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ABSTRACT



Background - MECOM encodes a developmental and hematopoietic transcription factor
associated with a rare early-onset syndrome including bone marrow failure, skeletal and
other congenital anomalies. Heterozygous de novo variants are the primary cause. We
previously identified MECOM as a candidate gene for pediatric pulmonary arterial
hypertension (PAH) using trio exome sequencing.

Methods -To test the role of MECOM in pediatric PAH, and further define the clinical
phenotype of MECOM-associated syndrome, we queried GeneMatcher and screened rare
disease databases for individuals with predicted deleterious MECOM variants. We
analyzed the clinical spectrum of patients, performed protein modeling of genetic variants,
and assessed cardiopulmonary expression.

Results — We identified fifteen individuals with MECOM variants, including eleven
unrelated probands and eight de novo variants. Eleven individuals had severe or mild
thrombocytopenia, nine had skeletal issues, eight had cardiac anomalies, six had PAH,
and ten had additional conditions. Three were diagnosed in utero and died in the neonatal
period. All missense variants map to the zinc finger 6 or zinc finger 8/9 region, a known
hotspot for MECOM-associated syndrome. Protein modeling predicted that both regions
are DNA-binding, and that the variants may interfere with binding to a VEGFR2/KDR
enhancer. Data from LungMAP showed that MECOM is primarily expressed in pulmonary
arterial endothelial cells.

Conclusion — Rare MECOM variants are associated with early-onset syndromic PAH. PAH

monitoring should be considered for all individuals with rare MECOM variants. We



speculate that the pathogenetic mechanism for PAH and cardiac defects may be impaired

VEGFR2/KDR signaling.

What is already known on this topic - MECOM-associated syndrome (MIM: 616738) is
arare, early-onset syndrome associated with bone marrow failure, skeletal
abnormalities, cardiac anomalies, and other congenital anomalies. Approximately 30%
of pediatric pulmonary arterial hypertension (PAH) is syndromic in nature, but few of
the causative genes have been identified.

What this study adds — Rare variants in MECOM are associated with syndromic PAH
with comorbidities overlapping the phenotypic spectrum of MECOM-associated
syndrome. Missense variants in zinc finger 6 and the zinc finger 8/9 hotspot are
predicted to interfere with binding to a VEGFR2/KDR enhancer.

How this study might affect research, practice or policy — Genetic diagnoses for
children with syndromic forms of PAH and other developmental diseases can provide

critical information for clinical monitoring and management.



Introduction
MECOM-associated syndrome (MIM: 616738, also called RUSAT2, radioulnar synostosis
with amegakaryocytic thrombocytopenia 2) is a rare, early-onset syndrome associated
with bone marrow failure (BMF), skeletal anomalies, and other congenital anomalies.
MECOM, the myelodysplastic syndrome and ecotropic virus integration site-1 complex
locus, encodes a widely expressed transcription factor containing ten zinc finger (ZF)
domains. Somatic inversions and translocation involving chromosome 3 (including
MECOM) frequently cause MECOM activation leading to acute myeloid leukemia® whereas
germline heterozygous loss of function variants and deletions cause reduced expression
leading to BMF.2 De novo variants are the primary cause of MECOM-associated syndrome,
including both protein-truncating and missense variants. Most of the missense variants
cluster within the ZF 8/9 region (amino acids 919-974).2 The phenotypic spectrum of
individuals with MECOM-associated syndrome has expanded to include congenital heart
disease, genitourinary anomalies, developmental delay and hearing impairment.®
Furthermore, individuals can exhibit severe early-onset BMF requiring hematopoietic stem
cell transplantation within the first few years of life, mild or late-onset thrombocytopenia,
or no hematopoietic deficiency.® Similarly, radioulnar synostosis is a common feature but
not seenin all individuals, and the presence of other congenital anomalies or
developmental delay is highly variable.?

Pulmonary arterial hypertension (PAH [MIM: 178600]) is a rare pulmonary vascular
disease with high morbidity and mortality. The diagnosis of pediatric PAH is made by

hemodynamic assessment and is defined mean by pulmonary artery pressure >20 mmHg,



indexed pulmonary vascular resistance >3 Wood units - m? (WU-m?), and pulmonary artery
wedge pressure <15 mmHg.* PAH is caused by both genetic and environmental factors,
with twelve established definitive genes harboring causal variants for PAH.* While PAH can
manifest across the lifespan, child-onset PAH is particularly challenging because it is often
syndromic involving other congenital anomalies and/or neurodevelopmental features.® As
such, the underlying genes are likely important in early developmental pathways. Variants
in developmental transcription factors SOX777-° and TBX4'° are known to cause PAH
associated with congenital heart disease and developmental skeletal disorders,
respectively, but the genetic causes of syndromic PAH are largely unknown.

In a previous analysis of 124 PAH child-parent trios, we identified MECOM and
seven other genes as candidate PAH genes based on high heart/lung expression and
identification of one affected child with a rare de novo variant for each gene." To identify
additional genetic evidence for a role of these genes in PAH, we queried GeneMatcher and

received two potential matches for MECOM.

Methods

Identification of individuals with rare MECOM variants

We queried GeneMatcher (genematcher.org)'? to identify individuals with rare variants in
MECOM. We then screened genomic registries including DECIPHER
(deciphergenomics.org)'®, the 100,000 Genomes Project
(https://www.genomicsengland.co.uk/initiatives/100000-genomes-project)’, the UK NIHR

BioResource — Rare Diseases Study (UK NIHR BioResource) (https://www.nihr.ac.uk)™, and



our own studies of rare neurodevelopmental disorders’ and structural anomalies™ '8,
Additional individuals were identified via these queries. Inclusion criteria included
individuals with rare de novo or inherited variants (gnomAD v2.1.1/v4.1 allele frequency
less than 0.01% and CADD score >20), with or without PAH. Patient expert clinicians
and/or geneticists were identified and invited to collaborate on the study. During
preparation of the manuscript, we realized that Individual 6 (c.2850-1G>A) had been
reported previously,' but not in the context of PAH. Individual 8 had also been reported.?
Genetic variants were identified by trio (n = 8) or duo (n = 1) exome sequencing, gene panel
(n=1,483 BMF genes; n =1, 530 skeletal dysplasia genes), or cascade testing after a
variant was identified in an affected family member. Family 2 also had copy number variant
screening. Genetic, demographic, family history, and clinical data for individuals with
variants that met our criteria were collected from the patients’ clinicians and/or
geneticists. The study was approved by the institutional ethics committees of the
participating centers and written informed consent was obtained from the families
involved, in accordance with the Declaration of Helsinki.

Clinical classification of MECOM variants

Liftover of variant coordinates to human genome assembly GRCh38 was performed when
needed. Transcript coordinates are according to MANE select NM_004991.4/
ENST00000651503.2 and variant nomenclature was checked using variant validator
(variantvalidator.org). Variant curation was performed according to the American College
of Medical Genetics/American Association of Medical Pathology (ACMG/AMP) 2015

guidelines,?® and including updated recommendations of the ClinGen Sequence Variant



Interpretation Working Group (clinicalgenome.org). AlphaMissense?' was used as the in
silico pathogenicity prediction tool. A Bayesian points-based system for evidence code
combinations? was applied to determine the clinical classifications. Briefly, a
classification of pathogenic was defined by >=10 points, likely pathogenic 6-9 points,
variant of uncertain significance -1 to 5 points, likely benign -2 to -6 points, and benign <= -
7 points.
Protein modeling of novel variants
MECOM NP_004982 was used for all analyses. Variant mapping onto the two-dimensional
protein structure was performed using the trackViewer package in R/Bioconductor,?® with
conserved domain coordinates based on UniProt Q03112.3 (https://www.uniprot.org/)?.
The three-dimensional structure of MECOM was predicted using the AlphaFold3 web
server (https://alphafoldserver.com).?® Structure visualization and electrostatic surface
analysis were conducted using UCSF ChimeraX version 1.8
( http://www.rbvi.ucsf.edu/chimerax).?%?’ To enhance clarity in visualization, disordered
and coil regions (residues 1-78, 428-919, and 1003-1239) were excluded from the final
representations.

DNA binding analysis was performed using BindUP (http://bindup.technion.ac.il/),?®
a web server for non-homology-based prediction of DNA- and RNA-binding proteins. This
analysis identified a large positively charged patch around ZF6/8/9, suggesting DNA-
binding activity.

To model the MECOM-DNA complex, we used a previously characterized MECOM

binding site?® in the VEGFR2 regulatory region (5'-CTGGTGACTCACAA-3', including 3-



nucleotide extensions on both ends). The initial structural model was generated using
AlphaFold3, incorporating three components: full-length MECOM protein sequence,
double-stranded DNA, and ten Zn** ions corresponding to the zinc finger domains.
Analysis of this initial model confirmed that ZF6/8/9 interact with DNA. To refine these
predictions, additional models were generated: ZF6 region (residues 374-399) with the
same DNA sequence and one Zn** ion; ZF8/9 region with the same DNA sequence and two
Zn**ions.

For visualizing variants affecting Zn** coordination, zinc finger domains were first
predicted using AlphFold3. Variants were introduced using pdb4amber
(http://ambermd.org)*® followed by energy minimization with OpenMM
(http://openmm.org)® to optimize the mutated structures.

Gene expression data

Quantitative gene expression data were retrieved from LungMAP Phase 2 LGEA reference
data (lungmap.net).* Two data sets were queried: normal human lung (median age of
donors, 41 years; interquartile range, 29-61 years; similar numbers of females and males)
and mean percentage of gene-expressing cells/total number cells sampled. Differential
gene set expression was queried using the LGEA gene list query of LungGENS data.
Aorta/heart expression data were retrieved from Tabula Muris (https://tabula-

muris.sf.czbiohub.org/).3?

Results



Novel rare MECOM variants extend the phenotypic spectrum of MECOM-associated
syndrome to include PAH
We identified fifteen individuals (5 females, 10 males) with rare, predicted deleterious
MECOM variants, including eleven unrelated probands (Table 1 and Supplementary Table
1). The eleven variants included four likely gene disrupting (LGD: 2 nonsense, 1 frameshift,
and 1 canonical splice) and seven missense variants. There were eight confirmed de novo,
one presumed de novo (the father was not available for testing), and two inherited variants.
All variants were absent from the population database, gnomAD v4.1. All missense
variants were predicted deleterious by in silico tools (CADD and AlphaMissense?'), and all
were pathogenic/likely pathogenic by ACMG/AMP criteria (Supplementary Table 2).
Demographic and clinical characteristics for all individuals are summarized in Table
1 and Supplementary Table 1. Detailed clinical synopses for all individuals are provided in
Supplementary Table 3 and pedigrees for the two families are in Supplementary Figure 1.
Most individuals were of European ancestry, and there were one each of French
Caribbean, Ashkenazi Jewish, Hispanic, or unknown ancestry. Three individuals were
diagnosed in utero and died in the neonatal period. The remaining individuals were
diagnosed within 1 week of birth (n = 3), at 1-5 years of age (n = 6), as adults (n = 2, fathers
of affected children), or unknown (n = 1). At least eleven individuals had
thrombocytopenia/pancytopenia, nine had skeletal issues (7 with radioulnar synostosis, 4
club foot, 3 hand anomalies, 1 patellar hypoplasia, and 1 patellar contracture), seven had
cardiac anomalies (4 with patent ductus arteriosus, 4 ventricular septal defect, 2 truncus

arteriosus, 1 each of aortic root dilation/atrial septal defect/atrioventricular valve



dysplasia/mitral valve prolapse), six had PAH, and ten had additional medical conditions.
Three children had bone marrow transplantation (including 2 that still developed PAH), and
one had a heart and lung transplant. Three newborns died at birth (bilateral renal agenesis
leading to anhydramnios) or 1-3 weeks of life (n =1, intracerebral hemorrhage; n=1,
following complex surgery for a type 4 truncus arteriosus that could have been worsened
by undiagnosed PAH or other comorbidities). One child died at 5-10 years of age due to
complications of progressive right ventricular failure and chronic respiratory failure. Both
fathers had subclinical hematologic findings that were not diagnosed until after genetic
diagnoses, and one had adult-onset unilateral hearing loss.

Six individuals were diagnosed with PAH by right heart catheterization (RHC) (Table
2). Mean pulmonary arterial pressure ranged from 35-62 mm Hg, pulmonary vascular
resistance indexed to body surface area 7-30 WU-m?, and wedge pressures were in the
normal range. Three infants died before hemodynamics could be assessed. Two babies
were born with persistent pulmonary hypertension of the newborn and then diagnosed
with severe PAH at the age of 1-5 years (Table 2). An additional four children were
diagnosed at 1-5 years with PAH. All but one PAH case was associated with congenital
cardiac anomalies. Vasodilator therapy regimens ranged from mono- to triple therapy.
Since no one met criteria for vasoreactivity on catheterization, none were candidates for
treatment with calcium channel blockers. The children were too young to perform diffusion
capacity measurements of the lungs. The World Health Organization PAH functional
classifications ranged from I-1ll. Five children had follow-up visits at 6-15 years of age,

three with RHC. Despite combination therapy, mean pulmonary arterial pressures and



pulmonary vascular resistance remained high (50-60 mm Hg and 11.8-14.1 WU'm?,
respectively). At follow-up, three children were able to have diffusion capacity
measurements which were in the normal range. One child had a heart-lung transplant at
11-15 years of age and was alive at 21-25 years of age. One child, who had undergone
successful bone marrow transplantation in infancy, died at 6-10 years of age from
progressive right ventricular failure and acute-on-chronic respiratory failure (see below).
One child was placed in hospice care at 11-15 years of age due to worsening clinical
status; she was not considered a candidate for lung transplant and no further surgical or
catheterization interventions were available. The three remaining children were alive and
well (1-25 years of age).

Pathologic findings of the lung and heart from individual 6, diagnosed with PAH
associated with congenital heart disease, are shown in Figures 1 and 2. Chest computed
tomography showed diffuse multifocal pneumonia with effusion, and stable yet significant
prominence of the cardiac silhouette and central pulmonary vasculature (Figure 1).
Post-mortem pathologic examination of the lungs showed severe vasculopathic changes
affecting the entire spectrum of pulmonary vessels, including pulmonary arteries,
pulmonary microvasculature, and venules and veins (Figure 2A-D). The vessels showed
variable occlusion, often severe and predominantly by intimal expansion. The intima had
an unusual edematous to myxoid appearance in many of the smaller vessels, with variable
but frequently brisk associated inflammation (Figure 2A). This inflammatory component is
unusualin the context of classic PAH and in this patient it was unclear if it was related to

his history of bone marrow transplantation or if it was a primary component of his



underlying MECOM-associated lung disease. Within medium to larger pulmonary artery
branches and veins, classic fibrous to fibromyxoid intimal expansion was more frequently
seen (Figure 2C-D). Plexiform lesions were infrequent but present and they occasionally
showed associated fibrin thrombi (Figure 2E). A single medium-sized pulmonary artery
branch showed features of necrotizing vasculitis without granulomas or infectious
organisms noted with special stains (image not shown). Given the localized nature of this
finding, and the absence of pulmonary hemorrhage, the etiology and significance remained
uncertain. Finally, most alveolar septa were thin, delicate and appropriately developed
with few relatively limited foci of markedly dilated and tortuous alveolar capillaries
imparting a pulmonary capillary hemangiomatosis-like picture. However, no proliferation
of capillaries was present on closer examination (Figure 2F). The dilated and tortuous

alveolar capillaries were mostly seen near larger vessels with severe occlusive lesions.

2D protein mapping reveals MECOM missense genotype-phenotype relationships

MECOM is a complex locus with multiple alternative transcripts. The full-length
transcript encodes a protein with conserved histone methyltransferase, DNA-binding, and
protein-interaction domains. Protein locations of the rare variants identified in this study,
and from previous reports of MECOM-associated syndrome (%'934423) are provided in
Figure 3.

The four LGD variants identified in this study were expected to result in nonsense-
mediated decay, leading to haploinsufficiency. All four variants were associated with

thrombocytopenia or pancytopenia, consistent with previous findings.® Monozygotic twin



fetuses diagnosed with p.(Gly219*) had a severe phenotype with unilateral or bilateral
renal agenesis and other complications (Table 1); only one survived to birth but died on day
one and therefore were incompletely clinically characterized. The father was found to have
thrombocytopenia (130 x 10E9 platelets/microliter) and no renal findings. A healthy sibling
had the same variant with a patent ductus arteriosus. The other three individuals with LGD
variants ((p.(Lys835Thrfs*3), p.(Leu843*), and ¢.2850-1G>A)) had congenital cardiac
anomalies (ventricular septal defect, n = 2; patent ductus arteriosus, n = 2; aortic root
dilation, n =1) and PAH; one also had radioulnar synostosis and one had autism spectrum
disorder.

MECOM contains ten ZF domains, and the missense variants reported herein map
to the ZF6 (amino acids 376-398) or the ZF8/9 region (amino acids 919-974) (Figure 2A).
Both individuals identified with ZF6 missense variants had the same congenital heart
anomaly, truncus arteriosus, and these are the only reported individuals with MECOM-
associated syndrome to have a variant in ZF6. Neither individual had hematological
findings. The individual with p.(Tyr385 Cys) also had developmental issues including
attention deficit disorder and intellectual disability. The individual with p.(Arg393His) also
had a left club foot and died at 0-3 weeks of age from post-surgical cardiac complications,
potentially worsened by PAH. We identified six individuals with missense variants in the
hot spot ZF8/9 region (amino acid range 938-958). These individuals all had complex
phenotypes including hematologic issues and radioulnar synostosis or hand/foot

anomalies (n =6), PAH (n = 4), and cardiac anomalies (n = 3).



We identified six individuals with PAH-associated variants, all de novo (3 LGD and 3
missense) (Table 1, Figure 3). The three missense variants all map to the ZF8/9 region. At
least five had complex phenotypes including cardiac (n = 4), hematologic (n = 3), skeletal (n
= 3), other pulmonary (n = 2), and neurodevelopmental (n = 2) issues.

Updated clinical classification of the previously published variants was performed
(Supplementary Table 4) and only pathogenic/likely pathogenic variants were included in
Figure 3. Four variants of uncertain significance and two benign/likely benign variants, all
located outside of the zinc finger domains, were excluded. There were a total of 37
pathogenic/likely pathogenic variants identified in 66 unrelated individuals. Twenty-four
individuals (36%) had LGD variants and forty-two (64%) had predicted deleterious
missense variants. Across all studies, six individuals with LGD variants (6/24, 25%) were
reported to have only hematological findings, eleven (46%) hematological plus skeletal
findings, seven (29%) hematological plus congenital heart disease, six (25%)
hematological plus PAH, and seven (29%) hematological plus at least two of these other
anomalies.

Across all studies, within the ZF8/9 region (Figure 3B), twenty-five individuals with
deleterious missense variants (25/40, 62.5%) were reported to have both hematologic and
skeletal anomalies, with five individuals also having congenital heart disease and/or PAH,
and only three were reported to have isolated pancytopenia. In contrast, eight out of nine
individuals with variants located towards the C’-terminal end of ZF9, between amino acids

965-971, had skeletal defects alone.



3D protein modeling predicts that ZF6 and the ZF8/9 region are DNA-binding

We used protein structural modeling to predict functional consequences of the MECOM
variants reported herein (Figure 4). Both ZF6 and the ZF8/9 region are predicted to be DNA-
binding (Figure 4C). ZF8 variants, p.(His939Arg) and p.(His939Tyr), and ZF9 variants,
p.(Cys951Tyr) and p.(Cys954Arg), were predicted to disrupt the ZF structure by disrupting
native zinc coordination (Figure 4D). Vascular endothelial cells are a key cell type in
cardiac and lung development, and we hypothesized that transcriptional dysregulation of
one or more MECOM target genes expressed in endothelial cells could provide a
pathogenetic mechanism for truncus arteriosus and PAH development. Based on a recent
report?® that MECOM is a critical regulator of endothelial lineage specification via
transcriptional activation of VEGFR2 (vascular endothelial growth factor receptor 2) and
the VEGF (vascular endothelial growth factor) signaling pathway, we used AlphaFold3 to
model the complex structure of MECOM ZF6 or ZF8/9 bound to the experimentally
determined DNA-binding motif of the VEGFR2/KDR promoter. The model predicted direct

DNA groove interactions for both ZF6 and ZF8/ZF9 within the binding motif (Figure 4E).

Endothelial-specific MECOM expression in lung

Single cell RNA-seq data from LungMAP?? (February 5, 2025) showed that MECOM is
expressed in a high percentage of PAH-associated pulmonary arterial endothelial cells but
not pulmonary arterial smooth muscle cells or pericytes, and with relative expression level
similar to that of other definitive PAH genes (Figure 4F). Further analysis indicated that

MECOM, VEGF2R/KDR, and a subset of other definitive PAH genes (BMPR2, ACVRLT,



CAV1, ENG, SMAD9, SOX17) comprise a gene set that is selectively highly expressed in
arterial endothelial cells compared to other type lung cells (i.e. epithelial, immune,
mesenchymal, mixed control, and biopsy) from neonates (p = 1.55e-9), infants (p = 3.06e-
9), and children (p =9.16e-11). In adults, MECOM is also expressed in airway epithelial
progenitor cells, goblet cells, and other mucus-secreting cells of the lung (data not
shown). Data from Tabula Muris*3 (February 5, 2025) showed that in murine adult
heart/aorta, MECOM was expressed in ~25% of endothelial and endocardial cells, and
fibroblasts, but not cardiac muscle. In the same dataset, KDR was expressed in 84% of
endothelial cells, 48% of endocardial cells, but only 5% of cardiac muscle cells and

fibroblasts (Supplementary Figure 2).

Discussion

We report the genotypes and phenotypes of nine unrelated individuals and two families
with rare MECOM variants and expand the phenotypic spectrum of MECOM-associated
syndrome to include early onset PAH. All children were diagnosed before 5 years of age;
two fathers with less severe phenotypes were diagnosed as adults. Among fifteen total
individuals, common features were thrombocytopenia or pancytopenia (n = 11), skeletal
anomalies (n =9), cardiac anomalies (n = 8), and development of PAH (n =6). Three
individuals were diagnosed in utero and died in the neonatal period before the
development of PAH. We identified four LGD and seven missense variants, all classified as
pathogenic/likely pathogenic. The missense variants map to ZF6 or the ZF8/9 region, all

predicted to affect regions that bind DNA.



The six variants associated with PAH included three LGD (1 frameshift, 1 nonsense,
and 1 canonical splicing) and 3 missense variants. All PAH variants were de novo,
surpassing the ClinGen threshold of >=2 de novo variants to establish a “true” PAH
candidate gene." Five of the individuals with PAH also had congenital heart anomalies.
The three missense variants mapped to the ZF8/9 region and structural modeling predicted
that ZF8 and ZF9 directly interact with a DNA binding motif in the VEGFR2/KDR promoter. It
is plausible that the variants interfere with transactivation of VEGFR2/KDR, either by
abolishing zinc binding or another mechanism. KDR is a definitive PAH gene,® and VEGF
sighaling and endothelial cell lineage specification are critical for normal lung and heart
development. We hypothesize that the pathogenetic mechanism for MECOM variants is
haploinsufficiency (LGD variants)/loss of function (missense variants), similar to KDR
variants' 43,

Another novel finding of this study was the identification of two missense variants in
ZF6 associated with the same congenital heart anomaly, truncus arteriosus, and skeletal
or developmental issues but not thrombocytopenia or pancytopenia. A mouse line with a
hypomorphic Mecom variant, produced by a deletion of exon 3 leading to a new cryptic
start site, resulted in 100% (6/6 mice) with congenital heart defects including 50% (3/6
mice) with truncus arteriosus?**. Pathogenic/likely pathogenic missense variants in ZF6
have not been reported previously. Protein modeling indicated that ZF6 is DNA binding and
that p.(Tyr385Cys) and p.(Arg393His) can directly interact with the same DNA binding motif
in the VEGFR2/KDR promoter as variants in the ZF8/9 region. Truncus arteriosus is a rare

congenital heart anomaly that occurs when the single large blood vessel fails to divide into



the pulmonary artery and the aorta during embryonic development. This process involves
differentiation of neural crest cells into endothelial cells. MECOM is expressed in neural
crest-derived cells in the outflow tract by E9.5-10.5%, and it is interesting to speculate that
MECOM may be involved in the differentiation of neural crest cells to endothelial cells.

Family 1/twin B suffered an intracerebral hemorrhage and died shortly after birth. In
a prenatal screen of 192 fetuses with intracranial hemorrhage, Coste et al*® identified a
causative MECOM frameshift variant (c.1268del; p[S423Lfs*6]) in a family with recurrent
fatalintracranial hemorrhage in two fetus siblings. Fetal brain examination identified
hemorrhagic lesions in the first sibling and intraparenchymal and subarachnoid lesions
with intraparenchymal petechiae in the second sibling. The first sibling also had pulmonary
atresia with ventricular septal defect, while the second one had only eleven pairs of ribs
and radioulnar synostosis. These cases suggest that intracranial hemorrhage is arare
manifestation of MECOM-associated syndrome, likely due to fetal thrombocytopenia.
Altogether, the expanding phenotypic spectrum of MECOM-associated syndrome
indicates that this is a developmental vascular condition.

The development of PAH in very young children with other medical conditions,
including rare syndromes, can be associated with worse prognosis.* We recommend that
clinical assessment of all individuals with thrombocytopenia (or pancytopenia) and/or
radioulnar synostosis and rare deleterious MECOM variants should include non-invasive
screening for PAH. Further, genetic testing in children with PAH should consider rare
MECOM variants. PAH patients identified to have rare deleterious MECOM variants should

be assessed for the full spectrum of MECOM-associated syndrome phenotypes.



Our comparative analysis of genotype-phenotype relationships among all known
individuals with pathogenic/likely pathogenic MECOM variants (Figure 3), confirmed
thrombocytopenia/pancytopenia in all individuals with LGD variants. Most of these
individuals have at least one other MECOM-associated syndrome phenotype. Newly
identified individuals with missense variants in ZF6 share the phenotype of truncus
arteriosus. Most individuals with missense variants in the proximal ZF8/9 region (residues
938-954), had both hematologic and skeletal phenotypes, and nearly half had more than
two phenotypes, whereas all but one individual with variants in residues 965-971 had a
skeletal phenotype alone (Figure 3B). This suggests that residues 965-971 may confer
higher DNA-binding specificity than residues 938-954.

Phenotypic heterogeneity is well-documented for MECOM-associated syndrome,
both among unrelated and related individuals with same variants. The two families with
autosomal dominant paternalinheritance included in our study demonstrate intrafamilial
phenotypic heterogeneity. In Family 1, the identical twin fetuses had severe phenotypes,
with pancytopenia and intracerebral hemorrhage in at least one twin at birth (the other
died in utero) and renal agenesis was present in both. The father was asymptomatic into
adulthood and found to have asymptomatic, isolated moderate thrombocytopenia only
after diagnosis of the twins; genetic testing of his parents confirmed that his variant
occurred de novo. A healthy sibling was found to have patent ductus arteriosus, only after
diagnosis of the twins. In Family 2, the son presented in the clinic under five years of age
with skeletal dysplasia (radioulnar synostosis, brachydactyly and fifth finger clinodactyly).

His symptomatic father (radioulnar synostosis) then underwent genetic testing which led



to the identification of a rare MECOM variant of unknown mode of inheritance. The father
also had adult-onset hearing loss with bilateral dysmorphic semicircular ear canals and an
aortic aneurysm. Following genetic diagnosis, the son was found to have intermittent
platelet aggregates and the father recurrent thrombocytopenia. These data support clinical
screening of family members identified with causal MECOM variants for multi-organ
subclinical phenotypes.

Phenotypic heterogeneity in MECOM-associated syndrome is likely due to genetic
modifiers. Niihori et al*' suggested that variable expressivity of thrombocytopeniain one
family was loss of heterozygosity in the hematopoietic system with reversion of the mutant
allele to wild-type. Whether genetic rescue explains variable expressivity of hematopoietic
output in other families has not been reported. Inherited genetic modifiers likely explain, at
least in part, the observed multi-organ phenotypic heterogeneity. Genome-wide
association studies have identified a common regulatory variant in the MECOM promoter
associated with distal limb growth regulation?’, intronic variants associated with
myeloproliferative neoplasms* and lung function*, and variants in a differentially
methylated promoter region in placenta associated with cognitive function of offspring.°
The relevance of any of these, or other common MECOM variants, in MECOM-associated
syndrome has not been explored.

We acknowledge several limitations of the study.There is ascertainment bias based
on utilization of GeneMatcher, rare disease registries, and who accesses genetic testing.
However, our query to GeneMatcher was phenotype agnostic, not restricted to presence of

PAH. The registries were not enriched for PAH and the variants that we identified were



absent or ultra-rare from the gnomAD population database. Two of the registries queried
(100,000 Genomes Project and the UK NIHR BioResource — Rare Diseases Study) are
European ancestry enriched but GeneMatcher and other patients identified were of French
Caribbean, Ashkenazi Jewish, and Hispanic ancestry. PAH is a rare disease and we
estimate that de novo variants in many developmental genes underlie early-onset PAH,
each explaining a small number of cases.' Statistical enrichment in case-control studies
of pediatric PAH is not feasible with the cohort sizes currently available. Due to the low
background rate of de novo variants,® the statistical evidence for a candidate risk gene is
effectively equivalent to multiplicity (or identifying 22 unrelated cases in the same gene).
The identification of six individuals with PAH and novel or ultra-rare deleterious MECOM
variants exceeds this threshold.

Conclusions

Based on our detailed assessment of individuals with rare pathogenic/likely pathogenic
MECOM variants, the phenotypic spectrum of MECOM-associated syndrome is extended
from bone marrow failure and skeletal abnormalities to include PAH, especially associated
with congenital heart disease, and intracranial hemorrhage. Prompt recognition of
MECOM-associated clinical features is important for diagnosis and management.
Identification of the underlying genetic cause can inform clinical management, improve
accuracy of prognosis, and facilitate cascade testing of family members and reproductive
planning. Ongoing identification of MECOM-associated syndrome in PAH is critical to

enhancing understanding of this emerging phenotype.
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Table 1. Demographic, clinical, and genetic overview of the MECOM cohort (n =15 all, n =11 unrelated). Full
details are provided in the supplemental data.

Case origin

GeneMatcher, genetic consult, 100,000 Genomes Project, UK NIHR, DECIPHER

Sex

9 male, 6 female

Genetic ancestry

7/11 European, 1 French-Caribbean, 1 Ashkenazi Jewish, 1 Hispanic, 1 unknown

Agediagnosis

in utero (n=3), 0-3 wks (n=3), 1-5 yrs (n=6), 35-40 yrs (n=1), 41-45 yrs (n=1)

Hematologic anomaly

11/15 (73%)

Skeletal anomaly 9/15 (60%)
Cardiac defect 8/15 (53.3%)
Pulmonary phenotype 6/15 (40%)
Other medical

condition(s) 9/15 (60%)
Bone marrow

transplantation 3/15 (20%)

Heart/lung
transplantation

1/15 (0.6%)

Vital status

alive (n=11), hospice (n=1 child), deceased (n=4)

Genetic variant type

missense (n=7), nonsense (n=2), frameshift (n=1), splicing (n=1)

Mode of inheritance

de novo (n=9), autosomal dominant (n=2)

Allele frequency

all variants absent from gnomAD v4.1

Clinical classification
(ACMG/AMP)

all pathogenic/likely pathogenic




Table 2. Hemodynamic assessment of patients with rare MECOM variants associated with pulmonary arterial hypertension.

Patient ID Individual 3 Individual 4 Individual 5 Individual 6 Individual 7 Individual 9
PAH subtype PAH-CHD PAH-CHD PAH-CHD PAH-CHD PAH-CHD IPAH
Sex F F M M F M
Genetic ancestry Ashkenazi Jewish EUR EUR EUR Hispanic EUR
0-3 wks, 0-3 wks,
Age aagnoss 1-5yrs 1-5yrs 1-5yrs cathat1-5yrs cath at6-10yrs 1-5yrs
WHO functional I I I m v |
class
MPAP giagnosis (MMHg) 50 57 62 43 35 62
PVRI dignons (Woods 14.4 21.4 20 10 7 30
units - m?)
Dico diagnosis too young to test too young to test too young to test too young to test unable to perform too young to test
initial: sildenafiland | initial: sildenafi; last | initial: sitdenafil; last | 2921@fil. macitentin, tadalafi, . .
. X . ¥ IV continuous mecitentan, sildenafil, bosentan,

Treatment bosentan; last follow-up: sildenafil follow-up: sildenafil A . . R

) treprostinil infusion, continuous SQ epoprostenol iv

follow-up: tadalafil and bosentan and bosentan .
nocturnal oxygen remodulin
and bosentan

Requnse to mild no not tested no no not tested
vasodilator?
Age foltow-up n/a 6-10yrs 11-15yrs 6-10yrs 11-15yrs 6-10yrs
MPAP totow-up (MMHg) n/a not tested not tested 56 60 50
PVRI folowp (Woods n/a not tested not tested 14.1 14 11.8
units x m?)
210/(:1:?:71:;61 n/a 3.25 (90% predicted) | 6.23 (74% predicted) too young to test unable to perform | 6.12 (83% predicted)
Transplant age n/a n/a heart/lung, 15yrs n/a n/a n/a
Vital status alive alive, 11-15yrs alive, 21-25yrs deceased, 6-10yrs alive, 11-15yrs alive, 21-25yrs




Abbreviations: cath, (right heart) catheterization; CHD, congenital heart disease; D co, diffusion capacity of the lung for carbon monoxide; EUR, European; IPAH,
idiopathic pulmonary arterial hypertension; mos, months; MPAP, mean pulmonary artery pressure; PVRI, indexed pulmonary vascular resistance; SQ, subcutaneous;
WHO, World Health Organization; wk, week(s); yrs, years.



Figure legends

Figure 1. Chest computed tomography from individual 6 with PAH. Transaxial
computed tomography of the chest showing diffuse heterogeneity of the lung parenchyma
with bilateral diffuse ground glass opacities, enlarged main pulmonary arteries and cardiac
enlargement.

Figure 2. Histopathologic findings in MECOM-associated pulmonary hypertension. A)
Near complete occlusion of small parenchymal vasculature with edematous and myxoid
intimal expansion with a brisk associated inflammatory infiltrate (Movat pentachrome 200x
and H&E, inset, 200x). B-C) Variable occlusion of pulmonary artery profiles with fibrous to
fiboromyxoid intimal expansion and variable associated inflammatory infiltrate. The
accompanying airways were patent with mild lymphocytic bronchiolitis (asterisks) (B, H&E
100x and C, H&E 200x). D) Venous involvement with near occlusion of venules and veins
(Movat pentachrome 200x). Inset highlights the location within the interlobular septa
(Movat pentachrome 100x). E) Plexiform-like lesion (H&E 200x). F) Rare foci of marked
capillary congestion imparted a pulmonary capillary hemangiomatosis-like appearance on
low power (H&E 100x).

Figure 3. Locations of rare MECOM syndrome variants identified in this study (outlined
in bold) and reported in the literature. A) Full 2D protein map of predicted
pathogenic/likely pathogenic MECOM variants with the amino acid positions and
conserved protein domains on the x-axis and number of unrelated probands on the y-axis.
Variant type is indicated by different shapes and phenotypes by colors. Likely gene

disrupting variants and exon/multi-exon deletions are plotted above and missense variants



below the schematic. B) Magnification of MECOM aa920 — aa973, containing zinc finger
(ZF) 8/9 region, to show variant and phenotype details. 2D map of predicted
pathogenic/likely pathogenic MECOM variants with the amino acid positions on the x-axis
and number of unrelated probands on the y-axis. Variant type is indicated by different
shapes and phenotypes by colors. Likely gene disrupting variants are plotted above and
missense variants below the schematic.

Figure 4. 3D protein modeling and cell-type specific lung expression of MECOM. A)
AlphaFold3-predicted MECOM structure (NP_004982). For clarity, disordered and coil
regions (residues 1-78, 428-919, and 1003-1239) were removed. The structure was
visualized using ChimeraX and colored according to pLDDT scores using the ChimeraX
AlphaFold palette: well-modeled backbone regions (pLDDT = 70) are colored yellow to
blue, while regions with lower confidence (pLDDT < 70) are yellow to orange/red. B)
Localization of pathogenic/likely pathogenic MECOM variants identified in this study and
reported in the literature. Red indicates residues 385, 393, 938, 944, 951, 954, 958, 939,
946, 947, 948, 949, and 950; pink indicates residues 965, 966, 969, 971. Zinc finger (ZF)
domains 6, 8, and 9 are shown in green. C) Electrostatic surface representation of MECOM
generated by ChimeraX. Negatively charged regions are shown in red and positively
charged regions in blue, with positively charged regions corresponding to predicted DNA-
binding sites. D) Superimposition of wild-type (grey) and variant (green) ZF8/ZF9 structures,
illustrating structural differences due to the variants. Blue spheres represent zinc ions. E)
AlphaFold3-predicted complex structures of MECOM ZF6 (residues 374-399), ZF8

(residues 919-942), and ZF9 (residues 949-974) bound to the DNA-binding motif of the



VEGFR2/KDR promoter as reported in Lv et al. Nature Comm 2023. Variant residues are
colored as in (B). Two views of ZF9 highlight pathogenic residues 938-950 (red, a) and 965-
971 (pink, b). F) MECOM expression compared to 21 PAH genes with definitive, moderate,
or limited evidence for the gene-disease relationship. Single cell LungMAP data from
normal human lung (265K cells from 72 donors). PAECs, pulmonary arterial endothelial

cells; PASMCs, pulmonary arterial smooth muscle cells.



