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are associated with isolated
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Summary

Mothers against decapentaplegic homolog 5 (SMADS) is a transcriptional regulator that functions within the TGF-p signaling cascade.
Evidence from animal studies show that it is crucial for dorsoventral patterning, left-right asymmetry, cardiac looping, and other em-
bryonic processes. However, its role in human development has not been explored, and the contribution of SMADS variants to congen-
ital disease is unknown. Here, we report SMADS variants identified in six unrelated families with seven individuals presenting with
congenital heart disease (CHD). Isolated congenital heart defects are observed in six individuals who carry de novo or inherited
missense, nonsense, frameshift, or copy-number variants in SMADS. A multi-organ phenotype is observed in one individual with a
de novo SMADS variant that alters an amino acid crucial for SMADS multimerization. Septal defects, identified in four individuals,
are the most common cardiac lesion in our cohort, with hypoplastic left heart also observed in two individuals. In silico assessment
of SMADS missense variants predicts disrupted binding to co-factors, and in vitro functional assessment shows changes in SMADS
gene and protein expression, as well as impaired activation of a BMP4-responsive promoter by the variants. Our findings suggest hap-
loinsufficiency as the underlying molecular mechanism in five of the six families, resulting in isolated CHD, with a SMADS dominant-
negative variant identified in one family leading to multiple congenital defects. Here, we provide evidence that SMADS5 variants lead to
CHD and offer a basis for future exploration of SMADS variants in both CHD and post-natal disease.

Congenital heart disease (CHD), affecting up to 1% of
newborns, represents a global health burden for pediatric,
adolescent, and adult populations." The likelihood of
receiving a genetic diagnosis for an individual with CHD
can vary between 10% to 41%, and improving the rates
of genetic diagnosis by discovering new gene-disease
associations continues to be an international effort.” At
present, pathogenic variants in 192 genes are associated
with CHD, with hundreds more predicted to be involved.®
As many of these genes have known associations with
postnatal diseases such as neurodevelopmental disorders,
cancer, or cardiovascular disease, identification of a clin-
ically actionable variant also provides essential guidance
regarding patient prognostication. This is especially rele-

vant as 97% of patients with CHD reach adulthood, and
adult cases now outnumber pediatric CHD cases.’

The transforming growth factor p (TGF-p) superfamily
encompasses intracellular signaling cascades downstream
of receptor-ligand interactions and regulates development,
differentiation, and survival (Figure $1).° TGF-p and bone
morphogenic protein (BMP) signaling pathways form the
two main branches of the superfamily, and pathogenic
variants in genes encoding TGF-p/BMP ligands and intra-
cellular effectors are implicated in both germline and so-
matic disease.® The cardiovascular system is frequently
affected, with CHD caused by variants in genes: ACVR2B
(MIM: 613751), BMP2 (MIM: 617877), CFC1 (MIM:
605376), SMAD1 (MIM: 601595), SMAD2 (MIM: 619657),
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Figure 1.

Pedigrees of families with SMAD5 variants
(A) Genotypes of sequenced individuals are displayed below each family member. +/+ indicates absence of SMADS variant. Affected
individuals are indicated by filled shapes. Black arrows indicate the proband of each family (F). Individuals who carry a variant without
a CHD diagnosis are indicated by a black circle within a white shape. Gray-filled shapes indicate individuals with non-descriptive CHD

phenotypes. The Sanger sequencing chromograph for F2 can be found in Figure S2.

(legend con

tinued on next page)
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SMAD4 (MIM: 139210), SMAD6 (MIM: 614823), and
others,”™"? suggesting that disruption of additional factors
within this pathway may also disrupt development of the
heart. SMAD proteins are the intracellular components of
TGF-p/BMP pathways, and include receptor regulated R-
SMADs (SMAD1, SMAD2, SMAD3, SMADS, and SMADS),
which are phosphorylated by membrane-bound TGF-f or
BMP receptors,'* common-SMAD, SMAD4, which trimer-
izes with R-SMADs to produce transcriptional regulatory
complexes, and SMAD6 and SMAD7, which are inhibitory
SMADs (i-SMADs), that inhibit BMP and TGF-p cascades,
respectively.'* Of the SMAD group of transcription factors,
variants in SMADS (MIM: 603110), SMAD7 (MIM: 602932),
and SMAD8 (MIM: 603295) are currently not associated
with human congenital defects (Figure S1).

Through sequencing of Australian cohorts and
GeneMatcher,® we identified SMADS5 variants in six unre-
lated families affected by CHD (Figure 1A; Table 1). To our
knowledge, pathogenic SMADS variants have not been
reported in individuals with congenital defects. All fam-
ilies gave informed consent, and the study was approved
by ethics committees of corresponding institutions.

Family 1 (F1), family 2 (F2), and family 6 (F6) were re-
cruited to Australian CHD sequencing cohorts (n = 363
trios and singletons). F1 underwent genome sequencing.
F2.3 was recruited as a singleton and underwent exome
sequencing (ES), and other members of F2 were Sanger
sequenced (Figure S2). F6.2 underwent ES, and other
members of F6 were unavailable for sequencing. F3, F4,
and F5 were recruited to the study via GeneMatcher.'®
F3.3 was recruited to the 'Untangling the genetics of
congenital heart defects' study at Ghent University Hospi-
tal (n = 535 trios and singletons) and initially assessed via
comparative genomic hybridization and single-nucleotide
polymorphism microarray. Later, ES was performed for all
members of the family. F4 and F5 were part of the Pediat-
ric Cardiac Genomics Consortium (PCGC) study (n = 763
trios),'® and underwent ES.

Isolated heart defects were identified in 5/6 families,
and septal defects were the most prevalent structural
lesion (Figure S3). Atrioventricular canal defects were
identified in two individuals (F3.3 and F5.3), an atrial
septal defect was identified in one individual (F6.2), and
individual F2.5 was diagnosed with both a ventricular
and an atrial septal defect. Individual F6.5 presented

with an atrioventricular canal defect; however, whether
she carries the SMADS variant that was identified in her fa-
ther (F6.2) could not be confirmed. Hypoplastic left heart
(HLH) was observed in two individuals (F2.3 and F4.3),
both of whom were also diagnosed with septal defects. In-
dividuals F6.1, F6.4, and F6.6 were reported as CHD
affected, but further phenotypic details were unavailable.
F1.3 was a terminated pregnancy with tetralogy of Fallot
(TOF) diagnosed in utero and extracardiac anomalies in
craniofacial, urogenital, renal, limb, and vertebral systems
observed during autopsy examination. F2.3 presented
with neurodevelopmental and gastrointestinal pheno-
types during post-natal development. F6.2, who under-
went genetic assessment as an adult, was diagnosed with
adult-onset epilepsy and skin cancer at 40 years of age
and sebaceous carcinoma at 68 years. Clinical features of
the cohort are summarized in Table 1 and Figure S3 and
described in detail in the supplemental information.
Four families in the cohort carried novel, de novo
variants in SMADS5, three of which were missense
variants that were predicted to be damaging by in silico
metrics (Figure 1A; Table S1). Variant c.1289C>T
(p-T430I) (GenBank: NM_005903.7) was observed in
F1.3, ¢.232G>T (p.V78F) was identified in F4.3, and
c.1081A>G (p.N361D) was found in F5.3. F3.3 had a
novel, de novo copy-number deletion encompassing
SMADS5 on chromosome 5 (Chr5(GRCh37):135172706-
136488443del) (Figure 1B; Table S2). Of the seven pro-
tein-coding genes that were deleted in the 1.3-Mb
region, which included TGFB1, there were none
associated with CHD or congenital defects, and only
SMADS was constrained against loss of function (LOF)
in the Genome Aggregation Database (gnomAD version
4.1.0) (Table S2). A novel, inherited SMADS variant was
identified in F2. F2.3 and F2.5, who were diagnosed with
CHD, inherited c.1202del (p.A402Qfs*13) from the
mother (F2.2), who was presumed to be asymptomatic
but was not formally assessed (Figure 1A). Only F2.3
underwent ES, and the variant was identified in other
family members by Sanger sequencing (Figure S2). Phe-
notyping information on members of the extended fam-
ily of F2 could not be obtained. The novel SMADS
variant in F6, c.781C>T (p.Q261%), has a 50% chance
of being inherited. This and the presence of four
affected family members (F6.1, F6.4, F6.5, and F6.6)

(B) Schematic of the chromosomal deletion observed in affected individual in F3 (hg37). Numbers are assigned to protein-coding genes
deleted within the region (1: SLC25A48; 2: IL9; 3: FBXL21; 4: LECTZ2; 5: TGFf1; 6: SMADS; 7: TRPC7; 8: SPOCK1). Arrows indicate direc-

tionality of the gene.

(C) Missense and protein-truncating variants observed in affected individuals in this cohort are positioned on a schematic of SMADS
protein sequence (ENST00000545279.6, NM_005903.7, NP_005894.3). L3 loop (F416-T432) is shown within the MH2 domain.
(D) Missense variant constraint across the SMADS5 sequence is derived from gnomAD (version 4.1.0). 0.0 is intolerant to missense vari-

ation, and 1.0+ is tolerant to missense variation.

(E) Sequence conservation between selected vertebrates of residues affected by the missense variants in our cohort.

(F) Sequence conservation between all human SMAD proteins of residues affected by the missense variants in our cohort. Residue
impacted by the variant in MH1 domain (p.V78F) is highlighted in pink, and the residues affected by the variants in MH2 domain
(p-N361D and p.T430I) are highlighted in blue. Sequence alignments were created using the Uniprot Align tool.

ASD, atrial septal defect; AVSD, atrioventricular septal defect; HLH, hypoplastic left heart; MH1, Mad homolog 1; MH2, Mad homolog

2; ToF, tetralogy of Fallot; VSD, ventricular septal defect.
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Table 1.

Clinical characteristics of individuals with SMADS variants

F1.3 (male, F4.3 (male, F5.3 (female, F6.2 (male,
Case (sex, vital status) deceased) F2.3 (male, alive) F2.5 (male, alive) F3.3 (male, alive)  deceased) alive) alive)
SMADS variant c.1289C>T c.1202del c.1202del 5q31.1-q31.2 c.232G>T c.1081A>G c.781C>T
(NM_005903.7) (135172706~

136488443)x1
Protein p-Thr430Ile  p.Ala402Glufs’13  p.Ala402Glufs’13 ~ NA p.-Val78Phe  p.Asn361Asp  p.Glu261*
GnomAD alleles” 0 0 0 0 0 0 0
Inheritance de novo inherited inherited de novo de novo de novo inherited
(suspected)
Cardiac ToF HLH, VSD ASD, VSD AVSD HLH, ASD AV canal ASD
defect

Neurodevelopment NA + NA NA NA - NA
Skeletal + - NA NA - - NA
Gastrointestinal + + NA NA - - NA
Facial dysmorphology  + - NA - - - -
Urogenital + - NA NA - - -
Other phenotypic + - NA NA - - +

findings

ASD, atrial septal defect, AV canal defect, atrioventricular canal defect; AVSD, atrioventricular septal defect; HLH, hypoplastic left heart; NA, data not assessed; ToF,

tetralogy of Fallot; VSD, ventricular septal defect.
2GnomAD version 4.1.0.

suggest that they share the heterozygous variant. How-
ever, since only F6.2 underwent ES, this is unconfirmed
as the other affected individuals were unavailable for
testing, and they were not counted as SMADS variant
carriers. For all cases, clinically relevant variants in
known CHD genes were not identified.’

All SMAD proteins share an N-terminal Mad-homolog
1 (MH1) domain, responsible for DNA binding, a linker
region that may regulate subcellular localization, and a
C-terminal MH2 domain, which regulates homo- and
heterotrimerization, receptor interaction, and transactiva-
tion.'* Variant p-V78F (F4) occurs within the N-terminal
MH1 domain, p.Q261* (F6) occurs within the linker re-
gion, and p.N361D (F5), p.A402Qfs*13 (F2), and p.T430I
(F1) are within the C-terminal MH2 domain (Figure 1C).
Protein truncating variants in F2 and F6 are expected to
be subject to nonsense-mediated decay and result in
LOF; and along with copy-number loss in F3, these would
result in SMADS5 haploinsufficiency. Missense variants
from F1 (p.T430I), F4 (p.V78F), and F5 (p.N361D) occur
in regions that are intolerant toward missense variation,
highly conserved across multiple species, and predicted
to impact protein function by in silico metrics
(Figures 1D-1F; Table S1). To determine the molecular
impact of these missense variants, we further assessed
them by in silico modeling and in vitro assays.

A highly conserved residue, T430 resides within the L3
loop of the SMADS MH2 domain (residues F416-T432;
Figures 1C-1F) and participates in R-SMAD homo- and
heterotrimerization.'”'® Given the lack of experimental
crystal structures available describing SMADS trimeriza-
tion as a homotrimer and heterotrimer (with one

SMAD4 monomer), these complexes were generated using
default parameters in AlphaFold2.'” We compared the
interaction profiles between reference p.T430 and variant
p-1430 (F1.3) at position 430 within the predicted SMADS
homotrimer (Figure 2A). This highlighted an extensive
hydrophobic interaction spanning D428, 1430, and
N280, which is predicted to shift the orientation of the
variant side chain toward N280, leading to destabilization
and reduced affinity to other trimer subunits (Table S3).
To further understand how the missense variants affect
gene expression, protein expression and stability, and
transcription factor activity of SMADS, the variants were
transiently transfected into HEK293T cells, with vectors
carrying human wild-type (WT) or variant SMADS
cDNA. Transfection with SMAD5-T430I led to a decrease
in SMADS protein levels, although its transcript levels
and protein stability were unchanged (Figures 2D-2F).
To assess transcription activation ability of the variants,
we utilized the Xvent2-luc promoter.”’ Xvent2 is a Xenopus
homeobox gene that is a direct target of BMP4 and regu-
lates dorsoventral patterning downstream of BMP4 and,
subsequently, SMADS5.”"?? The promoter has been uti-
lized previously to assess promoter activation by BMP
pathway components such as SMAD1 and SMAD4.%%%3
Activation of the Xvent2-luc promoter was decreased in
response to SMADS5-T430I in basal conditions relative to
WT-SMADS in HEK293T cells (Figure 2G, columns a-d).
Addition of BMP4 restored promoter activity to WT
levels. We also assessed whether SMADS-T430I can act
on WT-SMADS within our transactivation system by
co-transfecting the variant with WT-SMADS. We observed
that SMADS-T430I was able to significantly reduce
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Figure 2. Structural and functional analysis of the SMAD5 missense variants

(A-C) Impact of missense variants p.T430I (A), p.V78F (B), and p.N361D (C) on SMADS homotrimer (predicted), SMADS-DNA (pre-
dicted), and SMADS-cofactor (predicted) complexes.

(A) p.T430 (teal) predominantly interacts with neighboring monomers within the homotrimer, and p.T430I slightly shifts the residue
side chain away from the binding partner to reduce affinity.

(B) p.V78F (blue) stabilizes the conformation of SMADS away from DNA binding, reducing the possibility of steric hindrance and
enabling higher affinity to DNA.

(C) p.N361D (raspberry) reduces the polar bonds directing its orientation away from co-factor, MAN1, binding, leading to a higher
affinity to MAN1. The models were generated using PDB structures 6TBZ, 5ZOK, and AlphaFold2, and analyses were performed using
PyMOL (version 2.5.4).

(legend continued on next page)
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promoter activation by WT-SMADS in both basal and
BMP4+-treated cells (Figure 2G, columns e-h). These
data suggest that SMADS-T430I acts dominantly on WT-
SMADS, which, as indicated by our in silico predictions,
could be due to interference with SMADS trimerization.

The de novo variant identified in F4.3, p.V78F, occurs at
the DNA-binding interface of the SMADS MH1 domain
(Figure 1C). This region is highly conserved (Figures 1D-
1F) and is responsible for recognizing target DNA se-
quences, a process that is restricted by the spatial require-
ments of the MH1 domain when SMADS binds to DNA as
a trimer.”* To model the SMAD5/DNA complex for ana-
lyses of p.V78F, an interaction model of SMADS with
DNA was created using the SMADS AlphaFold2 structure
and PDB structure 6TBZ. V78 did not directly contact
DNA, and the change from V78 to F78 led to penetration
of the residue further into the pocket lined by L76, 188,
T89, A34, and A37 (Figure 2B). Formation of more hydro-
phobic, polar, and aromatic interactions through its
larger, hydrophobic, side chain stabilized the side chain
in this orientation (Figure 2B; Table S4). This reduced
the possibility of steric hindrance and enabled higher-
affinity binding of SMADS with DNA, suggesting that
the p.V78F substitution may improve the spatial organiza-
tion of the MH1 domain. We observed a significant
increase in SMADS protein levels in SMADS5-V78F-trans-
fected HEK293T cells, with no observed impact on protein
stability (Figures 2D-2F). Activation of the Xvent2-luc
promoter was reduced in cells transfected with SMADS-
V78F following BMP4+ treatment relative to WT-SMADS
(Figure 2H, columns a—d). A similar reduction in promoter
activation was observed in WT and variant co-transfected
cells (Figure 2H, columns e-h). This reduction in activity
suggests that although SMADS-V78F may have higher
affinity to DNA as a monomer, as predicted in silico, its
ability to initiate transcription in vitro is compromised.
These findings point to reduced SMADS transcriptional
activity as a mechanism of p.V78F action.

The residue mutated in F5.3, p.N361, occurs within a
conserved region of the SMADS MH2 domain (Figures 1C-
1F), which in other R-SMADs has been observed to interact
with co-factors.”® To assess the impact of p.N361D on
SMADS co-factor interaction, we modeled the protein-pro-

tein interaction between SMADS5 and MAN1, which has
been observed in vitro,?® using the available SMAD1:MANT1
structure (PDB: 5ZOK). The change in residue from p.N361
to p.D361 led to a loss of polar interactions that direct the
protein backbone away from MAN1 within the WT struc-
ture, resulting in a higher affinity to MAN1 (Figure 2C;
Table S4). There were significant reductions in SMADS tran-
script and protein levels and protein stability in SMADS-
N361D transfected cells relative to WT transfected cells
(Figures 2D-2F). Activation of the Xvent2-luc promoter
was not affected in cells transfected with SMAD5-N361D
in basal or BMP4+ conditions relative to WT-SMADS
(Figure 2I, columns a-d). However, transfection with
SMADS5-N361D significantly reduced the promoter activa-
tion response of WT-SMADS5 in BMP4+treated cells when
co-transfected (Figure 2I, columns e-h). The reduction in
expression and stability of SMADS5-N361D suggests that
the variant may be hypomorphic, and that the decrease in
SMADS molecules available to trimerize may underlie the
inability of WT-SMADS to activate the Xvent2-luc promoter
in the presence of SMADS-N361D.

Our findings suggest that functional haploinsufficiency
is the disease mechanism for five out of six SMADS
variants identified in our study. Whether by predicted
loss of transcript, protein product, or protein function,
SMADS haploinsufficiency leads to isolated congenital
heart defects in the individuals who carry these variants.
Population frequency data from the gnomAD reference
population reveal that SMADS is under strict selection
against LOF variation, exemplified by an LOEUF
(observed/expected LOF variants) score of 0.174 and an
LOF intolerance (pLI) score of 1.%7 These values indicate
that the loss of SMADS function is likely to be detrimental
towards human survival. Similar observations have been
made for individuals carrying LOF variants in other
SMAD genes such as SMAD1 and SMAD4, both with pLI
scores of 1, where haploinsufficiency has been linked to
isolated CHD.'%?® In mice, Smad5 null embryos do not
survive past mid-gestation.””** Homozygous null em-
bryos fail to turn and die by embryonic day 11.0 due to
amnion, gut, heart, craniofacial, and neural tube defects.
Observed heart defects include ectopic or underdeveloped
heart, abnormal heart looping, and misshapen dorsal

(D) Expression of SMADS mRNA in cultured HEK293T cells transiently transfected with wild-type (WT) SMADS or variant plasmids.
n = 4; *p < 0.05; one-way ANOVA with Tukey’s post hoc test.

(E) Expression of SMADS protein in cultured HEK293T cells transiently co-transfected with FLAG-SMADS variant plasmids and GFP.
Cells were lysed and assessed for levels of FLAG-SMADS variants by ELISA. FLAG-SMADS levels were normalized to GFP. n = 8-12;
**p < 0.01; ***p < 0.0001; one-way ANOVA with Tukey’s post hoc test.

(F) Protein stability of SMADS variants in cultured HEK293T cells co-transfected with FLAG-SMADS variants and GFP. Cells were
treated with cycloheximide or vehicle for 8 h, lysed, and assessed for levels of FLAG-SMADS variants by ELISA. FLAG-SMADS levels
were normalized to GFP. Protein levels of FLAG-SMADS variants are presented relative to their levels in vehicle-treated cell lysates.
n = 8-12; ****p < 0.0001; one-way ANOVA with Tukey’s post hoc test.

(G-I) Transcriptional activation ability of the SMADS variants p.T430I, p.V78F, and p.N361D was tested on a BMP-activated (Xvent2-
luc) promoter (columns a-d) in HEK293T cells. Impact of the variants on WT-SMADS activation of the Xvent2-luc promoter was also
assessed (columns e-h), where cells were transfected with 2x WT-SMADS or co-transfected with WT-SMADS and variant. Fold change
was calculated by normalizing variant activity over vector-only activity. n = 4-5; *p < 0.05; ***p < 0.001; ****p < 0.0001; one-way
ANOVA with Tukey’s post hoc test.

All data are presented as mean + SD.
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aorta. Heterozygous embryos develop normally, suggest-
ing that the level of SMADS required for normal develop-
ment differs between human and mouse. It is plausible
that in the majority of affected individuals in our cohort,
the threshold requirement for SMADS functionality dur-
ing heart development was not met by the action of the
single functional SMADS allele, whereas it was sufficient
for the normal development of other organs. This is not
unique for SMADS, however, and individuals with hetero-
zygous, pathogenic variants in SMADI, SMAD4, and
SMADG6 develop congenital defects, while mice heterozy-
gous for null alleles develop without defects.**** Given
that Smad5 null embryos die at mid-gestation, additional
heart phenotypes such as septal defects, the most preva-
lent type of cardiac lesion in our cohort, have not been
observed in mice. This reduces our ability to understand
the biological processes that are affected by SMADS hap-
loinsufficiency during heart development. However, ob-
servations from studying BMP signaling during cardiac
septation in mice show that the pathway is required for
orchestrating the migration and differentiation of second
heart field and cardiac neural crest cells that contribute to
septum formation.*® Additionally, individuals with path-
ogenic variants in SMAD1, paralog of SMADS downstream
of BMP ligands, frequently present with septal defects,'®
signifying the necessity for SMAD signaling during hu-
man cardiac septation. Thus, the developmental conse-
quences of disrupted BMP signaling appear consistent
with the main phenotypic outcomes of our cohort.

F1.3 is the only individual with multiple congenital
defects in our cohort. There were no variants identified in
770 genes (in house list) associated with CHD or CHD
with extracardiac features. Functional assessment of the
de novo SMADS variant identified in F1.3, p.T430I, showed
dominant-negative activity. Attempts to produce a CRISPR
knockin mouse model of this variant were unsuccessful
(4 attempts, 109 embryos screened). However, a zebrafish
model of this variant was created and studied previously.
The orthologous missense variant in zebrafish (T429I,
termed somitabun) disrupts dorsoventral patterning and
results in severe embryo dorsalization via dominant-nega-
tive activity.’”*® The variant leads to severe developmental
defects and lethality. Heart development is strongly
impaired, with the heart tubes failing to join at the midline
and resulting in two separate heart chambers that lack
beating cells.”® This phenotype could be rescued by the
addition of BMP4, similar to our luciferase assay observa-
tions, with BMP4 restoring the reduced promoter activa-
tion by SMADS-T430I to wild-type levels in HEK293T cells
(Figure 2G). The F1.3 variant, p.T430I, occurs in the L3 loop
of the MH2 domain, which is highly intolerant to missense
variation and is depleted of missense variants in the gno-
mAD reference population (Figures 1C and 1D). This region
controls trimerization of SMADs and may also determine
the interaction with membrane-bound receptors.'” Muta-
tion of the paralogous residue in SMAD2, T432, to lysine
or alanine, inhibits SMAD?2 interaction with the TGF-p re-

ceptor.®” Thus, it is possible that p.T430I may also affect
interaction with its receptors, which may contribute to its
functional impact. This, however, does not account for
the observed dominant-negative effects of the variant. If
the main mechanism of p.T430I is loss of receptor interac-
tion, then addition of WT-SMADS would be expected to
rescue the impact on promoter transactivation. As this is
not the case (Figure 2G), we expect that the principal effect
of this variant may occur through disrupted trimerization.
By disrupting trimerization, it is anticipated that p.T4301I
impacts the function of SMADS protein encoded by the
remaining SMADS allele, resulting in a level of SMADS ac-
tivity that is not sufficient to maintain SMADS-mediated
biological processes within the embryo. This then leads to
a phenotypic outcome that approaches complete LOF of
SMADS5 during human embryonic development, which,
similar to observations in animal models, affects multiple
organ systems and is incompatible with survival.

The identification of two individuals with HLH in our
cohort suggests a potential role for SMADS in this severe
form of CHD, which remains largely genetically unresolved.
Studies in mice have shown that BMP signaling, through
SMAD1/S, acts upstream of cardiac myosins MYH6 and
MYH7, which are implicated in HLH, left ventricular
non-compaction, and cardiomyopathies (MIM: 160710,
160760).*” Examination of heart tissue from patients with
HLH have revealed changes in BMP signaling components,
linking disruption of the pathway to formation of a hypo-
plastic left heart.*"** Thus, acting downstream of BMP li-
gands, SMADS may regulate components whose functions
are necessary for proper left ventricle formation.

In one of the HLH cases, F2, we observe incomplete
penetrance and variable expressivity of a SMADS LOF
variant. In this family, the proband (F2.3) is diagnosed
with HLH, the brother (F2.5) with septal defects, and the
mother (F2.2) appears to be an unaffected carrier of the
SMADS frameshift variant p.A402Qfs*13. Variable expres-
sivity has been reported for familial genetic cases of CHD,
and co-occurrence of malformations within families has
been observed to be highly variable.** In previous studies
of familial cases of HLH, echocardiography of 'unaffected'
parents, who had not reported or suspected a heart defect,
revealed minor cardiac defects in 12% of examined indi-
viduals.**~*° Since the mother (F2.2) could not be assessed
for cardiac malformation, it is not possible to assess pene-
trance of this SMADS5 LOF variant.

Of the seven CHD-affected individuals in our cohort
carrying SMADS variants, five are surviving. This enables
consideration of post-natal onset phenotypes that may
be associated with carrying a pathogenic SMADS variant.
However, we are limited by a small cohort as well as our
current understanding of the roles SMADS plays during
human development. Within our cohort, F6.2 was re-
cruited as an adult survivor of CHD, who was diagnosed
with adult-onset epilepsy, skin cancer, and sebaceous ade-
noma. Although we currently do not have evidence to
link the SMADS variant to the proband’s adult-onset

Human Genetics and Genomics Advances 6, 100478, October 9, 2025 7



phenotypes, there are tentative links in the literature that
connect non-canonical SMADS signaling to several types
of cancers (lung and breast).””** Additionally, disruption
of SMADS function in human bone marrow cells has been
linked to leukemogenesis, where SMADS is involved in
TGF-B-mediated inhibition of hematopoietic progenitor
proliferation.” A recent publication has identified
SMADS variants in two patients with pulmonary arterial
hypertension (PAH).*’ The reported individuals were diag-
nosed with PAH at 29 and 42 years of age, with one indi-
vidual also presenting with a ventricular septal defect.
Furthermore, BMP-SMAD1/5/8 signaling has been linked
to several other respiratory diseases, including chronic
obstructive pulmonary disease and pulmonary fibrosis.’
Therefore, longitudinal monitoring of the surviving indi-
viduals as well as identification of SMADS variants in other
disease cohorts may clarify a role for SMADS variants in
post-natal disease and may provide a rationale for moni-
toring individuals with SMADS5 variants for development
of further disease phenotypes.

We present compelling clinical, genetic, and molecular
evidence that congenital defects can be caused by hetero-
zygous SMADS variants through haploinsufficient or
dominant-negative mechanisms. These variants were
identified in a cohort primarily diagnosed with isolated
CHD, with septal defects or HLH observed in multiple in-
dividuals. This work further expands on the role played by
the TGF-p superfamily in human development and rein-
forces its significance in human congenital disease. Larger
numbers of affected individuals will be required to reveal
the full spectrum of developmental and post-natal im-
pacts of SMADS variants and to define further mecha-
nisms of variant pathogenicity.
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