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• Loss-of-function
variants generating
premature termination
codons associate with
bleeds; RNA levels
differ between
replicate cell cultures.

•No PTC-truncated
proteins were
detected; ENG Q436X
(but not R93X) induced
cell stress and had
pathogenic
AlphaMissense
readthrough scores.
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For monogenic diseases caused by pathogenic loss-of-function DNA variants, attention
focuses on dysregulated gene-specific pathways, usually considering molecular subtypes
together within causal genes. To better understand phenotypic variability in hereditary
hemorrhagic telangiectasia (HHT), we subcategorized pathogenic DNA variants in
ENG/endoglin, ACVRL1/ALK1, and SMAD4 if they generated premature termination
codons (PTCs) subject to nonsense-mediated decay. In 3 patient cohorts, a PTC-based
classification system explained some previously puzzling hemorrhage variability. In
blood outgrowth endothelial cells (BOECs) derived from patients with ACVRL1+/PTC,
ENG+/PTC, and SMAD4+/PTC genotypes, PTC-containing RNA transcripts persisted at low
levels (8%-23% expected, varying between replicate cultures); genes differentially
expressed to Bonferroni P < .05 in HHT+/PTC BOECs clustered significantly only to generic
protein terms (isopeptide-bond/ubiquitin-like conjugation) and pulse-chase experiments
detected subtle protein maturation differences but no evidence for PTC-truncated pro-
tein. BOECs displaying highest PTC persistence were discriminated in unsupervised
hierarchical clustering of near-invariant housekeeper genes, with patterns compatible
with higher cellular stress in BOECs with >11% PTC persistence. To test directionality, we
used a HeLa reporter system to detect induction of activating transcription factor 4 (ATF4), which controls expression
of stress-adaptive genes, and showed that ENG Q436X but not ENG R93X directly induced ATF4. AlphaFold accu-
rately modeled relevant ENG domains, with AlphaMissense suggesting that readthrough substitutions would be
benign for ENG R93X and other less rare ENG nonsense variants but more damaging for Q436X. We conclude that
PTCs should be distinguished from other loss-of-function variants, PTC transcript levels increase in stressed cells, and
readthrough proteins and mechanisms provide promising research avenues.
Introduction
Phenotypic predictions are difficult for hereditary hemorrhagic
telangiectasia (HHT), which is an example of many monogenic
conditions in which the single disease-causing allele does not
explain severity differences between individuals or within the
same individual over a lifetime.1 HHT is typically caused by a
heterozygous, loss-of-function variant in ACVRL1, ENG, or
SMAD4,2 each of which encodes an endothelial cell–expressed
protein that transmits or regulates signaling by the bone
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morphogenetic protein (BMP)/transforming growth factor β
(TGF-β) superfamily.3,4 Only a small percentage of cells (mean,
1.7%) lose the second wild-type allele,5 and in abnormal
ENG+/− vessels, approximately half normal endoglin (ENG)
protein expression remains.6,7 Loss-of-function leads to the
generation of abnormal blood vessels, as confirmed by
heterozygous and homozygous models.8-15 However, patient-
derived HHT endothelial cells display compensatory regula-
tory mechanisms16-20 so successfully that, in 2-dimensional
culture, they behave functionally indistinguishably from



isogenic controls, with differences unmasked only when grown
in 3-dimensional organ-on-chip devices.20

For patients with HHT, the main hematological problem is
anemia due to recurrent bleeds from nasal and gastrointestinal
telangiectasia.21,22 Most people with HHT experience nose-
bleeds sufficient to lead to iron deficiency anemia unless iron
intake is supplemented,23 and there can be extreme health care
burdens for patients when nasal and/or gastrointestinal HHT
bleeding is severe, because they need regular intravenous iron,
red cell transfusions, interventional treatments, and/or disease-
modifying drugs such as antiangiogenic agents to treat
bleeding.24-26 Clinical research platforms suggest “environ-
mental” risk factors for more severe HHT manifestations
including iron deficiency,27-33 iron treatments,29,30,32,34,35 and
blood-borne infections35,36 although these have not been
tested in animal models. By genotype, hemorrhagic severity
is greater in patients with HHT who by chance, also have
rare deleterious variants in genes that cause general population
bleeding disorders37 but hemorrhagic severity does not
differ according to the HHT-causal ACVRL1+/− or ENG+/−

mutation.2,37

We hypothesized that the precise pathogenic variant may explain
some of the variability. HHT-causal variants are usually frameshift
or nonsense mutations that result in premature termination
codons (PTCs).38 PTC terminology is based on complementary
DNA (cDNA) expression constructs, which generate truncated
proteins; however, in native cells, transcriptome-wide studies
indicate that most PTC-containing transcripts are degraded39,40

by cellular safeguarding processes including nonsense-
mediated decay (NMD) that is intron and translation depen-
dent.39-43 NMD efficiency predictions43 and clinical guidance44

incorporate NMD exceptions predicted by PTC location (for
example, <50-55 nucleotides [nts] upstream of last exon junction;
<150 nts from translational start, or >400 nts–long exons).39,40

NMD efficiency is lower for RNAs with half-lives of <1 hour.39 It
is not known why proportions of PTC transcripts escaping NMD
differ by tissue/individual,39,40 nor why PTC transcripts are more
likely to persist if the population allele frequency is higher,40 or if
the PTC is in a coding transcript.40

In cells derived from patients with HHT, evidence supports both
PTC RNA loss45 and persistence, generating short-lived,
endoplasmic reticulum-retained proteins,46-51 but there has
been no attention to how PTC-specific processes may operate
alongside pathway-specific perturbations in the heterozygous
state. Here, we present evidence demonstrating additional
consequences to disease-causing loss-of-function.

Methods
Details are provided in supplemental Material, available on the
Blood website.

Clinical HHT research populations
This research was approved by national ethics committees.
Three overlapping subpopulations were examined. Two previ-
ously described cohorts had extensive hemorrhage phenotyp-
ing before genotyping through clinical37 or research programs.2

The third was a previously unreported early HHT population
treated by nasal ointments.
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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 pregenotyped
patients with HHT, using previously optimized methods.52

For RNA sequencing, RNA was extracted from 16 separate
cultures of confluent BOECs from 4 separate control and HHT
donors and cultured in the presence and absence of BMP9 at
10 ng/mL for 1 hour. Library preparations, genome alignments,
and initial normalizations and variant calls53 were performed
fully blinded by Genewiz (Leipzig, Germany).

For single-cell quantitative reverse transcription polymerase
chain reaction (scqRT-PCR,54,55) 40 viable (DRAQ7 negative)
single cells were sorted directly into 96-well plates containing
pre-amplification mix for 48 genes selected either as endothe-
lial gene markers, negative controls, or for HHT relevance
(supplemental Table 1).

Metabolic labeling was performed in BOEC protein extracts
using ENG monoclonal antibody (mAb) SN6h (Dako Denmark
A/S, Denmark), with methods modified from Pece et al.46

ImageJ software56 was used for densitometry analyses:
background-adjusted values were expressed relative to the start
of the chase (0 hours for immature ENG), or to background-
adjusted values after 2 hours of chase (for mature ENG).

RNA sequencing analyses
Percentage loss of the nonsense allele was calculated assuming
that without NMD,39-43 there would have been no allelic
imbalance. Across 16 807 Ensembl57 gene identifiers, the intra-
assay coefficient of variation (CV)58 was calculated for replicate
cultures, and stringent analyses restricted to genes in which all 4
untreated replicate pairs had a CV of <10% (“met CV10”).
Housekeeper genes for DeSeq2 normalization59,60 were the
least variable of human transcripts identified in transcriptome
data sets from tissues and cell lines (defining inequalities of
distribution by the GINI coefficient more commonly used in
economics [supplemental Table 2]).61,62 Pathway enrichment
analysis for Gene Ontology63 and Uniprot Key Words64 was
performed for differentially expressed genes using Functional
Annotation Clustering through the Database for Annotation,
Visualization, and Integrated Discovery65 version 6.8.

ISR expression system
As a read out for activation of the integrated stress response
(ISR), we measured activating transcription factor 4 (ATF4)
expression66,67 using ATF4::nanoLuc reporter cells that were
transiently transfected with fluorescently tagged mutant or wild-
type ENG constructs.

Wider ENG variant considerations and modeling
For all ENG nonsense variants in the HHT mutation database
downloaded in 2018,2,68 we derived individual stop codon
sequences (TGA/TAA/TAG) from cDNA descriptors using gno-
mAD 4.0.069 and GRCh38/hg3870/University of California,
Santa Cruz (UCSC) Genome Browser.71 Domains were assigned
to these ENG nonsense variants, based on the crystallographic
structures of the orphan region (OR) and zona pellucida (ZP)
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module of human ENG.72 AlphaFold73 models of the OR2 and
ZP-N domains of ENG (corresponding to residues S47-R199
and T349-L443, respectively), were extracted from predictions
of its complete ectodomain, generated using a local copy of
AlphaFold installed using version 2.3.2 of the open-source code
available at https://github.com/deepmind/alphafold. Alpha-
Missense74 predictions for the 19 potential amino acid sub-
stitutions that may, in principle, be introduced upon readthrough
of each ENG nonsense codon were obtained from file Alpha-
Missense_aa_substitutions.tsv (version 19 September 2023,
2:02:53 PM), downloaded from https://zenodo.org/records/
10813168. Structural figures were generated using PyMOL
(Schrödinger, LLC).

Data analysis
STATA IC version 15.0 (Statacorp, College Station, TX) and
GraphPad Prism 9 (GraphPad Software, San Diego, CA) were
used to calculate summary statistics; compare groups using the
Kruskal-Wallis test (Dunn’s test was used to derive pairwise
comparisons); perform 2-way analysis of variance, linear
regression, unsupervised hierarchical clustering, and principal
component analyses; and for visualization.
Results
Genotype–phenotype associations with PTCs
To explore whether there might be phenotypic differences for
patients with PTC-generating causal variants, we examined
unexplained, variable phenotypes and compared patients with
obligate PTC-generating causal variants (nonsense; frameshift)
with those with non–PTC-generating causal variants (full gene
deletions; start codon loss, missense, inframe indels, and
pathogenic 5′ untranslated region [UTR] variants).

Two cohorts who had undergone formalized hemorrhage phe-
notyping before genotyping2,37 had similar PTC/non-PTC
variant distributions across the HHT genes (Figure 1Ai,Bi). As
shown previously, ACVRL1/ENG genotypes were not associ-
ated with differing prevalence of nosebleeds.2,37 However, in
the first cohort (Figure 1Aii-iii), severe nosebleeds, as defined
by Joyce et al,37 were 3.3-fold more common in patients with
ENG PTCs than those with ENG non-PTC causal variants (P =
.028; Figure 1Aiii). In the second cohort,2 formalized 7-point
bleeding scores were similar in patients with ACVRL1 PTC or
non-PTC variants (Figure 1Bii) but higher in patients with ENG
PTCs (mean, 2.41) compared to ENG non-PTC causal variants
(mean, 3.01; P = .05; Figure 1Biii). We also tested PTC associ-
ations in a third cohort with an unexplained variable response to
topical nasal ointments used by otorhinolaryngologists to
accelerate the healing of scabs by reducing ongoing cellular
injury and inflammation (Figure 1Ci). As detailed in Figure 1Cii,
reported responses had varied markedly with no apparent
explanation by demographics, or on identification of HHT
causal mutations several years later. The new categories
showed that patients with obligate PTC-generating variants
were more likely to report beneficial responses than patients
with non–PTC-generating missense variants (P = .0070;
Figure 1Ciii), and this was most apparent for ENG (P = .054;
Figure 1Ciii). Taken together, the data supported phenotypic
distinctions between patients with HHT with PTC- and non–
PTC-generating causal variants.
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Establishing BOEC platforms
To examine native consequences of PTC-generating variants,
we cultured primary BOECs from individuals with known
disease-causing nonsense variants (patients with HHT) and
healthy volunteers. As shown in supplemental Figure 2, there
was no relationship between HHT genotype or control origin for
success of establishment, time to first colony, or proliferation.
We confirmed BOECs retained endothelial protein (CD31+,
CD44+, CD105+, CD90−) and marker gene signatures
(supplemental Figure 3; supplemental Table 1).

BOECs were used to derive libraries for RNA sequencing. Reads
were of consistently high quality (supplemental Figure 4).
Quantitative validations were performed for 48 genes that we
had tested by both RNA sequencing and scqRT-PCR
(supplemental Figure 3C). Overall, 59% of the variability in
mean control BOEC RNA sequencing alignments normalized to
total library count was accounted for by scqRT-PCR ranking
expression (P < .0001; supplemental Figure 3C). In unsuper-
vised Euclidean distance (Figure 2A) and principal component
analyses (Figure 2B) of BOECs at steady state, 3 to 4 clusters
were distinguished, and unblinding identified these corre-
sponded to donor status. Unexpectedly, ACVRL1+/PTC/
SMAD4+/PTC BOECs were more distinct to ENG+/PTC BOECs
than to control BOECs (Figure 2A).
Endothelial cells maintain original HHT genotypes
To confirm that BOECs maintained their HHT genotypes, we
examined alignments to each gene and nonsense substitution
genomic site, blinded to donor. We expected to see reduced
alignments to the nonsense allele gene because of nonsense-
mediated decay, and this was observed: overall alignments to
the gene harboring the mutant PTC allele were reduced
(Figure 2Ci-iii).

As shown in Figure 2Di-iii, alignments were specifically reduced
to the wild-type nucleotide substituted in the mutant PTC allele,
with alignments to the PTC-generating nucleotide detected at
lower and variable levels: of the 16 HHT and control BOECs, 12
demonstrated significant mismatches to GRCh38/hg3870 at
chr12:51,916,158, chr9:127,829,769, or chr18:51,065,563 cor-
responding to BOEC donor genotypes ACVRL1 c.1171G>T,
p.(Glu391X), ENG c.277C>T, p.(Arg93X), and SMAD4
c.1096C>T, p.(Gln368X; Figure 2D; supplemental Figure 5). In
all cases, HHT nonsense allele alignments were within the
expected BOECs, and aligned to spliced exons (almost all
alignments sharply defined the exon–intron boundaries;
supplemental Figure 6). All ratios were skewed from the ratio of
1:1 expected for germ line heterozygous alleles with a mean
wild-type:nonsense allele ratio of 9:1 (range, 5:1-13:1;
Figure 2E).

To provide separate evidence that PTC-containing transcripts
were persisting at low levels, we performed allele-specific
expression analyses using VarScan253 which had detected
common variants in the ACVRL1 3′ UTR that, by chance, were
present in 2 of the HHT donors. All 4 ACVRL1 3′ UTR hetero-
zygous variants in ENG+/PTC BOECs (ie, ACVRL1+/+) displayed
the expected 1:1 ratios (Figure 2Fi). However, the 2 ACVRL1 3′
UTR variants in the ACVRL1+/PTC BOECs were present in a
greater proportion of transcripts (Figure 2Fii), consistent with
BERNABÉU-HERRERO et al
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Figure 1. PTC clinical correlations in HHT cohorts. (A) Cohort 1 population first described by Joyce et al.37 (i) Molecular subtypes in the 3 endothelial-expressed HHT genes.
Note splice variants and multiexon deletions do not enable PTC-generating consequences to be predicted38 and were not examined further. (ii/iii) HHT phenotypes in
patients with (ii) ACVRL1+/− and (iii) ENG+/− according to PTC *(red) and non-PTC (blue) categories, with exact molecular subtype, color scheme as indicated. Note that
throughout the figures, for consistency, ACVRL1+/− is pink/purple; ENG+/− is blue, and SMAD4+/− is orange. P values calculated by Mann-Whitney U test. (B) Cohort 2
population, first described with bleeding scores by Shovlin et al2 (see also supplemental Methods). (i) Molecular subtypes annotated as in panel Ai. (ii/iii) Histograms of
bleeding scores with superimposed normal and Kernal cosine distributions, for patients with heterozygous (ii) ACVRL1 and (iii) ENG causal variants. PTC/non-PTC P values
calculated by Mann-Whitney U test. (C) Cohort 3: newly described nosebleed ointment cohort (further details provided in supplemental Figure 1). (i) Flowchart of treatment
numbers 09/04/1999 to 17/03/2005; patients reporting a response; and patients genotyped. (ii) All 41 reported responses by qualitative description and applied grade. (iii) All
22 reported responses in patients with a causal HHT gene variant identified, by variant type and causal gene (pink, ACVRL1; blue, ENG; and orange, SMAD4). Splice variants
are shown separately because RNA consequences are unclear38 and differed when tested in different members of the same family (C. L. Shovlin, unpublished data, 2012).
Pairwise P value calculated by Dunn’s test after Kruskal-Wallis test. AVM, arteriovenous malformation; NB, nosebleed.
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Figure 2. Steady state RNA sequencing in control and HHT BOECs. (A) Unsupervised Euclidean distance analyses for the 16 BOEC RNA sequencing data sets. When
unblinded, donor replicates were seen to have clustered together. (B) Unsupervised principal component analysis of the 16 BOEC RNA sequencing data sets based on the
distance matrix in which samples were projected to a 2-dimensional plane spanned by their first 2 principal components. Colored dots distinguish an experimental covariate
(10 ng/mL BMP9 for 1 hour), which was discernible in control BOECs (top left) but not in the HHT clusters (ENG+/PTC and ACVRL1+/PTC/SMAD4+/PTC BOECs). (C-F) Genotype-
specific data colored as for other figures (ACVRL1+/− pink/purple; ENG+/− blue; SMAD4+/− orange). (C) Normalized alignments to HHT gene Ensembl identifiers (i) ACVRL1
(ENSG00000139567), (ii) ENG (ENSG00000106991), and (iii) SMAD4 (ENSG00000141646) in control and HHT BOECs. Data from all samples per donor, mean and standard
deviation shown, **P < .005 and *P < .05, by Dunn’s test after Kruskal-Wallis test. (D) Alignments to nonsense alleles in ACVRL1, ENG, and SMAD4 nucleotides in GRCh38/
hg3870 corresponding to donor heterozygous pathogenic variants. Left: wild-type allele at (i) chr12:51,916,158, (ii) chr9:127,829,769, and (iii) chr18:51065563. Right: alternate
alleles at genomic position at 10× scale. Color-code key uses recommended75 nomenclature to describe both alleles per HHT donor: the relevant nonsense donor allele is
indicated in bold. Mean and standard deviation displayed, pairwise P values (**P < .005) calculated by Dunn’s test after Kruskal-Wallis test; for overall P values P < .0001
[ACVRL1], P = .0002 [ENG], and P = .003 [SMAD4]. (E) Alignments to PTC allele in the HHT BOECs by genotype, color coded as in panels C and D. (i) Percentage of total
expected if equal to wild-type allele alignment expected for heterozygotes. (ii) Percentage “loss” of total expected allele alignments. (F) Alignments to common single-
nucleotide variants (SNVs) in ACVRL1 3′ UTR quantified by VarScan2.53 (i) GRCh38/hg3870 genomic positions of 6 common SNVs (V1-V6) in BOECs from donors heterozy-
gous for ACVRL1 c.1171G>T, (p.Glu391X) or ENG c.277C>G, (p.Arg93X). Positions are illustrated by custom tracks uploaded to the UCSC Genome Browser.71 (ii) Variant:
wild-type ratios in ACVRL1+/PTC and wild-type ACVRL1 (ACVRL1+/+; ENG+/PTC) BOECs. The higher ratios for V1 and V2 in ACVRL1+/PTC BOECs can be attributed to presence in
cis with wild-type c.1171G, loss of the c.1171T in-frame transcripts generating the PTC, and presence of the SNV in all (V1), or only longer (V2) ACVRL1 3′ UTR transcripts (see
also supplemental Figure 7).
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Figure 2 (continued)
being in cis (on the same RNA molecule) as the wild-type allele,
with the PTC allele/transcript at a reduced level. This also
demonstrated that a proportion of ACVRL1 PTC-containing
transcripts persisted to the 3′ UTR, which would potentially
permit in-frame protein translation.

Pathway analyses for differentially expressed
genes
Genes encoding proteins in HHT causal pathways were differ-
entially expressed in HHT+/PTC BOECs. These included disease-
causing genes (ACVRL1, ENG, and SMAD4; Figure 2C);
superfamily ligands (TGFB1 and BMP6; Figure 3Ai-ii), and
PTC VARIANTS: “LOSS-OF-FUNCTION PLUS”
extracellular matrix proteins involved in TGF-β/BMP ligand
activation (Figure 3Aiii-vi). To explore differences beyond these
already known, disease pathway-specific signals, unbiased
Gene Ontology clustering63-65 was performed at 3 levels of
stringency, with and without GINI gene normalization
(supplemental Figure 8). For the highest stringency, we
restricted analyses to the 30 genes that were differentially
expressed between HHT and control BOECs to Bonferroni P <
.05 from the 5013 meeting CV10 (supplemental Table 3A); at
medium stringency, the 161 genes that met Bonferroni P < 1.00
and CV10 (supplemental Table 3B); and at the lowest stringency
level, the top 100, 200, 300, 400, 500, 600, 750, 1000, or 1500
30 MAY 2024 | VOLUME 143, NUMBER 22 2319



differentially expressed genes, normalized to total read counts
per library (supplemental Table 4).

In pathway analyses across all 3 stringencies, a single significant
cluster consistently emerged. This contained 2 terms, “iso-
peptide-bond” and “ubiquitin-like conjugation.” It was the only
term at highest stringency (Figure 3Bi), 1 of 2 significant terms
at medium stringency (Figure 3Bii), and also emerged repeat-
edly in lower stringency analyses when no significant clusters
emerged from 10 sets of 1000 randomly selected genes from
the same BOEC data sets (supplemental Figure 9). Notably, this
cluster’s terms were not specifically related to endothelial
function or BMP/TGF-β signaling predicted by the loss-of-
function alleles (Figure 3C) but reflected overlapping biology
of ubiquitin and ubiquitin-like peptides binding to protein
substrates via isopeptide bonds to target for lysosomal degra-
dation. The data were similar between different BOECs
(Figure 3D), and consistent with differences in posttranslational
protein processes between the PTC (HHT) and non-PTC (con-
trol) data sets.

Unsupervised machine learning discriminates
individual BOEC cultures by PTC persistence
The ENG+/PTC BOECs, already shown to resemble other HHT
BOECs less than controls (Figures 2A and 4A), had least effi-
cient degradation of PTC transcripts (Figure 2E). Surprisingly,
the 4 cultures of ENG+/− BOECs were also demarcated by
unsupervised multivariate analyses of the near-invariant GINI
“housekeeper” genes, ranked by relative expression across
the 16 BOEC cultures (Figure 4B-C). Because GINI house-
keeper genes were similarly ranked across 24 donor–treatment
combinations in peripheral blood mononuclear cells derived
from patients with HHT without PTCs,76 we explored whether
interculture variability may relate to persistence of PTC
transcripts.

As shown in Figure 4D, the GINI gene rankings changed across
the PTC BOECs. In particular, for the least variant (GC 0.11-
0.12) genes, the respective rankings of RBM45 and NXF1 were
switched between BOECs with ≥13% and ≤11% PTC persis-
tence (Figure 4D). These “PTC persistence” categories
explained 17% of the variance in GINI gene rankings (P =
.0007), and a further 21% through the interaction term with
gene (P = .005; supplemental Table 7). In contrast, categorizing
by genotype was not significant (supplemental Table 7). We
concluded that variability in GINI genes was evident and related
to PTC persistence.

Because the ISR66 inhibits protein translation necessary for
NMD40-43 and cellular stress is one of the most robust regula-
tors of NMD,66,77,78 PTC transcripts could be persisting more in
cells that were already stressed. Furthermore, the ISR would
predict the RMB45/NXF1 switch. This is because the ISR inhibits
bulk messenger RNA (mRNA) nuclear export,79 including via
RNA binding motif protein 45 (RBM45) that binds to mRNAs
and forms reversible nuclear inclusions during stress,80,81 and
mRNA dissociation from nuclear RNA export factor 1 (NXF1)
required for bulk export of mRNAs.79,82 However, associations
can be in either direction, and we next tested the possibility that
PTC transcript persistence could be causally related to cellular
stress.
2320 30 MAY 2024 | VOLUME 143, NUMBER 22
Pulse-chase examination of ENG protein in BOECs
We first tested mutant protein production in patient-derived
BOECs, focusing on ENG, which had well-established mAbs
(PD31, P4A4, and SN6h72,83) and highest PTC transcript
persistence (Figure 2E). Although most HHT-causal ENG
nonsense variants are too proximal (5′) for predicted proteins to
contain both OR domains that span the mAb epitopes
(Figure 5A), we were able to establish BOECs from a patient
with HHT heterozygous for a rare nonsense substitution (ENG
c.1306C>T) generating a PTC at Q436, at the end of the ZP-N
domain. This predicted that the complete OR region (E26-
C330) containing all SN6h epitope residues (A119-G230)72

would be present in a lower intensity, smaller band corre-
sponding to a molecule truncated at the PTC approximately
two-thirds (436 of 658 amino acids) through the protein
(Figure 5A). However, pulse-chase patterns spanning the
expected position were no different in ENG+/Q436X BOECs
compared with other HHT BOECs (Figure 5B).

There were subtle differences in ENG protein processing in
ENG+/Q436X BOECs. In control, SMAD4+/PTC, and ACVRL1+/PTC

BOECs, newly synthesized ENG was predominantly immature,
and the mature protein became the more pronounced species
after 1 hour and maximal after 2 hours of chase (Figure 5Ci-iv).
Similar patterns were evident in ENG+/R93X (Figure 5Cvi)
BOECs. For ENG+/Q436X BOECs, immature ENG remained the
more pronounced species at 1 hour, with traces still present at 2
hour (Figure 5Cv), while densitometry values for mature ENG
peaked later (Figure 5Cv,D).

ENG Q436X but not ENG R93X induces the ISR
Next, we tested the ability of ENG mutants to induce the ISR
using ATF4 expression as an ISR read out.66,67 After transient
transfection of ATF4::nanoLuc reporter cells, expression of ENG
Q436X but not ENG R93X directly induced ATF4 (Figure 6A).

The most likely mechanism would be through poorly folded
mutant proteins causing a proteostasis load. Because we had
not identified Q436X PTC-truncated protein by SN6h labeling/
pulse chase in native BOECs, we considered how aberrant
proteins that would escape SN6h detection could be gener-
ated, by ribosomal re-initiation42,84-86 or by ribosomal read-
through42,84-86 (supplemental Table 8). We reasoned that
because AlphaFold can accurately model the domains of ENG
harboring these residues (supplemental Figure 11), we could
take advantage of publicly available AlphaMissense74 pre-
dictions to computationally test whether full-length ENG read-
through proteins with a single missense substitution at the
respective stop codon might generate proteostatic stress. Four
potential amino acid substitutions were predicted as patho-
genic at Q436, with no pathogenic predictions for R93
(Figure 6B) which had lower AlphaMissense scores across all 19
alternative amino acids (Figure 6C). However, not all amino
acids are substituted in readthrough, with nonrandom incor-
poration reflecting similarity to the cognate codon.42,84-86

For Q436X (TAG stop codon), 3 likely substitutions including
2 supported by experimental evidence86 had a higher
“ambiguous” AlphaMissense score (Figure 6D), and restricting
to near-cognate codons, AlphaMissense scores were higher
than for R93X (Figure 6E). These data indicate that if natural
readthrough occurred, any new “missense” substitution would
BERNABÉU-HERRERO et al
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Figure 3 (continued) Gene Ontology clustering of genes differentially expressed between HHT and control BOECs. (A) Expression of genes encoding TGF-β/BMP
ligands ([i] TGF-β1, [ii] BMP6), and extracellular matrix BMP/TGF-β sequestration and activation proteins ([iii] LTBP1, [iv] FBN1, [v] LRRC32, and [vi] POSTN encoding latent TGFβ-
binding protein 1, fibrillin 1, leucine-rich repeat containing 32, and periostin, respectively). Expression was DeSeq2 normalized59,60 using low–GINI coefficient genes61,62 that
displayed least variability in BOECs (supplemental Table 2; supplemental Figure 8), although these genes were also differentially expressed when normalized only to total reads
per library. Box plots show interquartile range and error bars (minimum to maximum). P values were calculated by Kruskal-Wallis test. Control (C) black, ACVRL1+/− (A+/−) is
highlighted purple; ENG+/− (E+/−) blue; SMAD4+/− (S+/−) orange. (B) All significant terms enriched by clustering genes differentially expressed to (i) Bonferroni P < .05 (n = 30); and
(ii) Bonferroni P < 1.00 (n = 161). (C) Specific terms enriched by clustering the most differentially expressed genes in each data set examining each category from top 100 to top
1500 separately. The lowest P value for each cluster is displayed. Note consistency with the most enriched terms displayed in panel B, and for further detail, see supplemental
Figure 9. (D) Comparison of expression for each of the 9 “Bonferroni P < .05” genes that clustered to both isopeptide-bond and ubiquitin-like conjugation in panel B, by BOEC
genotype color-coded as in panel A. Mean, standard deviation, and Kruskal-Wallis P values displayed; posttest pairwise P values by Dunn’s test: *P < .05, **P < .01, and ***P <
.005; ns, not significant at P ≥ .05.
likely be tolerated in R93X, whereas at Q436X it could cause
aberrant protein folding/proteostatic stress consistent with
Figure 6A.

PTC readthrough and allele frequency
considerations
NMD transcripts are known to persist at higher levels in “less
rare” PTCs.40 We recently reported that ENG R93X is the
most common HHT causal variant in our UK-based HHT
series,68 but in the general population, Arg93X and Q436X
were each reported only once in GnomAD 4.0.0.69 We
therefore examined a larger ENG PTC-enriched population,
an HHT mutation database containing 47 different HHT-
causal ENG nonsense variants encoded by exons 2 to 13 of
the 15 exon gene (C30X-L572X; Figure 7A). R93X was the
second most commonly reported ENG nonsense variant,
reported by 11 separate laboratories worldwide, whereas
Q436X was reported only twice. In total, 44 (93.6%) ENG
nonsense variants were reported by fewer than 4 labora-
tories. The more common variants (Q77X, R93X, and R171X)
2322 30 MAY 2024 | VOLUME 143, NUMBER 22
all map to the proximal ENG OR2 domain (Figure 7A).
Benign, ambiguous, and pathogenic AlphaMissense pre-
dictions did not differ overall for codons in OR2 compared
with the other 3 ENG domains (Figure 7B). Categorizing by
nonsense variant rarity, however, positions Q77, R93, and
R171 had fewer pathogenic predictions than the remaining
44, across all amino acids (Figure 7C-D), or restricting to near-
cognate codons (Figure 7E-G). Thus, although there was no
clear relationship to length of any PTC-truncated protein, the
3 nonsense variants most commonly reported in HHT were at
sites at which naturally occurring readthrough would be best
tolerated, partially correcting loss of function.
Discussion
Frameshift and nonsense mutations are common causes of
genetic disease, but why some transcripts escape NMD and
persist at variable levels across tissues, and whether this is
broadly relevant to human health, was not known. Here, we
demonstrate by RNA sequencing that replicate endothelial
BERNABÉU-HERRERO et al
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Figure 5. ENG protein expression in normal and HHT endothelial cells. (A) Schematic representations of ENG protein. (i) Domain organization of the ENG protein ectodomain in
its BMP-binding homodimeric conformation, in relation to its genomic DNA origin, with OR domains highlighted in purple and ZP domains in blue. Q436 is distal to OR domains OR1
and OR2, but proximal to intermolecular dimerization cysteines C516 and C582 located within and after the ZP-C domain, respectively.72 For simplicity, the single-spanning C-
terminal transmembrane domain of ENG (residues 587-611) is not shown. (ii) “Predicted” PTC-truncated ENGQ436X and R93X proteins in relation to the domains and SN6h epitope
of wild-type ENG.72,83 (iii) ENGQ436X open reading frames frommethionine 1 (M1) to PTC, and M445 to natural stop codon. (B) Pulse-chase experiments in which BOEC lysates were
size fractionated on a reducing gel, and overexposed to optimize detection of minor, smaller bands. The approximate position of the Q436X protein that should be detectable by the
35S-labeled SN6h antibody is indicated by a gray arrow in BOECs heterozygous for (i) ENG Q436X, (ii) ENG R93X, (iii) SMAD4 Q368X, and (iv) ACVRL1 E391X. Note, no difference in
patterns of sub–full length proteins in HHT BOECs, providing no evidence for a Q436X-specific truncated protein product at expected size based on truncation at the PTC (for full gel
data see supplemental Figure 10). (C) Comparison of maturation patterns of full-length ENG protein after pulse-chase in BOECs heterozygous for (i-iv) ENG+/+ (wild-type) controls,
and (v-vi) ENG+/PTC BOECs: (i) control A; (ii) control B; (iii) SMAD4 Q368X; (iv) ACVRL1 E391X, (v) exon 10 ENG Q436X, and (vi) exon 3 ENG R93X. (D) Densitometry analyses of the
immunoblots in panel C. (i) Lower band (immature ENG) densitometry values across the 4 chase time points. By 2-way ANOVA, time accounted for 72.5% of variation (P < .0001), ENG
vs non-ENG genotypes for 1.8% (P = .049), and the interaction term for 0.98% (P = .092). (ii) Upper band (mature ENG) densitometry values across the 4 chase time points. By 2-way
ANOVA, time accounted for 64.3% of variation (P < .0001), ENG vs non-ENG genotypes for 1.4% (P = .54), and the interaction term for 3.5% (P = .26).
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Figure 6. ENG 436X and ENG 93X comparisons. (A) ATF4::nanoLuc reporter system to detect induction of the ISR/eIF2α activation, using ATF4 expression as an ISR
readout.67 P value calculated by Dunn’s test after Kruskal-Wallis test. Shown are results from 3 biological replicate transfections on separate days, each with 4 technical
replicates. ****P < .001. (B-E) Analysis of benign (green), ambiguous (blue in panels B,C,E; brown in panel D) and pathogenic (red) missense substitution predictions by
AlphaMissense. (B) Comparison of benign/ambiguous/pathogenic predictions for all 19 alternative amino acids at ENG R93 and ENG R436. Identity and metrics for all
predicted pathogenic missense substitutions are shown. P value calculated by Fisher’s exact test. (C) Distribution of AlphaMissense metrics for all 19 possible substitutions at
ENG R93 and Q436, ****P < .001 calculated by Mann-Whitney U test. (D) AlphaMissense predictions for the amino acids most likely to be substituted if translational (ribosomal)
readthrough occurs at R93X and Q436X. Displayed are the stop codon sequences, the specific amino acids encoded by near-cognate codons distinguishing those with
experimental evidence, and the AlphaMissense pathogenicity scores and predictions. (E) Comparison of AlphaMissense metrics for the amino acids most likely to be
substituted if translational (ribosomal) readthrough occurs at ENG R93 and Q436; *P < .05 calculated by Mann-Whitney U test. RLU, relative luminescence units.
cultures from the same donor retained differing proportions
of nonsense PTC transcripts, could be discriminated in unsu-
pervised hierarchical clustering, and that a cellular stress
signature was identified in cells with higher PTC transcript
expression. By pulse chase, we found no evidence for ENG
Q436-truncated protein that should have been detected by the
mAb used. Expression of ENG Q436X directly induced the ISR,
but this was not seen for ENG R93X for which mAb-invisible
PTC-truncated protein would be shorter, and missense sub-
stitutions resulting from ribosomal readthrough are predicted to
be benign. Hemorrhage phenotypes in 3 different HHT pop-
ulations suggested clinical relevance for these “generic”
cellular phenotypes from PTC-generating mutations, beyond
conventional pathway-specific perturbations that have been the
focus of models for human genetic disease.

Study strengths include the integration of recent developments
in RNA biology with clinical medicine, and design elements that
focused on variant examination in endogenous cells from
carefully selected donors to examine the least complex PTC
variants (frameshift variants would introduce a run of alternate
amino acids before the PTC).38 Confidence in discovery ana-
lyses was enhanced by scqRT-PCR validations; restricting
PTC VARIANTS: “LOSS-OF-FUNCTION PLUS”
analyses to genes with low intrareplicate variability; focusing on
findings robust to different analytic methods; using exacting
pulse-chase characterization of primary, nontransformed endo-
thelial cells in as close to the natural state as possible; and
testing confidence of structural predictions by AlphaFold
before examining AlphaMissense metrics. The main weakness is
the relatively small number of BOEC data sets examined,
although this has been a more rigorous evaluation across all 3
major HHT genotypes in a way that, to our knowledge, has not
been previously performed because of the rarity of the
SMAD4+/PTC genotype in HHT.2,76 Additionally, this study does
not distinguish processes generically associated with a PTC,
from processes that are specific to HHT cells, and we cannot
exclude changes in some way being augmented for HHT/ENG
PTCs.

Our findings support previous science. Other diseases show
differences between PTC-generating and non–PTC-generating
variants, for example, Duchenne and Becker muscular dystro-
phies are both caused by DMD variants with the milder (non-
PTC) Becker phenotype exploited in therapeutic strategies for
the more severe (PTC) Duchenne muscular dystrophy.87 Genes
differentially expressed in HHT/PTC BOECs clustered to
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Figure 7 (continued)
ubiquitin-like pathways, and recent experimental data identified
a ubiquitin-based pathway for nascent protein degradation
from PTC-containing mRNAs.88 Because ribosomal read-
through would allow PTC transcripts to escape NMD,39-43,84-86

the robust evidence for more efficient NMD in less-rare (allele
frequency >10−6) PTC variants40 would be supported by our
data, if better tolerance of missense substitutions confers even a
modest89 cellular survival advantage. Similarly, our data suggest
testable explanations for why NMD efficiency rates differ across
tissues,39,40 without systematic effects suitable for predictive
models40—varying levels of stress in different tissues in different
individuals at different time points.

For HHT, a new model is proposed in which some causal DNA
variants do not “simply” result in loss-of-function but may also
operate independently as a source or amplifier of cellular
stress/injury. Mechanistic paradigms already lean toward
concepts of second or third hits in addition to a single null
PTC VARIANTS: “LOSS-OF-FUNCTION PLUS”
allele,3-5,19,20 in keeping with evolving evidence for somatic
mutation rates90,91 that may92 or may not93 result in clonal
expansion if conferring advantages to the cell,92,94 and
elegant studies confirming that injury, inflammatory and/or
angiogenic stimuli can induce arteriovenous malformations in
various models.3,4,12-15,20,95 Our data incorporate new stress
considerations, whether by a PTC driving stress (as for Q436X),
or increases in PTC transcript prevalence as a result of stress,
according to protein location and precise stop codon
sequence. Mutant proteins from most ENG PTCs are predicted
to be more challenging for protein degradation pathways.
Where PTC transcripts persist, our data are more consistent
with ribosomal readthrough and incorporation of missense
substitutions tolerated to differing degrees, than generation
of peptides truncated at the PTC. In patient cells, where
aberrant protein expression would be low, governed not only
by low level RNA transcripts but also by usually rapid endo-
plasmic reticulum–associated degradation (ERAD)96 and/or
30 MAY 2024 | VOLUME 143, NUMBER 22 2327



lysosomal97 degradation, further studies will be required
to establish whether and when levels are negligible or not
negligible, and whether this differs between missense variants
for which cellular processes can adapt to chronic proteotoxic
loads,98,99 and PTC variants for which levels are more
fluctuant.

There are 2 immediate pathways to translational impact. Our
initial considerations were for the HHT vascular pathologies, to
support genetic molecular subtype stratifications to augment
the power of HHT clinical trials and likelihood that when a
treatment is beneficial to a group or subgroup of patients, that
benefit will be identified. For example, the clinical data point to
nasal hemorrhage being more severe in patients with HHT
ENG+/PTC genotypes, and more amenable to reduction of nasal
Staphylococcus aureus load, particularly in an ointment specif-
ically developed to suit the nasal mucosa. The data are of
further relevance when considering the potential of exogenous
ALK1 depletion to treat atherosclerotic pathology in the gen-
eral population68,100 in which strategies that have any potential
to generate mutant ALK1 protein would be discouraged.

In summary, we provide evidence from HHT populations and
endothelial cells that support new genotypic classification systems
and understanding of PTC-generating variants. Informed experi-
ments that directly compare a larger number of PTCs/genes,
other causes of haploinsufficiency, and ribosomal readthrough
proteins in different stress states, will need to be the subject of
future work. This may be especially relevant for cases in which the
expected phenotypes impact cell growth and proliferation.
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Supplementary Fig. 2.  Blood outgrowth endothelial cell (BOEC) derivation indices 
  

 
 
Derivation of control, ACVRL1+/-, ENG+/- and SMAD4+/- BOECs. A) First colony appearance in the first 25 successful establishments. (i) Normal quantile plot indicating that the time 
to first colony/ies approximated to a normal distribution. (ii) Two-way scatter plot of number of PBMCs plated and time to first colony across all genotypes (control and HHT), p 
value calculated by linear regression.  (iii) Two-way scatter plot of number of colonies emerging versus number of PBMCs plated, categorized by HHT genotype (ACVRL1+/- blue 
circles; ENG+/- grey crosses). Note the broad variability and no relationship with HHT genotype.  B) Time from first colony appearance to passage 3, representing a rate of proliferation 
index. (i) Normal quantile plot indicating that the time approximated to a normal distribution. (ii) Two-way scatter plot of time to first colony, and time from first colony appearance 
to passage 3 across all genotypes (control and HHT), p value calculated by linear regression.  (iii) Two-way scatter plot of time from first colony appearance to passage 3 versus 
number of PBMCs plated, categorized by HHT genotype (ACVRL1+/- blue circles; ENG+/- grey crosses). Note the broad variability and no relationship with HHT genotype. 
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Supplementary Fig. 3: Endothelial and RNASeq validations of blood outgrowth endothelial cells   

  
A) Bulk flow cytometric evaluations of the control ENG+/-, ACVRL1+/- and SMAD4+/- BOECs sent for RNASeq, simultaneously examining CD31 (FITC-conjugated), CD44 (APC-conjugated), 
CD90 (BV510-conjugated), and CD105 (PE-conjugated). Full antibody details are available on request. There is no evidence that CD31 (PECAM1), the most abundant endothelial surface receptor, 
displays altered expression in HHT, and it was used as the control for ENG expression in earlier studies.30,68,69 CD44 is not referred to in the HHT literature but is a core endothelial cell surface 
marker which regulates endothelial functions through a CD31/PECAM1 dependent mechanism. CD90 (Thy1) is a mesenchymal stem cell marker used as a negative control. CD105 (endoglin) 
displays varying expression levels and there is evidence in the HHT literature70 that it is reduced on BOECs with ACVRL1 as well as ENG pathogenic variants (ENG c.511C>T, Arg171*; ACVRL1 
c.1120C>T, Arg374Trp, and ACVRL1 c.436delG).  
B) Dot plots illustration of genes for 6 endothelial markers, contrasted to two of the genes expressed only on a proportion of BOECs. 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. 
C) Overall comparison of transcript numbers evaluated by RNASeq and single cell (sc) qRT-PCR i) Comparison of numbers: RNASeq N=16,807, sc qRT-PCR N=48, with circle areas 
proportional. ii) RNASeq alignments (mean in replicate, untreated control BOECs) of all 48 transcripts ranked by single cell qRT-PCR expression for the 48 genes, categorized by tertiles of 
expression. The single cell qRT-PCR expression scale was 0-10, p value (p<0.0001) calculated by Kruskal Wallis, with Dunn’s post test p<0.05 for each pairwise comparison. * p<0.05. 
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Supplementary Fig. 4: Quality scores generated across the 150bp reads for the 4 pairs of untreated BOECs  

 
                                                              Coded data plots supplied by Genewiz     
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Supplementary Fig. 5: Examples of raw sequence reads for nonsense variant detection 

 
Integrated Genome Browser (IGB) 9.1.839  visualisations of RNASeq bam file alignments from 3 representative BOEC for A ENG+/-; B ENG+/- and C) SMAD4+/-  donors at the genomic 
loci corresponding to the site of their pathogenic nonsense variants.   Alleles are described using Human Genome Variation Society version 20.0571 recommendations if both alleles 
are described in a heterozygote, i.e. ACVRL1 c.[1171G>T];[1171=];  ENG c.[277C>T];[277=];  SMAD4 c.[1096C>T];[1096=]. 

C 
BOECs: ENSG00000141646 (SMAD4) c.[1096C>T];[1096=] 
gDNA:  Chr18 :127,829,769 

A 
BOECs: ENSG00000139567 (ACVRL1) c.[1171G>T];[c.1171=] 
gDNA: Chr12:51,916,157 
 

B 
BOECs: ENSG00000106991 (ENG) c.[277C>T];[277=]  
gDNA:  Chr9:127,829,769 (note ENG on – strand) 
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Supplementary Fig. 6:  Alignments of reads to spliced transcripts  

 
Integrated Genome Browser (IGB) 9.1.839  visualisations of RNASeq bam file alignments from SMAD4+/- donor BOECs at genomic loci spanning site of the pathogenic nonsense 
variant chr18:51065562 on Homo sapiens GRCh38.34 Note that alignments sharply delineate the exon intron boundaries. The very occasional reads that also aligned to intronic 
sequence only aligned to wildtype sequence.   
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Supplementary Fig. 7: Positions of common single nucleotide variants (SNVs) in the 3’ UTR of ACVRL1   
 

 
 
 
 

Relative genomic (GRCh38)34 positions (custom tracks, UCSC Genome Browser37,38) for two ACVRL1 3’ UTR common variants in the five BOECs heterozygous for the ACVRL1 exon 8 
nonsense variant (chr12:51916157G>T, p.Glu[E]391X[*]). The proximal SNV, chr12:51920951G>A, is present in all known 3’ UTRs whereas the more distal, chr12:51922139T>C, is 
sited in a region only present in transcripts with longer 3’UTRs.   
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Supplementary Fig. 8:  Low Gini-coefficient reference genes for RNASeq normalizations 

 
Alignments to 24 of the 25 lowest GINI coefficient genes48,49 (GC <0.15) were identified in all 16 BOECs (See Supplementary 
Table 2 for details). A) Ward’s unsupervised hierarchical linkage dendrograms for 4-way comparisons of control vs ACVRL1+/PTC 
vs  ENG+/PTC vs SMAD4+/PTC BOEC RNASeq datasets. Note the unexpected major division of these ‘most invariant’ genes. B) 
Variability in alignments between BOECs expressed as the range/total alignments, by total alignments per gene.  C/D) Alignment 
number per BOEC library for C) more highly expressed genes, and D) less highly expressed genes. Note these followed similar 
patterns with a rising pattern across the 4 control BOECs (shaded), trend down through BOECs 5-12, with 8 demonstrating a 
peak in BOEC13 (belonging to the 13-14 untreated replicate pair).  E) The 8 genes (HNRNPK, COX4I1, IK, UBR2, UBE2Q1, 
SNW1, TXNL1, and KAT5) used for DeSeq2 normalization indicating the minimum and maximum ratios across the BOECs. The 
ratio of each gene count to the geometric mean of all read counts for that gene across all samples was used to derive the “size 
factor” to scale each BOEC sample as detailed in (F). 
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