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ABSTRACT

Background: Craniosynostosis (CS), a heterogeneous craniofacial disorder caused by premature fusion of cranial sutures,
is sub-classified anatomically by suture involvement (sagittal, metopic, coronal, lambdoid) and phenotypically into isolated/
non-syndromic forms or syndromic (CS with extracranial anomalies). Pathogenic variants in multiple genetic loci have been
implicated in CS, with particular significance attributed to allelic variants in ILI1RA (interleukin-11 receptor alpha subunit;
OMIM#600939). Clinical observations of individuals with ILIIRA mutations indicate syndromic CS, characterized by dental
anomalies and Crouzon-like facial features.

Methods: Genetic analyses were carried out utilizing whole-exome sequencing, with subsequent validation through direct
Sanger sequencing. ILI11RA biallelic pathogenic variants were detected and further analyzed by multiple in silico prediction
tools, including 3D protein modeling.

Results: Our cohort comprises six pediatric patients presenting with CS linked to biallelic pathogenic mutations in ILIIRA,
including two previously unreported variants (p.Pro218 Argfs*140, p.Trp132Ter). Three-dimensional protein structure modeling
and molecular docking simulations demonstrated that four missense variants (p.Prol16Leu, p.Glul26Gly, p.Gly231Val, p.Le-
u236Pro) disrupt hydrogen bond networks critical for maintaining the IL-11 receptor alpha subunit's tertiary structure, signifi-
cantly reducing ligand-binding affinity to both interleukin-11 (IL-11) and gp130.

Conclusion: This study describes the clinical phenotype of six children with craniosynostosis and reveals novel variants in the
IL11RA gene, thereby broadening the genotypic spectrum associated with this gene. Given the scarcity of patients reported in the
literature, a detailed examination of the specific clinical and molecular characteristics will benefit our understanding of cranio-
synostosis caused by ILIIRA variants.

1 | Introduction observed in about 1 out of 2500 newborns (Wilkie 2000). It pres-
ents a spectrum of clinical manifestations, including abnormalities
Craniosynostosis (CS) is a condition characterized by the prema- in head shape, potential cognitive impairment, and other associ-

ture fusion of skull sutures that often occurs prenatally and is ated craniofacial features. Etiological investigations suggest that
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craniosynostosis results from dysregulated suture closure. This
process, which is intricately regulated by the activity of mesenchy-
mal stem cells at the sutures, is disrupted due to imbalances in the
proliferation and differentiation of osteoprogenitors, osteoblasts,
and osteoclasts during membranous ossification (Zhao et al. 2015;
Wilk et al. 2017; Guo et al. 2018; Bok et al. 2023). Advancements
in human genetics over the past two decades have reshaped our
comprehension of the molecular mechanisms driving craniosyn-
ostosis. To date, pathogenic variants in over 90 genes have been
identified as causative factors for craniosynostosis, involving fi-
broblast growth factor, transforming growth factor beta, and Eph/
ephrin signaling pathway-associated factors (Iseki et al. 1997; Rice
et al. 2000; Twigg et al. 2004).

IL11RA gene encodes the interleukin-11 (IL-11) receptor (IL-11R),
a type-I transmembrane protein that consists of an Ig-like domain
(D1 domain), followed by two fibronectin type III domains (the
D2 and D3 domains). IL-11 binds to the membrane-bound IL-
11R, recruiting a homodimer of the signal-transducing 3-receptor
gp130. This interaction activates downstream signaling pathways
that are crucial for osteoblast/osteoclast differentiation and the
maintenance of cranial suture homeostasis (Fourcin et al. 1994;
Nandurkar et al. 1996; Sims et al. 2005). Murine knockout models
demonstrate that IL-11/IL11Ra deficiency causes cranial growth
impairment and premature suture fusion (Nieminen et al. 2011;
Sims et al. 2005). Since 2011, biallelic mutations in the ILIIRA
gene have been linked to autosomal recessive craniosynostosis.
Documented cases are limited to 23 families, presenting with
heterogeneous clinical presentation, including both syndromic
and non-syndromic CS (Nieminen et al. 2011; Keupp et al. 2013;
Brischoux-Boucher et al. 2018; Korakavi et al. 2019; Nishimura
et al. 2020). This highlights the complex genotype—phenotype re-
lationship with inter- and intrafamilial variability. Although the
clinical phenotypes of affected individuals vary widely, multisu-
ture craniosynostosis is the most prevalent feature, with approxi-
mately 90% of patients having varying degrees of craniosynostosis.
Additionally, dental anomalies are regarded as a major character-
istic of IL11RA-related disorders. Recent advances in molecular di-
agnostics further validate the critical role of IL11RA in syndromic
CS; the outcome of targeted NGS screening in patients with syn-
dromic forms of CS indicated that IL11RA is an emerging core gene
for pansynostosis and Crouzon-like phenotype (Topa et al. 2022).

In this study, we present six children with syndromic or non-
syndromic craniosynostosis, in whom novel CS-associated
variants in the ILI1RA gene were identified and characterized.
Through genetic analysis and protein structure prediction, we
have conducted preliminary explorations into the pathogenic
foundation of these newly recognized variants, with the aim of
deepening our understanding of craniosynostosis and its under-
lying genetic factors.

2 | Materials and Methods
2.1 | Participants
This study was approved by the Ethics Committee of Children's

Hospital of Nanjing Medical University (202312004-1). We
conducted a retrospectively cohort study involving 152 family

trios with craniosynostosis (CS) who underwent trio-based
whole exome sequencing (Trio-WES) between January 2018
and January 2024. Six families carrying ILIIRA gene vari-
ants were subsequently identified in the cohort. Participants
were referred to us by their pediatric neurosurgeons, with all
patients undergoing standardized diagnostic evaluations in-
cluding detailed physical examinations and multimodal neu-
roimaging (3D cranial CT reconstruction and brain MRI).
The inclusion criteria including: (1) radiologically confirmed
isolated or multisuture synostosis, and/or (2) presence of syn-
dromic features (neurodevelopmental abnormalities, limb
malformations, or characteristic dysmorphic facies) combined
with either positive family history. The Chinese version of the
Communication and Symbolic Behavior Scale-Developmental
Profile (CSBS-DP) was used to assess children's language de-
velopment in this study.

2.2 | Whole Exome Sequencing and Validation

Trio-WES was performed on probands and their parents using
genomic DNA extracted from peripheral blood following the ge-
nome extraction kit instructions (Tiangen, China). Sequencing
libraries were prepared following manufacturer protocols and
paired-end sequenced (2x100bp) on an Illumina HiSeq 2000
platform (Bio-Rad, Hercules, CA, USA). Raw data were pro-
cessed to filter variants with > 1% allele frequency in popula-
tion databases (dbSNP, 1000 Genomes, EXAC, gnomAD, and an
in-house Chinese cohort). Pathogenicity classification followed
ACMG guidelines (Richards et al. 2015), with validation of can-
didate variants through bidirectional Sanger sequencing.

2.3 | Mutation Analysis of ILI1IRA

Variants were annotated against the ILIIRA MANE Select
transcript (NM_001142784.3) following HGVS nomenclature.
Population allele frequencies were assessed using gnomAD
v2.1.1 and ClinVar, while computational predictions employed
PolyPhen-2 (v2.2.2), MutationTaster (2021), CADD (v1.6), and
NMDEscPredictor. Evolutionary conservation was analyzed
via Clustal Omega multiple sequence alignment (EMBL-EBI).
Protein structural impacts were visualized using STRING-db
(v12.0) and PyMOL v2.5, with molecular docking simulations
performed through HDOCK server (Yan et al. 2020) using the
IL-11A10/IL-11RaD1-D3/gp130D1-D3 complex (PDB ID 8DPT)
as template. Mutant structures were generated via AlphaFold3
and interface interactions analyzed using PDBePISA.

2.4 | Literature Review

A systematic review of IL11RA variants was conducted through
PubMed searches (“IL11RA” AND [“variant” OR “mutation”])
and HGMD Professional (v2023.4), covering publications
through December 2023. All variants were indicated on the
MANE Select transcript (NM_001142784.3) unless specified
differently, according to Human Genome Variation Society
(HGVS) guidelines (https://www.hgvs.org/mutnomen), with
clinical annotations compiled in Table S1.
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3 | Results

3.1 | Clinical Information

The six patients exhibited varying patterns of craniosynosto-
sis, ranging from isolated coronal synostosis to complex multi-
suture involvement. Three patients (Patients 1, 3, 4) presented
with pansynostosis, one (Patient 2) had sagittal and right lamb-
doid synostosis, one (Patients 5) had right coronal synostosis,
and one (Patient 6) had metopic and bicoronal synostosis. The
age at diagnosis varied from the neonatal period (Patient 6) to
3.3years (Patient 1). Only Patient 2 had isolated craniosynosto-
sis without other extracranial symptoms. On MRI, both Patient
1 and Patient 4 showed Chiari I malformation. Patient 3 and
Patient 6 shared a Crouzon-like phenotype, characterized by
midface hypoplasia and exophthalmos. For Patient 6, given his
young age, an assessment of tooth development was not war-
ranted. Detailed synostosis patterns and associated phenotypes
are summarized in Table 1. All patients in this study received
neuroendoscopic craniofacial reconstruction surgery at our
hospital, resulting in significant improvement in their head
shapes. Comprehensive imaging datasets, including clinical

photographs, three-dimensional cranial CT reconstructions, and
brain MRI, are presented in Figure 1.

3.2 | Results of the Genetic Screening

Whole-exome sequencing (WES) of six probands and their par-
ents revealed eight distinct ILIIRA variants, including four
missense variants (p. Proll6Leu, p. Glul26Gly, p. Gly231Val
and p. Leu236Pro), two nonsense variants (p. Trp132Ter and p.
Arg234Ter), one frameshift variant (p. Pro218Argfs*140) and
one splice-site variant (c.811-2A>G). As illustrated in Figure 2A,
all identified exonic variants clustered within the extracellular
D2 and D3 domains of IL-11RA, which mediate ligand-receptor
binding by orchestrating the structural interface between IL-
11Ra and the IL-11/gp130 signaling complex.

Notably, all identified ILIIRA variants in this cohort consti-
tute novel genotype-phenotype associations with CS, with the
exception of p.Leu236Pro, which has been previously reported
by Nishimura et al. (2020). The remaining seven variants, with
the exception of p.Pro218Argfs*140 and p.Trpl32Ter, were

TABLE1 | Phenotypic characteristics of six pediatric patients with CS.
Patient 1 2 3 4 5 6
Age at diagnoses 3.3year lyear 11 months 1.8year 3months 1 months
¥
OFC(cm) 49.4 (50th) 46.2 (50th) 44.4 (15th) 45 (< 5th) 40 (50th) 33 (<3th)
CRS P S, RL P P RC M, BC
Crouzon-like No No Yes No No Yes
phenotype
Forehead Normal Normal Protruding Normal Asymmetric Flat
Midface No No Yes No Yes Yes
hypoplasia
Exophthalmos No No Yes No No Yes
Delayed tooth No No Yes No No —
eruption
Dental No No No Yes No No
malalignment
Malocclusion No No Yes Yes No —
Supernumerary No No Yes No No —
teeth
Skull shape Scaphocephaly ~ Scaphocephaly  Trigonocephaly  Scaphocephaly Anterior Microcephaly
plagiocephaly  brachycephaly
Language Yes No Yes No No No
development
delay
Chiari I Yes No No Yes No No
Other — — — — Atrial septal —
defect

Abbreviations: BC, bicoronall; CRS, sutures fused in craniosynostosis; M, metopic; P, pansynostosis; RC, right coronal; RL, right lambdoid; S, sagittal.
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FIGURE 1 | Photographs, three-dimensional CT scans of skull and magnetic resonance imaging (MRI) of patients. (A) Facial photographs of
Patients 2,3,5 and 6. Patient 3 and 6 demonstrating characteristic Crouzon-like craniofacial features including frontal bossing, midface hypoplasia,
and orbital proptosis. (B) Three-dimensional reconstructed cranial CT scans of patient 1,3,5, and 6. Patient 1,3 and 6 showed pansynostosis. Patient
5 isolated closure of the right coronal suture. (C) Representative brain MRI findings (axial T2-weighted and sagittal T1-weighted images) in Patient
1,3,4 and 6. Patient 1 and 6 showing exophthalmos (red arrow). Patient 1 and 4 showing Chiari I malformation (red arrow).
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FIGURE 2 | (A)Depicts the protein structure of human IL11RA showing the positions of the variants. Evolutionary conservation of amino acid
position Prol16, Glul26, Gly231 and Leu236 in IL11RA protein across evolution. D1-D3, immunoglobulin-like domains 1-3; S, stalk region; SP,
signal peptide; TM, transmembrane region. (B) Schematic representation of the ILI1IRA gene showing the localization of truncating variants (p.
Trpl32Ter and p. Arg234Ter) and frameshift variant (p. Pro218 Argfs*140) all subjecting (NMD+) to nonsense mediated RNA decay (https://nmdpr
edictions.shinyapps.io/shiny/). The region of IL11RA where truncating variants trigger NMD is indicated in green. (C) Structural modeling of wild-

type (WT) versus mutant (MUT) IL11RA. Comparative analysis reveals disrupted hydrogen bonding networks (dashed lines) between mutant resi-

dues (Proll6Leu, Glu126Gly, Gly231Val, Leu236Pro) and adjacent amino acids, suggesting destabilization of domain tertiary structure.

present at extremely low frequencies (minor allele frequency,
MAF <0.05) in population databases, including gnomAD,
dbSNP, and ClinVar. p.Gly231Val has been reported in ClinVar
at the same amino acid position but with different amino acid
substitutions. Truncating variants (p.Trp132Ter, p.Arg234Ter
and p. Pro218Argfs*140) were predicted to be subject to degra-
dation by nonsense-mediated decay (Figure 2B). ¢.811-2A>G
in intron 8 was a classical splice site variant and was com-
putationally validated to abrogate normal splicing of exon 9.
Analysis using MaxEntScan demonstrated a severe loss of
splice site strength, with the score dropping from 9.46 (wild-
type) to 1.51 (mutant). In accordance with ACMG guidelines,
all variants were classified as pathogenic or likely pathogenic,
except p. Proll6Leu and p. Glul26Gly. These two variants
were categorized as variants of uncertain significance (VUS)
due to insufficient functional validation. Specific variant in-
formation is listed in Table 2.

3.3 | Protein Structure Modeling

To evaluate the pathogenicity of these ILIIRA variants, we
constructed 3D structural models of the wild-type and mutant
using AlphaFold3 (Figure 2C). Structural comparisons revealed
significant disruption in hydrogen bonding formation and ste-
ric clashes at the mutation sites. In the wild-type (WT) IL-11Ra
structure, Prol16 forms two hydrogen bonds with Arg206, sta-
bilizing the local conformation. Substitution of Prol16 with the
bulkier Leull6 residue disrupts both bonds, introducing steric
clashes that destabilize the D2 domain. Similarly, Glu126 in the
WT IL-11Ra engages in two hydrogen bonds with Tyr125 and
Alal85. Mutation to Gly126 (a structurally flexible residue) elim-
inates these bonds while forming three new hydrogen bonds
with Aspl24 and Alal85, altering the electrostatic landscape and
potentially perturbing receptor dimerization. In contrast, substi-
tution of Leu236 (a hydrophobic residue) with Pro236 (a rigid
cyclic amino acid) reduces hydrogen bonding from two to one,
compromising interdomain packing. Notably, the p. Gly231Val
variant preserves hydrogen bonding networks but introduces a
valine side chain that may alter helical geometry. Collectively,
these structural perturbations—reduced hydrogen bonding, in-
creased steric strain, and altered domain interfaces—likely im-
pair IL-11Ra folding, ligand binding, or signaling competency.

To assess the impact of ILIIRA variants on ligand binding af-
finity within the IL-11/IL-11R/gpl130 signaling complex, we
performed computational docking simulations using the wild-
type (WT) and mutant C-terminal truncated IL-11Ra (IL-
11RaAD1-D3) structures. The WT IL-11RaAD1-D3 exhibited
a strong binding free energy of —19.68 kcal/mol with IL-11 and
gp130. In contrast, all four mutants (p.Prol16Leu, p.Glul126Gly,

p.Gly231Val, p.Leu236Pro) displayed increased binding free
energy compared to WT, indicating reduced binding affinity
for the IL-11R-gp130-IL11 complex (Table 3). Structural anal-
ysis of hydrogen bonding interactions between IL-11R and the
IL-11/gp130 complex revealed that the p.Proll6Leu mutation
disrupted hydrogen bonds between IL-11R and both IL-11 and
gp130. In contrast, the p.Glul26Gly, p.Gly231Val, and p.Leu-
236Pro mutations exhibited enhanced hydrogen bonding with
IL-11 but reduced interactions with gp130 (Table S2). These
findings indicate that these missense variants potentially dis-
rupt IL-11R-gp130-IL-11 ternary complex formation.

4 | Discussion

In this study, we expand the genotypic and phenotypic spectrum
of IL11RA-associated craniosynostosis by reporting six unre-
lated pediatric patients with compound heterozygous variants.
The synostosis pattern associated with IL11RA mutations exhib-
its an insidious progression, which differs from other syndromic
forms. While multisuture involvement emerged as a hallmark
(observed in 89% of reported patients), five patients in our co-
hort developed pansynostosis or multisuture craniosynostosis.
Following the development of multisuture craniosynostosis,
midface hypoplasia emerged as the most prevalent associated
feature, observed in 50% of our cohort. Compared to prior re-
ports, the patients in our cohort exhibited younger diagnostic
ages, with a median age of 11.5months. Patient 1, the eldest in
our cohort, presented with pansynostosis at diagnosis but with-
out significant midface/maxillary hypoplasia. For Patient 6,
with neonatal-onset sutural closure, midface hypoplasia and
exophthalmos face a high risk of progressive pansynostosis and
dental anomalies. Significantly, midface hypoplasia demon-
strates significant phenotypic plasticity; while it primarily man-
ifests as hypoplasia of the orbital floor and zygomatic arches
in infancy, its progression leads to secondary ocular proptosis,
mandibular prognathism, and malocclusion during childhood
development. These findings highlight the need for longitudi-
nal 3D-CT surveillance to detect occult disease progression, as
clinical evaluation alone may underestimate synostosis severity.

Comparative analysis of our cohort with 23 previously reported
familial cases (Table S1) revealed distinct genetic architectures;
75% of literature-documented patients exhibited homozygous
pathogenic variants, while all six patients in our cohort har-
bored compound heterozygous variants (Figures S1 and S2).
Notably, two patients in our cohort (Patient 2 and Patient 3) har-
bored identical compound heterozygous variants (p.Leu236Pro
and p.Gly231Val) yet exhibited markedly discordant clinical
severity. Patient 2 presented with non-syndromic multisuture
synostosis, whereas Patient 3 demonstrated syndromic features
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TABLE 3 | Changes in the interaction between wild-type and
mutant IL11RA and IL-11/gp130 protein complexes.

Protein
docking score Binding
with protein  free energy Docking
IL-11/gp130 (kcal/mol) area (A)
IL11RAM —450.82 —19.68 1726
IL11R AlLeulls —283.17 —-12.36 1868
IL11R ACW126 —278.22 -12.15 1860
IL11RAVal231 -307.34 —13.42 1872
IL11R APro236 -301.72 -13.17 1925

including specific features, e.g., midface hypoplasia, dental
anomalies, and language development delay. The p.Leu236Pro
variant, originally reported in a homozygous state caused by
maternal uniparental isodisomy (UPD) of chromosome 9 in a
Japanese patient with multisuture synostosis and characteristic
craniofacial dysmorphism (Nishimura et al. 2020), illustrates
this dual-layered genetic heterogeneity, encompassing both in-
terfamilial diversity and intrafamilial phenotypic variability,
which has been previously documented among affected mem-
bers within single pedigrees in (Brischoux-Boucher et al. 2018),
reinforcing the complex genotype-phenotype characteristics of
IL11RA-related disorders. Our findings further underscore the
heightened genetic complexity of IL11RA-associated CS within
East Asian populations, potentially influenced by population-
specific modifier genes or epigenetic regulatory mechanisms.

Despite extensive reporting of ILIIRA mutations, the molec-
ular mechanisms underlying IL-11 receptor dysfunction in
craniosynostosis remain poorly elucidated. Current evidence
suggests that pathogenic variants primarily disrupt IL-11R mat-
uration and membrane trafficking, leading to impaired IL-11
signaling during craniofacial development (Agthe et al. 2018;
Ahmad et al. 2023; Sims and Griffin 2024; Kespohl et al. 2024).
Notably, all previously reported CS-associated variants local-
ized to the extracellular D1-D3 ligand-binding domains, except
for p.Glu364_Val368del in the stalk region (Kespohl et al. 2024).
Structural analyses have elucidated the mechanistic signifi-
cance of the tryptophan-arginine zipper topology within the
D3 domain, demonstrating its dual functionality in orches-
trating receptor tertiary structure stabilization and cytokine
signaling competency. Pathogenic variants disrupting this ar-
chitectural motif (e.g., p.R296W) exhibit pleiotropic effects, in-
cluding endoplasmic reticulum (ER) retention and impairment
of downstream signaling cascades (Agthe et al. 2018; Olsen and
Kragelund 2014; Nieminen et al. 2011; Sentosa et al. 2024). In
our cohort, novel CS-associated variants are primarily located
within the D2 and D3 domains, sparing the Trp-Arg zipper motif
while preserving its hydrogen bonding network. Structural
modeling revealed that compared to wild type IL-11Ra, mu-
tants p.Glul26Gly, p.Gly231Val, and p.Leu236Pro exhibited
enhanced IL-11 binding but reduced gp130 engagement, desta-
bilizing the ternary IL-11/IL-11R/gp130 complex. Notably, prior
reports indicate homozygous truncating mutations confer more
severe phenotypes compared to missense variants, likely due to
complete loss of receptor function (Nieminen et al. 2011; Keupp

et al. 2013; Brischoux-Boucher et al. 2018; Topa et al. 2022;
Ahmad et al. 2023). The truncating mutation disrupts IL-11R
maturation and membrane trafficking, while the missense vari-
ant further destabilizes ligand-receptor interactions, as demon-
strated by structural modeling. This synergistic disruption could
abolish IL-11 signaling during critical periods of cranial suture
development, explaining the neonatal-onset multisuture cranio-
synostosis and severe midface hypoplasia observed in Patient 6.

Collectively, we report six pediatric patients with craniosynos-
tosis and identify seven novel IL11RA variants associated with
craniosynostosis (CS). Through rigorous in silico analyses, we
provide robust computational evidence supporting the patho-
genicity of novel missense variants, elucidating their disruptive
effects on protein stability and ligand-binding affinity. While
recognizing the constraints of a limited sample size and incom-
plete functional validation, we propose an integrated diagnostic
framework that synergizes computational variant impact analy-
sis with comprehensive clinical phenotyping to improve diagnos-
tic accuracy and specificity. Future functional investigations such
as cell-based assays and animal models are essential to elucidate
the mechanistic basis of IL-11R dysfunction and establish robust
genotype-phenotype correlations in genetically heterogeneous
populations. Our findings also reinforce the necessity of mo-
lecular screening in early-onset craniosynostosis cases through
targeted gene panel analysis incorporating IL11RA. Longitudinal
follow-up and multidisciplinary care are imperative to optimize
outcomes for individuals with IL11RA variants. Ultimately, this
work not only expands the genetic architecture of CS but also es-
tablishes a paradigm for precision medicine approaches in rare
skeletal disorders, emphasizing the synergistic integration of
computational biology, molecular diagnostics, and clinical care.
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