'.) Check for updates

American Journal of Medical Genetics Part A

WILEY
medical genetics
| cAsE REPORT CETEED

Expanding the SIAHI1-Associated Phenotypic Spectrum:
Insights From Loss-of-Function Variants

Liza Douiev! | Paula Fernandez Alvarez®>* | Marika Frank® | Lucy Hanington® | Trevor L. Hoffman’ | Mira B. Irons®° |
Jenny Kim!® | Akash Kumar!®® | Amaia Lasa-Aranzasti*** | Diana Le Duc>!! | Helen Livesey'? | Oliver Murch!? |
Deborah Shears® | Brandon K. Walther®® | Tamar Harel!3

!Department of Genetics, Hadassah Medical Organization, Jerusalem, Israel | 2Medicine Genetics Group, Vall d'Hebron Institut de Recerca (VHIR),

Vall d'Hebron Barcelona Hospital Campus, Vall d'Hebron Hospital Universitari, Barcelona, Spain | 3Department of Clinical and Molecular Genetics,

Vall d'Hebron Barcelona Hospital Campus, Vall d'Hebron Hospital Universitari, Barcelona, Spain | *European Reference Network on Rare Congenital
Malformations and Rare Intellectual Disability ERN-ITHACA, Barcelona, Spain | >Center for Diagnostics at Chemnitz Clinics, Chemnitz Laboratory,
Chemnitz, Germany | °Oxford Centre for Genomic Medicine, Oxford University Hospitals NHS Foundation Trust, Oxford, UK | 7Bernard J. Tyson School
of Medicine Clinical Faculty, Department of Genetics, Southern California Kaiser Permanente Medical Group, Anaheim, California, USA | $Department of
Pediatrics, Harvard Medical School, Boston, Massachusetts, USA | °Division of Genetics and Genomics, Boston Children's Hospital, Boston, Massachusetts,
USA | “Department of Pediatrics, Stanford School of Medicine, Stanford, California, USA | !'Institute of Human Genetics, University Clinics Leipzig,
Leipzig, Germany | ?Wales Genomic Health Centre, Cardiff Edge Business Park, Cardiff, UK | 3Faculty of Medicine, Hebrew University of Jerusalem,

Jerusalem, Israel

Correspondence: Tamar Harel (tamarhe@hadassah.org.il)

Received: 5 January 2025 | Revised: 24 February 2025 | Accepted: 4 March 2025

Funding: The authors received no specific funding for this work.

Keywords: E3 ubiquitin ligase | exome sequencing | loss-of-function | phenotypic expansion | STAHI

ABSTRACT

SIAHI encodes for a RING-type E3 ubiquitin ligase involved in protein ubiquitination. More specifically, it positively regulates

Wnt signaling through promoting the accumulation of $-catenin and mediates ubiquitination and degradation of Akt3 in neural

development. Heterozygous de novo missense pathogenic variants in STAHI have been described in five unrelated individuals
and are associated with developmental delay, hypotonia, and dysmorphic features. In this report, we present additional indi-
viduals from eight unrelated families and their clinical and genetic findings. We identified two missense and six predicted loss-
of-function variants. Motor and speech delay and intellectual disabilities of varying severity were observed in all individuals.

Neurodevelopmental issues, as well as infantile hypotonia and facial dysmorphism, were observed in the majority of individuals.

Hearing loss, gastroesophageal reflux disease or other gastrointestinal issues, endocrinology abnormalities, and recurrent infec-

tions were observed in over 50% of individuals. This study expands the phenotypic spectrum of this syndrome and emphasizes

the diverse impact of STAH]I variation on multi-system clinical manifestations.

1 | Introduction

Ubiquitination, a posttranslational modification of proteins,
is an essential mechanism regulating a multitude of cellular
processes, such as cell division and differentiation, response
to environmental stressors, immune response, DNA repair,
and apoptosis. This process involves three core components:

ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and ubiquitin ligase (E3). Among these, E3 ubiquitin ligases
are pivotal for the substrate specificity of ubiquitin ligation and
are classified into three main groups: RING E3s, homologous to
the E6AP carboxyl terminus (HECT) E3s, and RING-between-
RING (RBR) E3s; each exhibiting a distinct mechanism of action
(Damgaard 2021). The seven in absentia homolog (Siah) protein
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family belong to the RING E3 class. Siah proteins, the mam-
malian homologs of the Drosophila sina proteins, are instru-
mental in modulating the ubiquitination of substrate proteins
to promote functional changes or degradation of these proteins
through the proteasomal pathway (Zhang et al. 2022). Three
SIAH genes—SIAHI, SIAH2, and SIAH3—have been identi-
fied in humans, each performing unique yet overlapping roles
(Siswanto et al. 2018). Imbalance of ubiquitination-mediated
protein degradation underpins various human diseases. Several
reports have suggested that STAH1 functions as a tumor suppres-
sor gene, as evidenced by its reduced expression in several types
of cancer (Zhang et al. 2022).

A previous study described individuals from five unrelated fam-
ilies presenting with developmental delay, infantile hypotonia,
and facial dysmorphism. Genetic testing revealed heterozy-
gous de novo missense variants in SIAHI, leading to Buratti-
Harel syndrome (BURHAS; MIM: 619314) (Buratti et al. 2021).
Functional in vitro assays of the five missense variants demon-
strated a loss of Wnt stimulatory activity, suggesting variant
pathogenicity and expanding the spectrum of diseases linked to
impaired ubiquitination.

To date, these cases represent the only published reports con-
necting SIAHI to neurodevelopmental disorders (Buratti
et al. 2021). In this study, we present findings from an additional
eight unrelated individuals harboring distinct STAHI variants,
including six predicted truncating variants. The individuals
exhibited a broader multi-system phenotypic spectrum, un-
derscoring the diverse clinical manifestations associated with
likely pathogenic variants in STAHI. Our results offer insights
into SIAH]1-related disease and the role of E3 ligases in complex,
multi-systemic clinical presentations.

2 | Methods
2.1 | Ethics

All families provided written informed consent for clinical
genetic testing. Consent for publication and participation in
research was obtained according to the individual institution
regulations, and, if necessary, following approval by institu-
tional review boards.

2.2 | Exome Sequencing

Proband-only or trio (parents and child) exome sequencing was
pursued on whole blood. Details including capture kits, DNA se-
quencer specifications, read alignment and variant calling tools,
and total reads and coverage are provided in Table S1. Annotation
and filtering were done at the participating laboratory. All STAH1
variants are provided in accordance with RefSeq transcript
NM_003031.4; positional data are available in Table S1.

2.3 | Sanger Validation

Sanger sequencing of the proband and available parents was
pursued to confirm the de novo status of the SIAHI variant.

Amplicons containing the STAHI variants were amplified by
conventional PCR of genomic data and analyzed by Sanger dide-
oxy nucleotide sequencing.

3 | Results
3.1 | Clinical Case Reports

Detailed clinical reports are provided as Data S1 and Table S1. The
main neurological clinical manifestations across all reported cases
included varying degrees of speech and motor delays, moderate to
significant intellectual disability, and neurological and behavioral
issues. Four probands were diagnosed with autism spectrum dis-
order and/or exhibited behavioral challenges such as impulsivity,
aggression, or obsessive-compulsive behaviors. Four had infantile
hypotonia. Other than a single individual with febrile seizures, no
convulsions were reported. Brain magnetic resonance imaging
(MRI) had nonspecific findings in three individuals and was re-
ported as normal in two others (Tables 1 and S1).

In the present cohort, five individuals presented with laryn-
gomalacia and/or tracheomalacia. Ophthalmological findings
included iris coloboma, strabismus, and other vision-related
abnormalities. Five individuals had conductive, sensorineural,
or mixed hearing loss or required myringotomy and ventilation
tube placement. Gastrointestinal issues, including poor feeding
and gastroesophageal reflux disease, were encountered in five
cases, with severe feeding issues requiring nasogastric tube or
gastrostomy in three individuals.

Cardiac and renal structural malformations were prevalent, al-
though not consistent within the cohort. Four individuals had
structural heart defects, including tetralogy of Fallot in a single
report, and patent foramen ovale, patent ductus arteriosus, or
right aberrant subclavian artery in the others. Renal abnormal-
ities included vesicoureteral reflux with a history of recurrent
urinary tract infections in one individual and microalbuminuria
at age 17years in another.

Skeletal issues included scoliosis in three individuals, club-
foot in one, and broad or abnormal phalanges in two reports.
Oligodontia was reported in two individuals. Endocrinology
abnormalities included growth deficits, transient neonatal hy-
pothyroidism, and type I diabetes mellitus. Three individuals
had recurrent infections, including pneumonia, suggesting the
possibility of immune dysregulation; however, no individual un-
derwent a comprehensive immunological work-up.

Common dysmorphic characteristics included hypertelorism,
epicanthal folds, broad or flat nasal bridges, low-set ears, mi-
crognathia, high-arched or bifid uvula, and abnormal dentition.
Figure 1A provides summary statistics for phenotypes encoun-
tered in previously reported cases and the present cohort.

3.2 | Next-Generation Sequencing Identifies
SIAH1 Variants

Exome or genome sequencing identified frameshift or non-
sense variants in SIAHI in six individuals and two missense
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A Cardiac issue I N=11
Recurrent infections ! N=11
Laryngomalacia ! N=13
GERD ! N=13
Hypotonia | N=12
Cleft lip/palate; Bifid uvula ! N=12
Hearing loss ! N=7
Neurodevelopmental issues ! N=8
Dental abnormalities ! N=5
Speech delay N=12
Dysmorphism N=13
Motor developmental delay N=13
Endocrinology issues N=4

Scoliosis N=6

Intellectual disability (DQ or Q) N=9
Gl | N=7

0%  10% 20% 30% 40%  50% 60% 70% 80% 90%  100%
W Positive (LOF)/all m Positive (Missense)/all ~ Negative/all
p.(Asp177His)
B p.Pro50Leu p-Cys128Phe p.Gly174Arg
p.Cys41Gly p.Thri68Ala

RING-type

Zinc finger domain

p.(His152Arg)

p.(Thr7Asnfs*28)
p.(Leu35Ter)

a1 76 93 ] 153 282 aa
@
p-(Glul13Lysfs*5)
(Cys55Ter Glul13Lysfs*5

FIGURE1 | Clinical characteristics and variant data. (A) Representation of the phenotypes reported in affected individuals with STAH1 variants,

divided into three categories: (1) percentage carrying loss-of-function variants reported with the specific phenotype (represented by the blue bar); (2)
percentage carrying missense variants reported with the specific phenotype (represented by red bar); (3) percentage without the specific phenotype
(represented by gray bar). N represents the total number of patients reported with or without the phenotype. (B) Schematic representation of the vari-
ants reported in the clinical literature, including this study (underlined), and the known functional domain/regions. The figure is based on STAH1
protein reference sequence (NP_003022.3). Amino acid positions are indicated as numbers below the protein domains/regions. DQ, developmental

quotient; GERD, gastroesophageal reflux disease; GI, gastrointestinal; IQ, intelligence quotient; LOF, loss-of-function.

variants (Figure 1B). The reported variants were found to be de
novo by either exome or Sanger sequencing, except for families
B (p.(Thr7Asnfs*28)) and F (p.(Glul13Lysfs*5)), where either
one or both of the parents’ samples were not available, respec-
tively (Table S1). This finding allows variant classification as
“pathogenic” or “likely pathogenic” according to the American
College of Medical Genetics and Genomics (ACMG) guidelines
(Richards et al. 2015). Four variants led to presumed premature
truncation variants at or before amino acid Leu35, among 282
total amino acids in the protein. No clustering of missense vari-
ants was noted.

4 | Discussion

In the present study, we report distinct STAH1 variants in eight
unrelated individuals ranging from 15 months to 21years of age
and representing diverse ethnic backgrounds. These individuals
exhibited more complex multi-systemic manifestations than pre-
viously reported in the Buratti et al. study (Buratti et al. 2021).

Clinical features included motor and speech delays and vary-
ing degrees of intellectual disability, as well as autism spectrum
disorder and behavioral issues. Dysmorphic facial features were
prevalent, as were a bifid uvula or cleft lip/palate. Five individu-
als had laryngomalacia, whereas cardiac, renal, and skeletal ab-
normalities were varied. Endocrine abnormalities and recurrent
infections were noted in several individuals.

Three SIAH genes have been identified in humans: SIAH]I,
SIAH2, and SIAH3. These genes play distinct but overlapping
functions (Siswanto et al. 2018). STAH1 and SIAH2 share high
protein sequence similarity and structural homology, with the
primary distinction being additional amino acid residues at the
N-terminus of SIAH2 (Dickins et al. 2002). Although they share
high homology, STAH1 proteins apparently operate in diverse
signaling pathways, depending on their interactions with dif-
ferent proteins and molecular signals. Phenotypic studies in ro-
dents underscore this divergence. Siah1-null mice exhibit severe
growth delay, defective bone formation, early mortality, and
male infertility that results from meiotic arrest at metaphase I
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with impaired spermatogenesis (Dickins et al. 2002). Siah2-null
mice, on the other hand, are fertile and exhibit relatively normal
development.

Emerging research highlights an important role for Siahl in the
innate immune signaling response to various infectious agents.
The innate immune system, as the body's first line of defense, has
evolved complex multilevel mechanisms, which include post-
translational modifications such as ubiquitination, to control
immune responses at the molecular level. Upon pathogen detec-
tion, a cascade of signaling molecules and cytokine production
is triggered to prevent pathogen dissemination. Ubiquitination
is central to modulating host type I interferon (IFN) signaling.
SIAHI1 interacts with ubiquitin-specific protein 19 (USP19), a
member of the ubiquitin-specific protease family known to be
involved in a variety of cellular processes. The STAH1-USP19
interaction following viral infections enhances host innate im-
mune defenses by positively regulating the type I IFN signaling
pathway (Weerawardhana et al. 2024). Additionally, SIAH1 can
activate pro-inflammatory transcription factors, including IL-
la and IL-6, and modulate key signal transducers or transcrip-
tion factors (Schmitz et al. 2022). The functionality of STAH1 in
innate immunity may explain the recurrent infections observed
in almost half of the patients.

The pathogenic mechanism of variants in SIAHI has been
proposed to be haploinsufficiency. The probability of loss-of-
function intolerance (pLI) score for this gene is 1 (o/e=0.09),
with a Z-score of 4.84 for tolerance to missense variants. In
2021, Buratti et al. supported this hypothesis by showing that
all of the missense variants identified in the affected individuals
led to a loss of Wnt stimulatory activity (Buratti et al. 2021). To
date, no germline deletions or truncating variants have been re-
ported in this gene. The STAHI gene consists of two exons, with
the coding sequence found entirely in the second exon in the ca-
nonical transcript. The reported nonsense and frameshift vari-
ants are found in the second exon, rendering nonsense-mediated
decay unlikely. However, in this study, we report six truncat-
ing variants, five of which are located upstream or within the
RING-type domain, while one is located at the initial sequence
of the zinc finger domain. These variants are expected to lead to
a loss of key functional sequences, and therefore are predicted to
result in a partial or complete loss of protein activity. Cells were
not available from the affected individuals, such that RNA and
protein levels could not be assessed.

In summary, these findings broaden the phenotypic spectrum
associated with SIAHI variants, highlighting complex multi-
systemic manifestations including neurodevelopmental delays,
hearing loss, laryngomalacia, poor feeding, dental, skeletal, and
endocrine abnormalities, and recurrent infections. Additional
studies of individuals with STAH]I variants will clarify whether
cardiac and renal malformations constitute part of the core phe-
notype. This study underscores the importance of STAH1 in crit-
ical cellular processes, emphasizing its role in pathophysiology
and the potential implications of haploinsufficiency in affected
individuals.
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