq alignments were normalised 

to SFB2 or RBM45. The maximal value for each transcript in each donor replicate pair was used to 

minimise differential technical losses e.g. during sample/library generation (Supplemental Figure 7). 

We then examined whether an HHT disease contribution could be identified in the RNASeq datasets, 

once adjusted for donor age and sex. In all tested multivariate models of donor demographics and 

sample variability, the “HHT disease” term explained an additional 0.3% of the r-squared value 

(Supplemental Tables 2/3). This relatively modest value was ~30-fold higher than the equivalent 

proportion for sex, and ~3.5-fold higher than the equivalent proportion for age. It was concluded that 

there was likely to be a discernible difference in RNASeq alignments according to whether BOECs 

were control or HHT patient-derived. 

 

Validations were then performed for RBM45-normalised RNASeq alignments. Across all 48 genes 

examined by sc qRT-PCR in a different HHT donor, sc qRT-PCR expression mirrored RNASeq 

alignments, as indicated by quartile rankings of the sc qRT-PCR expression in 20 control BOECs 

(Figure 3A).  In total, 59% of the variability in the mean RNASeq alignments in control BOECs was 

accounted for by sc qRT-PCR ranking expression in controls (p<0.0001, Figure SA2).  Single cell qRT-

PCR results also mirrored those obtained by RNASeq when examining the genes that met Dunn’s 

p<0.05 threshold for differential expression in 20 untreated HHT BOECs compared to 20 untreated 

control BOECs (Figure 3Bii, 3Biii):  In RNASeq distribution plots, these 8 genes tended to be 
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positioned towards the top of the y axis representing significance (Figure 3Biii). The magnitude of 

change was mirrored by differential placements on the x axis particularly for VWF and POSTN, with 

the remaining 40 genes sited more centrally or absent (Figure 3Bii).  Overall, sc qRT-PCR differential 

expressions, either combined (Mann Whitney p=0.0011), or when subcategorised by magnitude 

differences (Figure 3Bii) were associated with significantly greater RNASeq alignment differentials 

between HHT and control BOECs. 

 

Discovery RNASeq 

Biological processes differing between HHT and control BOECs were sought by identifying gene 

ontology (GO) terms generated by genes exhibiting the most differential alignments between HHT and 

control BOECs.  The total number of clusters increased by clustering a larger slice of the top-ranked 

genes between 100-2,000 of the 16,807 genes (Figure 4A).  GO clusters meeting significance also 

initially increased before plateauing at 1,000 genes (Figure 4A).  Fewer GO processes were obtained 

by clustering the 10 randomly-derived datasets of 1,000 genes, compared to HHT differential-ranked 

genes (Mann Whitney p=0.0001, Figure 4B).   

 

Overall, 377 of the top-ranked 1,000 genes were clustered, including 156 in GO terms meeting 

significance (Supplemental Table 4).  However, 38 (19%) of GO terms that met significance thresholds 

in the top-ranked 100, 200, 300, 400, 500, 750 and 1,000 HHT/control differential genes, were also 

“significantly-enriched” in at least one random dataset, while a further 79 (40%) of GO terms were 

present in random gene-derived clusters not meeting significance (Figure 4C).  Most GO terms reaching 

significance in random datasets referred to common cellular processes (Figure 4C). In contrast, the 61 

GO terms relevant to endothelial cells that were clustered only in the HHT-enriched datasets referred 

to more specific processes (Figure 4D), with the highest cluster enrichment score inversely related to 

the lowest p value of a GO term in the cluster (Figure 4E, Supplemental Table 5). 
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The landscape of genes displaying differential alignments in HHT BOECs 

In the remaining GO terms potentially relevant to an HHT transcriptome phenotype, the highest fold 

enrichments related to basement membrane, extracellular region/space, sequestration of TGF-β in the 

extracellular matrix, and microfibril binding (Figure 4E, Supplemental Table 4, Supplemental Figure 

8).  There were also significant enrichments for GO terms corresponding to BMP/TGF-β/SMAD 

responses; epithelial-mesenchymal transition (which is TGF-β dependent54); and endothelial 

proliferation, migration and vascular endothelial cell growth factor responses.  Selected examples of 

genes with consistent changes across all HHT genotypes are illustrated in Figure 4F. This highlights 

lower alignments in HHT BOECs to SMAD3 and FOS that encode proteins transmitting or regulate 

TGF-β signalling; to BMP6 and HES1 (induced by BMP955); and to genes encoding extracellular matrix 

proteins now recognised to have roles in BMP crosslinking (POSTN, LOXL2), BMP antagonism 

(SMOC2), and BMP ligand presentation (FBN1).56-65  We concluded that the data were in-keeping with 

expectations24 for consequences of perturbed BMP/TGF-β signalling resulting from heterozygous loss 

of ENG, ACVRL1 or SMAD4 function.   

 

Also illustrated in Figure 4F are examples of HHT differential alignments to genes encoding 

metallopeptidases (ADAMTS12, MMP24); components of the pentose phosphate shunt (TKT, G6PD), 

and nuclear encoded mitochondrial tetrahydrofolate reductases (‘folic acid metabolic process’ GO 

terms, ALDH1L2, MTHFD2).  Additional enriched GO-terms spanned a number of further biological 

and molecular functions including RNA polymerase II and primary microRNA (pri-miRNA) 

transcription; NMDA/AMPA glutamate receptor clustering, and responses to endoplasmic reticulum 

stress (Figure 4E, Supplemental Table 4, Supplemental Figure 8).  

 

 

Pulse chase highlights transient retention of immature protein from nonsense alleles 

Enrichment of genes in the GO term responses for endoplasmic reticulum stress (GO:1990440) 

overlapping with the unfolded protein response GO term (GO:0036499) was unexpected, but 

recognised to be potentially relevant for the HHT BOECs that harboured heterozygous nonsense alleles 

in highly expressed endothelial genes (Figure 1Cii).   
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As noted in Figure 1, nonsense mediated decay was not 100% efficient, with nonsense allele alignment 

loss differing between the 3 genotypes (Figure 5A). To test if this required prior knowledge of the causal 

genotype, allele ratios for heterozygous common variants in the relevant 3’untranslated region (UTR) 

were examined. (Figure 5B).  These also deviated from expected 1:1 ratios, supporting nonsense 

mediated decay (NMD) of mutant transcripts but indicated that mutant transcripts could escape NMD.  

 

With evidence this was most marked in the ENG BOECs (Figure 5A), pulse-chase experiments tested 

if nonsense ENG alleles produced a defective protein. Commencing the chase when only newly-

synthesised, immature endoglin protein was present (Figure 5C), mature protein became the more 

pronounced species within 1hr in control (Figure 5Ci,ii), SMAD4+/- (Figure 5Ciii), and ACVRL1+/- 

BOECs (Figure 5Civ). Mature endoglin protein was the only species visible by 2hr in these BOECs 

(Figure 5Ci-iv). In contrast, for BOECs heterozygous for ENG c.1306C>T, (p.Gln436X) or ENG 

c.277C>G, (p.Arg93X), immature protein remained the more pronounced species at 1hr, with traces 

still present at 2hr (Figure 5Cv,vi). We concluded that partially decayed nonsense alleles were 

generating mutant protein and aberrant protein maturation kinetics.  

 

 

Endoplasmic reticulum stress genes 

The HHT BOECs differed in the efficiency of nonsense mediated decay as judged by persistence of the 

nonsense allele (Figure 1, Figure 5A).  We therefore examined if the genes enriched in the GO terms 

for cellular responses in relation to endoplasmic reticulum stress (GO:1990440: ATF3, ATF4, HSPA5 

and XBP1) were similarly changed across the 3 HHT genotypes. As shown in Figure 6A, the patterns 

for all 4 genes were highest in controls, with a 40.4-57.6% (mean 56.3%) reduction across all HHT 

genotypes. The lowest values were always seen in the ENG+/- BOECs, the cultures with the least 

efficient nonsense mediated decay as judged by persistence of the nonsense allele (Figure 1, Figure 5A).   

 

 

Transcriptional associations with inefficient nonsense mediated decay 
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To test whether interculture differences in nonsense mediated decay efficiency were associated with 

any further differential gene alignments, the pathogenic nonsense allele loss in ACVRL1+/-, ENG+/- or 

SMAD4+/- BOECs was expressed as an “ND” index for each individual BOEC culture, and compared 

to differential alignments in the same BOECs across a wider group of genes.   

 

Fifty-four genes that were in significant GO processes for differential alignments in HHT BOECs also 

displayed different alignments that paralleled the efficiency of NMD in the particular BOEC line, as 

quantified by the ND index. We confirmed that the relationships were seen across the 8 ACVRL1 and 

SMAD4 BOECs, in addition to across the 12 HHT BOECs adjusting for the ENG genotype with its 

lower NMD efficiency (Figure 6B, Supplemental Figure 9), and termed these the endothelial “ND List” 

genes (Figure 7A). 

 

 

 

Distinguishing the HHT and ND gene lists  

Genes in the HHT and ND lists displayed different patterns of alignment.  When plotted on the RNASeq 

distribution graph, the 54 ND-List genes predominantly distributed to the extreme left, representing 

lower expression with the most extreme named in Figure 6C.  This was confirmed both limiting to the 

ACVRL1 and SMAD4 datasets (Figure 6D), and examining all 12 BOEC cultures (data not shown).   

 

For GO terms originally identified by HHT differential expression rankings, the percentage of genes 

that were in the endothelial ND list ranged from 0-75% (median 22%).  The 17 “HHT-significant” GO 

terms that did not contain more than 1 gene in the ND list were also the most “HHT-expected,” including 

7 for BMP/TGF-β/SMAD pathway signalling; 4 for vascular endothelial growth factor responses, and 

two for endothelial cell migration. In contrast, the GO term originally identified as “HHT-significant” 

that contained the highest number of genes in the ND list was GO:1990440 (response to endoplasmic 

reticulum stress genes), where 3 of 4 genes were in the ND list (ASNS, ATF3, XBP2, Figure 6A).  This 

led us to test whether there was evidence that the ND list genes may play further roles in cellular stress 

phenotypes. 
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First we tested alignments to genes in the HHT green list in HDMEC following 1hr TGF-β1 or BMP9 

treatment, and showed that they did not differ in these short term settings of stimuli relevant to HHT 

(Figure 6E). 

 

Next, we focussed on iron treatment which is an injurious stimulus particularly relevant to HHT 

patients,5-9 that we had also previously examined using RNASeq in normal endothelial cells (HDMECs), 

demonstrating upregulation of multiple mRNAs within 1 hour.33 We tested if iron- induced differential 

alignments in normal primary HDMECs differed according to whether the gene was in the HHT list 

(Figure 6E), ND list (Figure 6Fi) or a random gene list (Figure 6Fi), and demonstrated that the ND list 

genes displayed higher alignments in HDMEC following 1hr treatment with 10μM iron (Figure 6Ei). 

The higher levels of expression became more obvious restricting to genes meeting HDMEC thresholds 

for post-iron alignment differences of p<0.05, p<0.10 or p<0.20 (Figure 6Eii). Post-iron HDMEC 

alignments were normally distributed (Figure 6Eiii), and when tested by linear regression, the 

magnitude of the higher alignments in iron-treated HDMEC was inversely related to the magnitude of 

alignments in HHT BOECs compared to control BOECs (Figure 6Eiv).  Again, this became more 

pronounced restricting to genes meeting the threshold significance of p<0.20 (Figure 6Ev). Despite the 

different donors and different endothelial cell types, 25.4% of variability in iron-induced changes of all 

ND list genes (p=0.001), and 50.6% of variability across 13 genes meeting p<0.20 (p=0.006), was 

explained by the magnitude of differential alignments in HHT BOECs compared to controls. In other 

words, in the setting of inefficient NMD, and in proportion to the inefficiency of NMD, the HHT 

BOECs displayed reduced expression of genes that would normally be up-regulated following a short 

injury from 10μmol iron.   

 

 

Extending the relevance to further tissues 

To examine whether the ND List genes generated in endothelial cells harbouring highly expressed 

nonsense-containing transcripts may have broader relevance to additional tissues and disease states, we 

first tested whether the 54 genes were expressed exclusively in endothelial cells.  Gene expression in 

54 tissues from GTEx RNASeq data from 17,382 samples, 948 donors (V8, Aug 2019)1,51 indicated that 
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most genes were more broadly expressed: 10/54 (18.5%) of the ND list genes were expressed most 

highly in blood vessels (aorta or coronary arteries), but none were exclusively expressed in endothelial 

cells.  Furthermore, seven were expressed most highly in cultured cells (fibroblasts or EBV-transformed 

lymphoblastoid cell lines), and other sites of maximal expression included the adrenal gland, brain, 

gastrointestinal tract, lung, ovary, pancreas and thyroid (Figure 7B).  

 

We sought statistical evidence that other nonsense variants could be associated with modified 

expression of genes identified in the current study.  In the 93 genes comprising the “top 100” of two or 

more selected GTEx tissues (excluding HLA-B), GnomAD 3.1.252 listed 486 frameshift and nonsense 

(stop-gain) alleles (Figure 7D). By chance, 19 were present in at least one of the 948 GTEx donors, but 

all were very rare with GnomAD 3.2.1 minor allele frequencies (MAF) between 6.6 E-6 and 0.0026, and 

no significant eQTLs were found.  

 

 

 

DISCUSSION 

Using patient-derived blood outgrowth endothelial cells, we increased RNASeq discovery yields by 

considering unpredictable generic cellular processes that have the potential to confound stringently 

designed and executed experiments.  Most of the inter-BOEC variability in transcript expressions was 

not HHT specific. In the first arm of the work, we used stringent methods to identify consistent 

transcriptome signatures with GO term responses fitting predicted elements of the HHT phenotype, in 

keeping with knowledge of BMP/TGF-β roles. Crucially, the methods and data also identified a new 

index relevant to generic aspects of cellular perturbations in the settings of environmental stressors and 

endogenous protein degradation burdens.  

 

What would normally be considered a weakness of a study (small sample numbers in the initial 

discovery phase) was in fact a strength in terms of optimising analytic approaches. In experimental 
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systems it is common to overcome the noise of experimental variability by using increased samples 

sizes, but this luxury is not so feasible for rare diseases, particularly for personalised medicine with 

individual unique genomic repertoires.  By restricting donor selection and standardising experimental 

culture conditions to minimise genomic, environmental and tissue expression differences, the current 

study enhanced the proportion of variability due to biological differences in transcript expression within 

the BOECs.  Our primary goal was to capture endothelial cell phenotypes that would be suitable for use 

in high-throughput assay screens, noting the GO terms and genes were not meant to be exhaustive.   

Having identified the new ND list, it became imperative to offer the data early in order to facilitate rapid 

recognition and development of what appears to be an important and previously unsuspected 

consequence for frameshift and nonsense variants that in aggregation, are commonly present in highly 

expressed genes. 

 

The study methodologies provided discovery methods to identify uncharacterised loss of function 

alleles by pulse chase and particularly 3’UTR common SNV analyses, noting that the latter need to 

account for alternate splicing and polyadenylations sites that may not be evident in current data 

repositories.   

 

The methods also identify two cautionary sets of RNASeq genes:  The first are designated as a 

“black/red list” for BOECs where GO terms were significantly enriched in clusters from randomly-

selected transcripts (Figure 4Ci, Supplemental Table 5A). These included general cellular processes 

such as transcription, translation and phosphorylation, and additionally adherens/cellular junction terms 

that might have been considered to be relevant to HHT.  The amber list (Figure 4Cii, Supplemental 

Table 5) consisted of GO terms where the majority of genes were clustered in random data sets without 

meeting enrichment thresholds. Excluding amber-list GO terms may have been overly stringent, for 

instance the amber list designation of terms for the actin cytoskeleton and integrin-mediated signalling 

when endoglin is known to be involved in these processes,15 and nuclear transcribed mRNA catabolic 
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processes when NMD is operational in HHT patient-derived cells. We considered this preferable to 

retention of GO terms more likely related to chance. Further, the fact that disease and variant-relevant 

terms were identified in the excluded amber list datasets further enhanced confidence in the findings of 

the final selected terms. 

 

We then focused on two lists of specific and more general value. The third set of genes (Figure 4D, 

Figure 4E, Supplemental Table 6) represents a green list priority for an HHT BOEC phenotype.  As for 

all observational studies, it is not appropriate to infer disease-causality to any differences between HHT 

and control samples, although the gene lists included the expected genes relevant to BMP/TGF-β 

signalling, endothelial migration/proliferation and responses to vascular endothelial cell growth factor 

(VEGF).  Genes within the basement membrane and extracellular matrix GO terms were the most 

differentially aligned in HHT BOECs, and theoretically attractive as HHT cellular biomarkers:  

Basement membrane genes tether many BMPs and other TGF-β ligands; have angiogenic roles, and 

disruption can result in haemorrhage.57,58 Furthermore, experimental studies link ENG, ACVRL1 and 

SMAD4 deficiency to reductions in endothelial integrity,21,23,24 relevant to the core clinical HHT 

phenotype of hemorrhage.5-9 Amongst the top 50 HHT-differentially aligned genes, many encode 

extracellular proteins that regulate TGF-β/BMP signalling including periostin56 (POSTN), fibulin-

6/hemicentin 159,60 (HMCN1), lysyl oxidase-like 261 (LOXL2), SPARC-related modular calcium binding 

protein 262 (SMOC2), laminin receptor 1 (RSPA),63 and fibrillin 1 (FBN1, Figure 4F, Supplementary 

Figure 7)58  Likely relevance was further enhanced because BMP/TGF-β ligand release from 

extracellular pools is by matrix metallopeptidases,64,65  a further GO term enriched in the HHT BOEC 

datasets (through 8 genes, most significantly ADAMTS18, and MMP24, Figure 4F, Supplementary 

Figure 7).  Our initial expectation was that their modulation may be further cellular adaptive responses 

that enable more ACVRL1+/-, ENG+/- and SMAD4+/- BOECs to survive, analogous to lower ALK5 and 

ALK1 receptor expression/signalling.24    
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However, we then demonstrated that a subset of the genes which were the most differentially aligned 

in HHT BOECs were potentially generically relevant to any cell with high expression of nonsense 

substitutions. We provided evidence indicating that restricting to the 12 HHT BOEC datasets, nonsense 

mediated decay inefficiency was associated with substantial changes in alignments to a subset of genes. 

NMD efficiency was lowest in BOECs heterozygous for an ENG exon 3 nonsense variant, and by pulse 

chase, appeared similar in a more distal variant.  While we cannot rule out an ENG reason why these 

BOECs had less efficient NMD, data from ourselves (Figure 6A-C) and others indicate that in HHT 

patient-derived cells, mutant proteins destined for degradation can saturate endoplasmic reticulum, 

nonsense mediated decay, and other clearance mechanisms.53,66-70   We then demonstrated that 

collectively, the genes in the ND list appear important for early stress responses in relation to iron, a 

reactive oxygen species donor.33 Our data therefore suggest that failure to clear such proteins at a 

sufficiently high level may have deleterious cellular consequences that can be specifically tested: 

Endothelial cell injury from oral iron tablets can be demonstrated in healthy controls,71 at least 1 in 20 

HHT patients report hemorrhage following iron treatments, 71,72 and there are apparent positive feedback 

loops in a proportion of patients with HHT who require intravenous iron.73 It has long been a puzzle 

why iron treatments are tolerated less well by the HHT population than reported in general medicine,71-

73 and given at least 67% of pathogenic variant alleles require degradation by nonsense mediated 

decay,32 the current findings provide a plausible explanation.  This is supported by the GO terms for the 

pentose phosphate shunt/pathway (e.g. via the rate-limiting enzyme of the PPP, thiamine-dependent 

enzyme encoded by TKT, and glucose-6-phosphate dehydrogenase (G6PD)), and folic acid metabolic 

process (e.g. via 10-formyltetrahydrofolate dehydrogenase (ALDH1L2), and bifunctional 

methylenetetrahydrofolate dehydrogenase/cyclohydrolase (MTHFD2, Figure 4F, Supplementary 

Figure 7)): These remind of the heightened requirements for reactive oxygen species (ROS) defences 

predicted for HHT genotypes due to reduced ENG expression (Figure 1A). This is because ENG and 

ALK1 regulate endothelial nitric oxide synthase (eNOS) activation, and ENG+/- and ACVRL1+/- cells 

generate more eNOS-derived superoxide and ROS.25-27 In multiple cell types, including endothelial 

cells, the pentose phosphate pathway plays a key role in protecting cells against oxidative stress by 
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providing reduced glutathione to reduce ROS,74,75while folic acid recouples eNOS, improving 

endothelial function.76,77 The findings therefore suggest that ROS-related phenotypes may be more 

pronounced in ENG+/- and ACVRL1+/- HHT: whether attendant consequences cause or augment the HHT 

phenotype requires further study, although it is already known that ENG, ACVRL1, and SMAD4 

deficiency results in reduced endothelial integrity and red cell extravasation.21,23,24   We note that 

irrespective of mechanisms, in appropriately selected cells, differential secretion of extracellular 

proteins may be well-suited to high throughput screens for preclinical testing of potentially new 

therapeutic agents. 

Beyond HHT, we consider that the current and prior studies provide sufficient evidence for impacts on 

specific cellular and tissue adaptive phenotypes to be further explored. Recent studies emphasise how 

commonly deleterious rare variants occur in individuals when considered in an aggregate across 

relevant genes.78,79 In particular, whether inefficient NMD in the setting of persistent, highly expressed 

nonsense-derived proteins compromises cellular ability to respond to exogenous stresses will need to 

be the subject of further experimental studies based on preselected genotypes since in the non-selected 

GTEx tissues, MAFs were too low to obtain genome-wide significant p values for expression QTLs. 

Notably, the findings are in keeping with longstanding80 and more recent81-83evidence that cellular 

resource-favourable adaptations of downregulation are more likely to be selected over lifetimes than 

upregulations which commonly characterise acute responses to maintain homeostasis, as seen for iron 

in the current and earlier studies.33 The findings also highlight that for inherited diseases, cellular 

transcriptional profiles (and responses to exogenous stressors), are likely to differ if deleterious variants 

generate proteins that are present but require degradation in the endoplasmic reticulum (e.g. nonsense, 

frameshift, and the majority of splice site consensus variants32,42), as opposed to being absent due to 

deletion alleles or start codon loss, or appropriately positioned but non-functional due to active site 

substitutions or inframe indels.   
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In conclusion, we have provided systems and data that help select appropriate and robust readouts from 

RNASeq, both for scientific evaluations, and to guide therapeutic approaches.  Although initially 

intended to address the clinical problems of patients with HHT, the finding of a group of iron injury-

response genes that are downregulated in cells where nonsense mediated decay is inefficient, broadens 

the relevance of the findings and targets for future studies. 
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Figure 1: Overview of RNASeq findings in human blood outgrowth endothelial cells (BOECs).  

A) Mean alignments across the 16 BOEC samples to Ensembl transcripts by quartiles of alignments in i) primary human dermal vascular endothelial cells (HDMEC), and ii) 
primary human pulmonary artery endothelial cells, as published.33  

B) Comparison of qRT-PCR Ct values across 6 condition series in human umbilical vein endothelial cells (HUVEC) for housekeeper genes ACTB (beta actin, blue squares), SF3B2 
(green circles), RBM45 (red triangles, standard curves in Supplemental Figure SA1), and two selected target genes (black diamonds): i) ID1, ii) MAP3K4.  
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C) BOEC RNASeq library alignment-normalised counts for RBM45 and SF3B2 compared to i) transcripts in the four quartiles of alignment counts meeting a coefficient of 
variation of <10% (CV10; error bars indicate mean and standard deviation), and ii) causal genes for HHT (ENG, ACVRL1, and SMAD4) and capillary malformation-arteriovenous 
malformation syndromes CM-AVM1 (RASA1) and CM-AVM2 (EPHB4): Median, interquartile range, and minimum to maximum values indicated.  

D) Quantitative metrics for BOEC RNASeq alignments to nonsense alleles in ACVRL1, ENG and SMAD4 genomic loci corresponding to known heterozygous pathogenic variants 
ENG c.277C>T (p.Arg93X), ACVRL1 c.1171G>T, (p.Glu391X) and SMAD4 c.1096C>T, (p.Gln366X) in source BOECs. Left graph: wildtype allele at i) chr12:51,916,157, ii) 
chr9:127,829,769, iii) chr18:51065562 (all Homo sapiens GRCh38 coordinates). **p<0.005 Dunn’s test post Kruskal Wallis (overall p-values for wildtype allele alignments: 
ACVRL1 p<0.0001, ENG p=0.0002, SMAD4 p=0.003). Right graph: alternate alleles at same genomic position at 10X scale. Colour-coded are defined by the key in which both 
alleles are described for each donor with the relevant nonsense donor allele indicated in bold.   All error bars represent mean and standard deviation. Note no nonsense 
variant was detected by VarScan235 set to usual minimum variant allele frequency of 25%. Representative raw traces are provided in Supplemental Figure 2.   

E) Total alignments to HHT gene transcripts ENG (ENSG00000106991), ACVRL1 (ENSG00000139567), and SMAD4 (ENSG00000141646) in the control and HHT BOECs.  Data 
are from all samples per donor, with error bars indicating mean and standard deviation, colour key as in D. **p<0.005 by Dunn’s test post Kruskal Wallis (p values for overall 
alignments: ACVRL1 p<0.003, ENG p<0.0001, SMAD4 p=0.003).  The trends for lower ENG alignments in ACVRL1+/- BOECs have been previously observed31, and are discussed 
further in Supplemental Figure 1. 
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Figure 2: Alignments across all samples in control, ACVRL1+/-, ENG+/-  and SMAD4+/- BOECs.   
A) Principal component (PC) analysis across the 16 RNASeq datasets using Genewiz analytic pipelines of sample-to-sample similarities using alignments normalised to total 
alignment counts per library. Note the 3 clusters with overlapping coordinates for all treated and untreated samples within the respective clusters.   

B) Euclidian distance examining alignments to the top 30 transcripts ranked by differential alignments between untreated and treated BOECs. Note that ENG+/- and SMAD4+/- 
BOECs are adjacent, but control BOECs are positioned between the ENG+/- and ACVRL1+/- BOECs. Only two transcripts (to one mRNA, and one long non coding RNA) met the 
Genewiz-predesignated threshold for significant differential alignments between treated and untreated BOEC (adjusted p <0.05; absolute log2fold change >1).   

C) Intra-duplicate variation in BOEC donor replicate pairs for i) RBM45 and ii) SF3B2. Intra-replicate variation represented 10-50% of the total range of RBM45 alignments, and 7-
17% of the total range of SF3B2 alignments across the 8 samples. Mean and standard deviation indicated. 
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Figure 3: Validations of RNASeq findings by single cell (sc) qRT-PCR.   

A) BOEC RNASeq and single cell qRT-PCR transcript evaluations in untreated control BOECs: Compared to 16,807 transcripts evaluated by RNASeq, 48 genes were ranked by 
expression in single untreated control BOECs.  The graph plots RBM45-normalised RNASeq alignments in control BOECs on the y axis, and the single cell qRT-PCR expression 
for the same gene, categorised by quartiles of expression, on the x axis which indicates the single cell qRT-PCR expression scale from 0-10. P value (p<0.0001) calculated by 
Kruskal Wallis.  

B) HHT differential RNASeq alignment validations by single cell qRT-PCR:   
i) Dot plot illustration of the 8 genes meeting Dunn’s p<0.05 for untreated control versus untreated HHT BOECs after Kruskal Wallis across all 4 datasets. Each box represents 
the results of 4 x20 viable BOECs, colour coded per donor (blue/green control; red/orange HHT (SMAD4+/-), with mean values for each culture indicated by a black circle.  Due 
to the higher magnitude changes for VWF and POSTN, these were subcategorised separately from the other 6 prior to RNAseq comparisons.  
ii) The significance index for RNASeq differences in gene alignments between HHT and control BOECs (corresponding to the y axis in Figure 4Biii), plotting the 48 sc qRT-PCR 
evaluated genes categorised by sc qRT-PCR expression as in Bi).  P values were calculated by Dunn’s test after Kruskal Wallis across all 48 genes (p<0.0054).   
iii) Visual representation of all RBM45-normalised alignments in HHT BOECs compared to control BOECs. The x axis quantifies lower and higher expression using the maximal 
value per pair from the untreated datasets, with the standard deviation across all untreated BOECs used for the y axis (for details, see Methods and Supplemental data). Blue 
symbols highlight the positions of HHT genes ENG, ACVRL1 and SMAD4, green, orange and red symbols, the transcripts evaluated in single BOECs. Green symbols indicate the 
40 transcripts with p>0.05, red and orange symbols the transcripts differentially expressed using the colour coding as in Bi/ii. 
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Figure 4:  Gene ontology term clustering of genes displaying differential alignments in HHT BOECs compared to controls.   
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A)  Overview of gene ontology (GO) term48 clusters obtained in DAVID49,50 restricting to BP-DIRECT (biological processes), CC-DIRECT (cellular compartment) and MF-DIRECT (molecular 
function) terms, for the top 100, 200, 300, 400, 500, 750, 1,000, 1,250, 1,500, 1,750 and 2,000 ranked genes based on differential alignments between HHT and control BOECs. Total 
number of clusters indicates all clusters (shaded area under the curve). Clusters met significance if enriched >1.2 fold and contained a GO term meeting p<0.05. ‘New’ clusters were 
clusters not identified in preceding datasets.   
 
B)  Comparison of the number of GO terms48 in significant clusters49,50 derived from the 7 HHT datasets used in final analyses (top 100, 200, 300, 400, 500, 750, and 1,000 ranked genes 
based on differential alignments between HHT and control BOECs), and 10 sets of 1,000 randomly selected genes. The graph indicates the number of GO terms meeting significance 
and the dot blots, the relative proportion of GO molecular function (MF), cellular composition (CC) and biological function (BF) terms.    
 
C) Generating black and amber lists of processes where clusters49,50 and GO terms48 were present in randomly-selected gene datasets (from the 10 x 1,000 randomly selected genes).  
The first column indicates the proportion of GO terms in the full cluster that were present in the random datasets, and the second column, the percentage of the random datasets 
that contained the GO terms, with the % represented as per heatmap scale.  The upper graph displays the 8 process types for 38 GO terms that were placed on the black list because 
they reached significance in a random dataset. The lower graph displays the 17 process types for 44 GO terms that were placed on the amber list due to presence in a random dataset, 
though without reaching significance.  
 
D) Generating a green list of processes where GO terms48 were not present in randomly-selected gene datasets.  The first column indicates the proportion of GO terms in the full 
cluster that were only present in the HHT-enriched datasets, and the second column, the % of HHT-ranked datasets (top 100, 200, 300, 400, 500, 750, and 1,000 ranked genes) that 
contained the GO terms, with % represented as per heatmap scale.  The graph displays 22 process types (for 38 GO terms) that were considered for the green list.  
 
E) For the processes/GO terms48 on the potential green list (Figure 5D), highest cluster enrichment scores,49,50 and lowest GO term p-value for GO term within the cluster49,50 are 
displayed for each of the HHT-ranked datasets (top 100, 200, 300, 400, 500, 750, and 1,000 ranked genes) in which the cluster(s) were identified, using the key indicated. For the list 
of genes presented in Supplementary Table 5, four processes were removed as they were less relevant to HHT/endothelial cells, or contained a very large number of genes in clusters 
that were similar to amber list processes (RNA polymerase II promoter activity; regulation of MAPK4/PI3 kinase/P-lipase C). 
 
F) Inter-genotypic comparisons for 16 representative genes displaying differential alignments between control and HHT BOECs, categorised by TGF-β signalling (SMAD3, FOS); BMP 
signalling (BMP6, HES1); extracellular matrix: BMP/TGF-β sequestration/activation (RSPA, HMCN1, POSTN, LOXL2, SMOC2, FBN1); matrix metalloproteinases (ADAMTS12, MMP24); 
pentose phosphate shunt (TKT, G6PD) and nuclear-encoded mitochondrial tetrahydrofolate reductases (ALDH1L2, MTHFD2).  Further details on the respective protein functions are 
provided in Supplemental Figure 8. 
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Figure 5: Expression of nonsense allele in HHT BOECs.  

A) Alignments to nonsense, pathogenic allele in the HHT BOECs by genotype, colour coded as in key. i) As percentage of total expected if equal to wildtype alignment; ii) As 
percentage “loss” of total expected allele alignments.   

B) Alignments to common single nucleotide variants (SNVs) in the ACVRL1 3’untranslated region (UTR).  Note these were not known prior to identification following the BOEC 
RNASeq and alignment analyses.  
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i) Genomic (GRCh38) positions of SNVs V1-V6 incidentally identified in BOECs from donors heterozygous for ACVRL1 c.1171G>T, (p.Glu391X), or ENG c.277C>G, (p.Arg93X), i.e. 
ACVRL1 wildtype+/+. Positions are illustrated by custom tracks uploaded to the University of California Santa Cruz (UCSC) Genome Browser.44,45   
ii) Variant:wildtype ratios in the ACVRL1+/- and ACVRL1 wildtype+/+ (ENG+/-) BOECs, indicating that the ACVRL1 wildtype alleles that were detected at <100% (for homozygotes), but >50% 
(for heterozygotes) were in cis with ACVRL1 c.1171G>T.  The alternate allele in trans, present at <<50% was not detected by VarScan2 set to Genewiz standard minimum detection 
threshold of 25%.  

C) Pulse chase experiments, modified from methods described in reference 66, demonstrating generation of immature endoglin protein in ENG+/- nonsense-containing BOECs.  Data 
are from BOEC lysates following a 1 hr pulse with 35S-methionine and chase with unlabelled methionine for 0, 1, 2 or 3.5hr (see methods for further details).  
i-iv) ENG+/+ (wildtype) ‘controls’: i) Control A; ii) Control B; iii) SMAD4 c.1096C>T, (p.Gln366X); iv) ACVRL1 c.1171G>T, (p.Glu391X).  
v-vi) ENG+/- nonsense BOECs: v) Exon 10 ENG c.1306C>T, (p.Gln436X); vi) Exon 3 ENG c.277C>G, (p.Arg93X).   
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Figure 6: Expression of nonsense-containing alleles, and relationships with differential transcript expressions in HHT BOECs and normal HDMEC. 

A) Comparative RBM45-normalised alignment to the 4 genes clustered as part of the GO:1990440 term for endoplasmic reticulum stress. Note the similar patterns across the donor BOECs.  

B) Two representative genes in GO processes that met significance thresholds for RNASeq differential HHT alignments, but where RNASeq alignments also displayed significant relationships to 
the ND index (efficiency of nonsense allele loss) both including and excluding the ENG+/-

 BOECs. The graphs show alignments in each HHT BOEC culture compared to the mean of the 4 control 
BOEC cultures across all 12 cultures of HHT BOECs, with metrics calculated by linear regression. Further examples are provided in Supplemental Figure 9.   

C)  Visual representation of the 54 ND-index flagged genes (‘ND list’, khaki symbols) on the graph of RBM45-normalised alignments for HHT BOECs compared to control BOECs (as in Figure 4B).    

D) Magnitude of difference between HHT and control BOECs (corresponding to the x axis in Figure 6C), for genes meeting ND list significance excluding the ENG BOECs, and the genes with no 
ND flag (Mann Whitney p value <0.0001).  

E)  Genes on the HHT green list, examined for differential expression in normal primary human dermal microvascular endothelial cells (HDMEC). 87 were identified in HDMEC. Following 1hr 
treatment with TGF-β, BMP9 or 10μmol iron33, there were no significant differences between the datasets, with and without incorporation of randomly selected genes from the dataset. 

F) Genes on the ND list, examined for differential expression examined in normal primary HDMEC. i) 41 transcripts were identified in HDMEC. Note there was a significant (p<0.0001) increase 
in alignments to these genes in BOECs treated for 1hr with 10μmol iron33 which was not seen for randomly selected genes, or following 1hr treatment with TGF-β or BMP9. ii) Fold change 
difference in ND list genes meeting designated levels of significance following indicated treatments (Rx), at p<0.10 and p<0.05 [left side]; or p<0.20 [right side], as detailed in reference33: 
HDMEC were treated with TGF-β, BMP9 or iron for 1hr as described 33 iii) The inverse relationship for all 41 ND list genes identified in HDMEC (regression coefficient -0.27 (95% CI -0.43, -0.12), 
r2 =0.25, p=0.001). iv) The inverse relationship for the 13 genes on the ND list meeting post iron [HDMEC] p<0.2033 (regression coefficient -0.19 (95% CI -0.31, -0.065), r2 =0.51, p=0.006).  
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Figure 7: Extending the implications beyond HHT and endothelial cells:    
A) The 4 lists of genes identified, emphasising random and nonsense-mediated decay (ND) associated genes with less specific disease relevance: The ‘red/black” list represents 
genes in GO terms that reached significant thresholds in random datasets (and were also present in most or all random datasets (Figure 4Ci)).  The amber list represents genes 
for GO terms that were present in a smaller number of random datasets and did not reach significant thresholds in any (Figure 4Cii).   For further details of the 102 and 54 
genes on the green and ND lists, see text, Figure 4 (green list), and Figure 6 (ND list). For the full lists of genes in these categories, please see Supplementary Table 6. 

B) Tissue expression of the ND list genes in GTEx1,51: Upper symbols represent total Transcripts Per Million (TPM) per gene, and lower symbols the highest single tissue 
contributor, with major tissues colour coded. Note that most genes on the ND list have their highest tissue expression in non endothelial tissues. 

C) Breakdown of the 100 most expressed genes in 5 major tissues in GTEx.1,51 218/500 (44%) of listings were in the top 100 for only one tissue, and were excluded in order to 
limit potential biases introduced by highly tissue specific genes. The remaining 282 listings represented 93 unique genes. The heat map categorises proportions for each tissue 
that were excluded  because present in the 100 most expressed genes in 1 tissue only, and the 93 included genes which were in the top 100 transcripts in 2,3,4, or all 5 tissues.  
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D) GnomAD 3.2.152-listed nonsense and frameshift alleles in the 93 genes that encoded the “top 100” expressed transcripts in at least two of the 5 selected non-endothelial  
GTEx tissues. i) Number of variants per gene by molecular mechanism that generates a premature termination codon (PTC) Nonsense ≡ gain of stop. Consensus splice site 
variants were not included because up to one third may cause inframe indels which would not result in a PTC to trigger NMD.32  ii) Allele frequencies. Horizontal bars at median.   
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