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Craniosynostosis (CS) is a complex congenital disorder 
characterized by the premature fusion of one or more 
cranial sutures resulting from interactions between 
genetic alterations, environmental influences, and the 
dysregulated differentiation of cranial suture stem cells 
(SuSCs). Increasing evidence indicates that SuSC homeo­
stasis disruption, including alterations in glioma-asso­
ciated oncogene homolog 1-positive, axis inhibition protein 
2-positive, and other stem/progenitor cell populations, 
along with aberrant regulation of developmental signaling 
pathways, plays a central role in the pathogenesis of CS. 
This review summarizes current advances in SuSC biology 
and the molecular mechanisms of, diagnostic approaches 
for, and therapeutic strategies for CS. By integrating 
evidence from studies published in 2000–2026, we discuss 
how genetic mutations and signaling pathways, including 
the fibroblast growth factor, bone morphogenetic pro­
tein, Wnt, and Hedgehog pathways, influence SuSC main­
tenance, lineage commitment, and osteogenic differen­
tiation. We further summarize recent clinical advances, 
including virtual surgical planning, three-dimensional 
printing, and endoscope-assisted minimally invasive 
techniques, as well as emerging molecular and stem cell-
based regenerative strategies aimed at restoring func­
tional cranial suture structures. By connecting genetic 
mechanisms, stem cell biology, and translational me­
dicine, this review provides an integrated framework to 
increase our understanding of the pathogenesis of CS and 
highlights potential directions for the development of 
mechanism-based therapies to improve long-term cranio­
facial and neurodevelopmental outcomes.
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Key message
Craniosynostosis involves the disruption of cranial suture 
stem cell homeostasis and niche regulation as well as 
premature osteogenesis. Its current treatment remains 
primarily surgical, while emerging molecular, bioma­
terial, and stem cell-based strategies may complement 
structural correction. Understanding the interactions 
between cranial suture stem cells, developmental signal­
ing, and biomechanical influences may support more 
biologically informed treatments.

Introduction

Craniosynostosis (CS), a congenital disorder characte­
rized by the premature closure of cranial sutures, has an 
estimated prevalence of approximately 1/2100–1/2500.1) Ac­
cording to its predominant pathogenesis, CS is categorized 
into nonsyndromic and syndromic types.2) Nonsyndromic 
CS is characterized by a cephalic deformity. Sagittal 
synostosis is the most common subtype, accounting for 
approximately 50% of nonsyndromic cases, followed by 
unilateral coronal synostosis, accounting for approxi­
mately 15% of cases.3) Syndromic CS is associated with 
broader craniofacial abnormalities including Apert syn­
drome, Pfeiffer syndrome, Crouzon syndrome, Jackson-
Weiss syndrome, and Boston-type CS syndrome.4) Pa­
tients with CS, particularly syndromic CS, may develop 
complications such as intracranial hypertension and 
visual disturbances.5,6) Without timely intervention for 
CS, premature suture fusion may restrict cranial growth, 
increase intracranial pressure, and contribute to neuro­
developmental impairment or permanent neurological 
deficits.2)

The cranial suture is not merely a fibrous connection 

Corresponding author: Guodong Song, MD, PhD. Department of Craniomaxillofacial Surgery, Plastic Surgery Hospital, Chinese Academy of Medical Sciences and 
Peking Union Medical College, Beijing, China

 Email: sgd1220@126.com, https://orcid.org/0000-0002-3975-1894
Received: 28 July 2026, Revised: 7 September 2026, Accepted: 9 September 2026
This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/) which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Copyright © 2026 by The Korean Pediatric Society

Suture stem cells in pediatric craniosynostosis: 
pathophysiological mechanisms, surgical management, 
and emerging regenerative therapies
Fangxin Guo, MM, Guodong Song, MD, PhD
Department of Craniomaxillofacial Surgery, Plastic Surgery Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China

Ac
ce

pt
ed

 A
rti

cle

https://doi.org/10.3345/cep.2026.02299
http://creativecommons.org/licenses/by-nc/4.0/


Guo F, Song G, et al. Craniosynostosis: clinical and stem cell perspectives www.e-cep.org2

between adjacent calvarial bones; rather, it is a major site 
of postnatal cranial expansion and specialized stem cell 
niche. During skull growth, osteoid is deposited at the 
osteogenic fronts, bony surfaces undergo continuous re­
modeling, and brain expansion generates centrifugal 
forces that contribute to calvarial enlargement.3) The 
suture mesenchyme contains stem and progenitor cells, 
osteoblast lineage cells, osteoclasts, and extracellular 
matrix components. Among them, suture stem cells 
(SuSCs) play a central role in maintaining suture patency, 
supporting calvarial growth, and promoting post-injury 
repair.7,8)

SuSCs primarily originate from 2 distinct embryonic 
lineages: the paraxial mesoderm and the cranial neural 
crest. Their developmental origin varies according to the 
anatomical location of the sutures. For example, SuSCs in 
the sagittal sutures are predominantly derived from the 
cranial neural crest, whereas those in the coronal sutures 
originate from the paraxial mesoderm. These lineage-
specific differences may contribute to variations in cellu­
lar behavior, differentiation potential, and pathological 
fusion susceptibility.9) The importance of SuSCs in CS has 
been noted, and studies have revealed that reduced cell 
numbers, population imbalances, and dysregulated fate 
commitment may contribute to premature cranial suture 

fusion.10)

Maintenance of cranial suture patency depends on the 
coordinated regulation of SuSC self-renewal, proliferation, 
lineage commitment, and osteogenic differentiation. 
Disruption of this cellular equilibrium is increasingly 
recognized as the central mechanism underlying CS. 
Genetic variants and environmental or biomechanical 
factors can act as upstream modifiers of SuSC behavior.11) 
To date, variants in more than 70 different genes have 
been associated with CS pathogenesis, including fibro­
blast growth factor receptors (FGFRs), Twist family 
bHLH transcription factor 1 (TWIST1), ephrin B1 (EFNB1), 
transcription factor 12 (TCF12), and mothers against 
decapentaplegic homolog family member 6 (SMAD6).12) 
Mechanical forces, endocrine factors, and toxic exposure 
during embryonic development may also modify the dis­
ease risk, although their interactions with SuSC biology 
remain unclear (Fig. 1).

Given the central role of SuSCs in cranial suture homeo­
stasis and pathological fusion, here we summarize the 
major marker-defined SuSC populations, signaling path­
ways that regulate their fate decisions, and mechanisms 
through which their dysregulation contributes to pre­
mature suture fusion. We also discuss the contemporary 
surgical management and emerging molecular and stem 

Graphic abstract. FGFR2, fibroblast growth factor receptor 2; FGFR3, fibroblast growth factor receptor 3; 
TWIST1, twist family bHLH transcription factor 1; EFNB1, ephrin-B1; FGFR, fibroblast growth factor receptor; 
MAPK, mitogen-activated protein kinase; TGF-β, transforming growth factor-β; BMP, bone morphogenetic 
protein; WNT, wingless-related integration site; Gli1, glioma-associated oncogene homolog 1; Axin2, axis 
inhibition protein 2; PDGFRα, platelet-derived growth factor receptor α; Sca1, stem cell antigen-1; CD146, 
cluster of differentiation 146.
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cell=based therapeutic strategies, with an emphasis on 
exploring the potential for functional suture reconstruc­
tion.

Literature search and study selection

A structured search was conducted of PubMed/MED­
LINE and the Web of Science Core Collection for studies 
published between January 1, 2000, and August 31, 2026. 
The literature search and study selection process was 
structured with reference to the Preferred Reporting 
Items for Systematic Reviews and Meta-analyses (PRISMA) 
and PRISMA-S frameworks to enhance transparency 
and reproducibility. As the review encompassed basic, 
translational, and clinical evidence rather than a single 
intervention-based question, the search was organized 
into 5 predefined domains: (1) core CS; (2) genetics and 
molecular pathogenesis; (3) SuSCs (with synonyms such as 
mesenchymal stem cells [MSCs] and suture mesenchymal 
stem cells [SMSCs]); (4) clinical management, surgery, 
and regenerative medicine; and (5) environmental and 
maternal factors. The titles and abstracts were screened 

for relevance, followed by a full-text assessment according 
to the predefined eligibility criteria. The reference lists of 
the key included studies and relevant evidence syntheses 
were also examined, and a forward citation search was 
performed to identify eligible studies that were not cap­
tured in the electronic search. The study selection pro­
cess is summarized in the PRISMA flow diagram (Fig. 
2). The complete database-specific search terms and 
search strategies, as well as the predefined inclusion and 
exclusion criteria used for the study selection, are pro­
vided in the Supplementary Materials.

Stem cells in CS

1. Cranial suture niche in calvarial expansion, homeo­
stasis, and pathological fusion

The cranial suture is a major site for intramembranous 
bone growth and postnatal calvarial expansion. Adja­
cent cranial bones are connected by a fibrous suture 
mesenchyme containing mesenchymal stem and proge­
nitor cells, osteoblast lineage cells, osteoclasts, and extra­
cellular matrix components.13) During cranial develop­

Fig. 1. Gene and environment in the pathogenesis of craniosynostosis. The pathogenesis of 
craniosynostosis involves complex interactions between genetic and environmental factors. 
Genetic predisposition and environmental exposures converge to influence the behavior and 
fate of suture stem cells, ultimately disrupting their normal osteogenic differentiation and 
leading to premature suture fusion. These contributory factors can be broadly categorized into 
genetic determinants, maternal factors, and external environmental exposures. FGFs, fibroblast 
growth factors; BMP, bone morphogenetic protein; HH, hedgehog; IGF1, insulin-like growth 
factor 1; RhoA/ROCK–TAZ, Ras homolog family member A/Rho-associated protein kinase–
transcription coactivator with PDZ-binding motif; SSRIs, selective serotonin reuptake inhibitors.
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ment, SuSCs maintain normal growth via proliferation 
and osteogenic differentiation. Maintaining suture pa­
tency requires a balance between the preservation of 
undifferentiated SuSCs within the central suture mesen­
chyme and controlled bone formation at adjacent osteo­
genic fronts.13,14)

Premature suture fusion may occur when this balance 
is disrupted by genetic alterations or environmental or 
biomechanical disturbances. Although excessive osteoge­
nic differentiation and a reduction in the number of SuSCs 
are important contributors to CS, these mechanisms 
do not fully explain CS. Recent evidence has indicated 
that premature fusion may also involve impaired self-
renewal, premature lineage commitment, SuSC depletion 
or imbalance, and local niche dysregulation. In prema­
turely fused human sutures, mesenchymal cells exhibit 

increased expression of osteogenesis-related genes and 
reduced expression of stemness-related genes. 15) Experi­
mental studies demonstrated that the altered represen­
tation of skeletal stem/progenitor cells and premature 
SuSC differentiation can contribute to pathological suture 
fusion.10,16)

The cranial suture niche is dynamically activated 
during injury repair. Li et al.17) recently demonstrated 
that injury-induced C-X-C motif chemokine ligand 12 
(CXCL12)-CXC chemokine receptor type 4 (CXCR4) signal­
ing promotes the proliferation and directional migra­
tion of SuSCs toward calvarial defects and induces 
sonic hedgehog (SHH) and Indian hedgehog (IHH) pro­
duction, which further supports SuSC expansion and 
osteoblastic differentiation. These findings indicate that 
calvarial regeneration depends on coordinated niche 

Identification of studies via databases
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Records identified through database searching
(PubMed, Web of Science)

① 5,777 Core craniosynostosis
② 1,466 Genetics & molecular pathogenesis
③ 144 Suture stem cells/SuSC/MSC/SSC
④ 1,993 Clinical management & surgery &
            Regenerative medicine
⑤ 601 Environmental and maternal factors
     9,981 Total

9,981 Total records identified

4,206 Duplicate records removed

5,775 Records screened by title and abstract

5,654 Records excluded

121 Reports sought for retrieval

28 Reports excluded after full-text
assessment

93 Reports included through database searching 14 Additional reports included through
citation searching and other methods

107 Studies included in qualitative synthesis

Fig. 2. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) 2020 flow 
diagram of the literature search and study-selection process: Studies were identified through 
database searches and supplementary citation searches, followed by duplicate removal, 
screening, and eligibility assessment. A total of 107 studies were included in the review. SuSC, 
suture stem cell; MSC, mesenchymal stem cell; SSC, skeletal stem cell.
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ciated SuSC population, reside predominantly within the 
calvarial suture niche, decrease in number with age, and 
are distinct from pre-osteoblasts and mature osteoblasts. 
The experimental depletion of postnatal Prrx1+ cells 
impairs calvarial bone repair; however, their loss does 
not appear to cause major defects in normal postnatal 
calvarial development. These findings suggest that Prrx1+ 
cells play an important role in injury-responsive rege­
neration.19,23)

In addition to lineage-associated markers, CD51+CD200+ 
skeletal stem/progenitor cells were prospectively isolat­
ed from cranial sutures by fluorescence-activated cell 
sorting. Their frequency decreased before the physiolo­
gical fusion of the posterior frontal suture, whereas the 
patent sagittal and coronal sutures maintained a rela­
tively stable proportion of these cells. A reduction or im­
balance in CD51+CD200+ cells has also been observed in 
experimental models of syndromic and nonsyndromic 
CS. Canonical Wnt activation increases the representation 
of this population, and cotransplantation of CD51+CD200+ 
cells with Wnt3a prevents resynostosis after a suturec­
tomy in Twist1+/- mice.10)

In addition, BMPR1A+ cells provide a complementary 
view of SuSC biology. BMPR1A is both a cell-surface mark­
er of human SuSCs and a functional regulator of their 
stemness, clonal expansion, and osteogenic capacity. 
SuSC-specific disruption of Bmpr1a in mice leads to pre­
mature differentiation, stem cell pool depletion, and 
suture midline–initiated CS, indicating that BMPR1A 
is required to maintain a patent suture niche.16) Recent 
evidence supports a multistem cell model of calvarial 
homeostasis and pathological fusion. In Twist1-associated 
models, the depletion or dysfunction of cathepsin K- 
positive (Ctsk+) calvarial stem cells triggers the maladap­
tive expansion of discoidin domain receptor 2-positive 
calvarial stem cells and promotes pathological suture 
fusion, whereas the cotransplantation of Ctsk+ cells sup­
presses this phenotype. These findings suggest that CS 
arises from excessive osteogenic differentiation or SuSC 
depletion as well as an imbalance among functionally 
distinct stem cell populations.24)

Collectively, available evidence indicates that SuSC pop­
ulations differ in their niche localization, regenerative 
capacity, signaling responsiveness, and contribution to 
CS.

3. SuSC signaling pathway dysregulation in CS
SuSC activation and differentiation are closely related to 

the dysregulation of several signaling pathways. Among 
the pathways implicated in CS, the FGF, Wnt/β-catenin, 
and bone morphogenetic protein (BMP/BMPR1A–Hh) 
axes appear to play central roles in SuSC regulation. Addi­

signaling rather than the indiscriminate stimulation of 
osteogenesis.

Therefore, SuSCs constitute a heterogeneous group of 
stem and progenitor cells with distinct roles in suture 
maintenance, pathological fusion, and tissue repair.

2. Roles of marker-defined SuSC populations in CS
SuSCs constitute a heterogeneous group of stem and 

progenitor cells rather than a single uniform cell pop­
ulation. Multiple marker-defined populations have been 
identified within the cranial suture niche, including 
glioma-associated oncogene homolog 1-positive (Gli1+), 
axis inhibition protein 2-positive (Axin2+), postnatal 
paired related homeobox 1-positive (Prrx1+), cluster of 
differentiation 51-positive and cluster of differentiation 
200-positive (CD51+CD200+), and bone morphogenetic 
protein receptor type 1A-positive (BMPR1A+) cells. How­
ever, these markers should not be interpreted as being 
mutually exclusive. For example, Gli1, Axin2, and Prrx1 
are primarily lineage-associated or signaling-responsive 
markers, whereas CD51 and CD200 define a prospectively 
isolatable surface immunophenotype of suture-resident 
skeletal stem/progenitor cells.14,18-21)

Gli1+ cells represent a broadly distributed suture-resi­
dent mesenchymal stem/progenitor cell population. 
During postnatal development, these cells become en­
riched in the cranial suture mesenchyme and contribute 
to calvarial homeostasis and injury repair. Studies have 
shown that Gli1+ cells can generate cells at the osteogenic 
fronts, periosteal cells, dural cells, and osteocytes in the 
adjacent calvarial bone. Their functional importance is 
also supported by regenerative studies in Twist1+/- mice, 
in which the transplantation of Gli1+ MSCs combined 
with a biodegradable scaffold regenerated a functional 
cranial suture, improved skull morphology, normalized 
intracranial pressure, and ameliorated neurocognitive 
abnormalities.14,22)

Axin2+ cells were predominantly enriched within the 
suture midline and represented a more spatially restricted 
SuSC population. These cells exhibit long-term self-
renewal, clonal expansion, and differentiation capacity, 
directly contributing to skeletal repair. Because Axin2 is 
a canonical Wnt-responsive gene, Axin2+ cells provide an 
important link between Wnt signaling, stem cell main­
tenance, and suture patency. However, the effects of Wnt 
signaling are context-dependent and may vary according 
to suture type, developmental stage, and cellular differ­
entiation state. Therefore, Axin2+ cells should be inter­
preted as a Wnt-responsive SuSC population involved 
in maintaining the suture niche rather than as a simple 
indicator of increased or decreased osteogenesis.18,20)

Prrx1+ cells, which constitute the regeneration-asso­
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tional pathways, including Hippo/Yes-associated protein 
(YAP)-phosphoinositide 3-kinase (PI3K)-protein kinase B 
(AKT) signaling, Notch signaling, and receptor activator of 
nuclear factor-κB ligand (RANKL)-mediated remodeling 
further modify these core regulatory networks.

FGF signaling, mediated by FGFR1-4 tyrosine kinase 
receptors, plays a pivotal role in cranial development. 
Specifically, FGFR2 signaling is crucial for regulating 
stem cell proliferation within the suture, whereas FGFR1 
primarily influences cranial bone formation by directing 
osteoblast differentiation.25,26) Therefore, there are differ­
ent pathological mechanisms of action in premature 
closure of the cranial suture due to FGFR1 and FGFR2 
missense mutations. Ectopic activation of FGFR2 inhibits 
cell proliferation and depletes the bone progenitor cell 
pool, whereas excessive FGFR1 signaling promotes osteo­
blast differentiation. Both processes reduce the amount 
of unmineralized mesenchymal tissue within the suture 
and favor the premature fusion of adjacent cranial 
bones.27) In addition, the complexity of FGF signaling 
in CS is further highlighted by its crosstalk with other 
proliferative pathways. For example, FGFR2 variants in 
dural cells may promote osteoblast proliferation and dif­
ferentiation through Hippo/YAP–PI3K–AKT signaling, 
thereby providing a mechanism through which signals 
from neighboring tissues influence suture homeosta­
sis.28,29) Moreover, endogenous FGF/FGFR signaling can 
act upstream of BMP2 in cranial osteoblasts, while BMP2 
activity is required for FGF2-induced late-stage osteogenic 
differentiation.30)

Wnt signaling regulates osteoblast differentiation by 
stabilizing β-catenin and altering the expression of its 
downstream target genes. Within this network, Axin2 
functions as a direct transcriptional target of β-catenin as 
well as a key negative feedback regulator of the pathway. 
Therefore, Wnt signaling links SuSC maintenance with 
lineage commitment and suture patency. However, the 
effects of Wnt signaling are context-dependent. They vary 
according to the developmental stage, suture location, 
and differentiation state of the responding cells. In an 
Apert syndrome mouse model, aberrant Wnt activation 
was associated with premature coronal suture fusion.31) 
Conversely, other studies indicated that appropriately 
regulated canonical Wnt activity can support the main­
tenance or expansion of suture-resident skeletal stem/
progenitor cells. Therefore, Wnt signaling should be in­
terpreted as a regulatory axis whose imbalance, rather 
than uniform activation or inhibition, can contribute to 
CS.

BMP signaling is another central regulator of cranial 
suture homeostasis. SuSC-derived osteoprogenitor cells 
exhibit active BMP signaling and depend on BMP-mediat­

ed Hedgehog activity to coordinate their recruitment to 
osteogenic fronts. BMPR1A, a major receptor involved 
in BMP-SMAD signaling, is required to maintain SuSC 
properties and prevent premature differentiation. The 
disruption of BMPR1A-dependent regulation can disturb 
the balance between preservation of the central stem 
cell niche and osteogenic progression within the suture 
mesenchyme.32) The hierarchical relationship between 
FGF and BMP is a key example of pathway crosstalk. 
BMP2 signaling is essential for FGF2-dependent induction 
of late osteogenic differentiation in cranial suture cells, 
and endogenous FGF/FGFR signaling acts as an upstream 
positive regulator of BMP2 in cranial osteoblasts.30)

The Hh signaling pathway, which acts through Gli 
transcription factors, is essential for skeletal development 
and interacts closely with the BMP and Wnt pathways. 
Although Hh signaling is classically associated with endo­
chondral ossification, it also contributes to regulating 
intramembranous bone formation in the calvarium. The 
partial restoration of suture morphology following Hh 
activation in Bmpr1a-mutant mice supports a functional 
BMP–Hh relationship in suture homeostasis.32-34) Gli1+ cell 
abnormalities may disrupt both suture maintenance and 
the regenerative response.

Several additional pathways modify the activities of 
these core regulatory axes. IHH signaling may also syner­
gize with RANKL, an osteoblast-derived paracrine factor 
that promotes osteoclast differentiation and resorptive 
activity, suggesting a potential link between suture cells 
and bone remodeling dynamics.35) The Notch signaling 
pathway also contributes to the regulatory network of 
cranial development. Notch signaling influences cellular 
differentiation and proliferation within the suture me­
senchyme by modulating target genes such as the HES 
family, MYC, and CDKN1A, and its dysregulation has been 
implicated in the pathogenesis of CS.36)

Taken together, genetic variants and niche-derived sig­
nals converge on interconnected regulatory axes that 
determine whether SuSCs remain undifferentiated, pro­
liferate, undergo lineage commitment, or progress toward 
osteogenic differentiation. FGF/FGFR, Wnt/β-catenin, and 
BMP/BMPR1A-Hh axes form the core framework, whereas 
Hippo/YAP-PI3K-AKT, Notch, and RANKL-mediated re­
modeling act as context-dependent modulators. The in­
tegrated model is shown in Fig. 3.

4. Environmental and biomechanical regulation of su­
ture stem cell microenvironment

Although genetic alterations constitute the best-esta­
blished etiological basis of CS, they do not fully explain 
its variable penetrance and phenotypic heterogeneity. In­
creasing evidence suggests that biomechanical, maternal, 
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endocrine, pharmacological, and environmental factors 
may modify susceptibility to premature suture fusion, 
although well-defined gene–environment interactions 
(G×E) remain incompletely established.37,38) Rather than 
acting as independent causes, these factors may influence 
the developing suture microenvironment and interact 
with genetically determined molecules. Cranial sutures 
represent dynamic niches in which SuSCs, osteogenic 
progenitors, extracellular matrix, signaling pathways, 
and mechanical cues collectively maintain a balance 
between suture patency and osteogenesis.14,39) This 
concept provides a potential framework through which 
genetic susceptibility and non-genetic influences may 
converge during SuSC homeostasis.

Among these factors, biomechanical regulation pro­
vides the strongest mechanistic link to SuSC behavior. 
Fetal constraints and altered mechanical loading have 
been associated with CS, while experimental studies have 
demonstrated that tensile forces directly regulate suture 
cell activity.40-45) Gli1+ SuSCs are rapidly activated by 
mechanical expansion and contribute to subsequent bone 
remodeling; this response is accompanied by increas­
ed Wnt signaling, whereas β-catenin deletion markedly 
impairs force-induced SuSC activation and osteogene­
sis.42) Mechanotransduction may also involve the Ras 
homolog family member A/Rho-associated protein ki­
nase/transcription coactivator with PDZ-binding motif 
and insulin-like growth factor 1 pathways, which regulate 

Fig. 3. Core signaling networks regulating suture mesenchymal stem cell fate in craniosynostosis. Suture homeostasis 
is governed by a complex interplay of major signaling pathways that regulate the behavior of SuSCs. The FGF/FGFR 
axis activates downstream cascades including PI3K-AKT, which collectively influences cell proliferation, survival, and 
differentiation. BMP signaling, through canonical Smad1/4/5/8, drives osteogenic differentiation by upregulating 
key transcription factors such as Runx2 and Osterix. Wnt signaling operates via both β-catenin-dependent and 
-independent mechanisms to modulate stemness, proliferation, and cytoskeletal dynamics. Additional modulatory 
inputs from Hippo/YAP, Notch, and other pathways further refine these signals. The integration of these pathways 
determines the fate of distinct SuSC populations (Gli1+, Axin2+, Prrx1+, Ctsk+), with balanced signaling maintaining 
suture patency, while imbalanced signaling promotes premature fusion. FGF, fibroblast growth factor; FGFR, 
fibroblast growth factor receptor; RAS, rat sarcoma virus oncogene; MAPK, mitogen-activated protein kinase; RAF, 
rapidly accelerated fibrosarcoma; MEK1/2, mitogen-activated protein kinase kinase 1/2; ERK1/2, extracellular signal-
regulated kinase 1/2; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mechanistic target of rapamycin; 
PLCγ, phospholipase C gamma; IP3, inositol 1,4,5-trisphosphate; DAG, diacylglycerol; PKC, protein kinase C; BMP, 
bone morphogenetic protein; SMAD, Sma- and Mad-related protein; Co-SMAD, common-mediator SMAD; R-SMAD, 
receptor-regulated SMAD; Runx2, runt-related transcription factor 2; Wnt, wingless-related integration site; LRP, low-
density lipoprotein receptor-related protein; TCF/LEF, T-cell factor/lymphoid enhancer-binding factor; Axin2+, axis 
inhibition protein 2-positive; Lef1, lymphoid enhancer-binding factor 1; RHOA, Ras homolog family member A; ROCK, 
Rho-associated coiled-coil-containing protein kinase; RAC1, Ras-related C3 botulinum toxin substrate 1; JNK, c-Jun 
N-terminal kinase; PLC, phospholipase C; CaMKII, calcium/calmodulin-dependent protein kinase II; NFAT, nuclear factor 
of activated T cells; YAP, Yes-associated protein; IHH, Indian hedgehog; RANKL, receptor activator of nuclear factor 
kappa-B ligand; SuSC, suture stem cell; Gli1+, glioma-associated oncogene homolog 1-positive; Prrx1+, postnatal paired 
related homeobox 1-positive; Ctsk+, cathepsin K-positive; BMPR1A, bone morphogenetic protein receptor type 1A.Ac
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osteogenic differentiation, cellular contractility, and mi­
gration.42-44) These findings suggest that mechanical sig­
nals can be translated into molecular responses that 
influence SuSC fate and suture remodeling. However, 
mechanical stimulation is also essential for physiologi­
cal craniofacial growth and therapeutic distraction 
osteogenesis. Therefore, its effects depend on develop­
mental stage, magnitude, duration, and cellular context.

Maternal, endocrine, pharmacological, and environ­
mental exposures may provide an additional layer of 
regulation, although the available evidence is heterogene­
ous. Epidemiological studies have investigated maternal 
thyroid disease, smoking, selective serotonin reuptake 
inhibitors, occupational exposure, heavy metals, and 
other prenatal factors related to CS.46-53) Experimental 
observations further suggest that exposure to thyroid 
hormones and Ni may influence osteogenic activity.54,55) 
Nevertheless, associations have been inconsistent across 
studies, and potential confounding factors, such as 
maternal disease, medication indication, exposure inten­
sity, and genetic background, limit causal interpretations. 
Therefore, these exposures should currently be consider­
ed potential modifiers of CS susceptibility rather than as 
established independent causes.

Importantly, emerging experimental evidence suggests 

that the genetic background may determine how the 
developing suture responds to external stimuli. Clinical 
observations involving an FGFR2 variant in the context 
of intrauterine cranial constraints, together with experi­
mental studies combining Twist1 deficiency with thyro­
xine exposure, suggest that genetic background may 
modify the response of the developing suture to external 
stimuli, although well-defined additive G×E effects have 
not been consistently demonstrated.39,40,54) Collectively, 
the current evidence supports a model in which genetic 
alterations establish susceptibility, whereas biomechani­
cal and other non-genetic factors may modify the local 
suture environment and downstream cellular responses. 
Mechanistic evidence of the biomechanical regulation 
of SuSCs is currently the strongest, whereas the direct 
effects of environmental exposures on SuSC populations 
remain largely unexplored. Therefore, future studies 
should determine whether these factors alter SuSC self-
renewal, migration, lineage commitment, or osteogenic 
differentiation in genetically susceptible backgrounds, 
thereby establishing whether the SuSC niche represents 
a convergence point between genetic and environmental 
regulation in pediatric patients with CS (Fig. 4).

Fig. 4. Potential environmental and biomechanical modulation of suture stem cell homeostasis in 
craniosynostosis: Biomechanical, maternal and endocrine, medication-related, and environmental 
factors may influence the cranial suture niche and associated signaling pathways, thereby affecting 
SuSC maintenance, migration, adhesion, and lineage commitment. Dysregulation of these processes 
may contribute to premature suture fusion. BMP, bone morphogenetic protein; FGF, fibroblast growth 
factor; FGFR, fibroblast growth factor receptor; IGF1, insulin-like growth factor 1; PAHs, polycyclic 
aromatic hydrocarbons; RhoA/ROC–TAZ, Ras homolog family member A/Rho-associated protein kinase–
transcription coactivator with PDZ-binding motif; SHH, sonic hedgehog; SSRIs, selective serotonin reuptake 
inhibitors; SuSCs, suture stem cells; TGF-β, transforming growth factor-beta
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Treatment

1. Clinical management of CS: Surgical treatment and 
adjunctive technologies

CS requires comprehensive treatment including sur­
gery, medication-assisted treatment, rehabilitation train­
ing, psychological intervention, and regular review. 
Current guidelines recommend a multidisciplinary eva­
luation and individualized surgical planning based on 
age, affected suture, deformity severity, and syndromic 
status, with additional consideration of intracranial hy­
pertension and airway or cranial volume compromise in 
complex cases.56)

Surgery is the most commonly used and effective treat­
ment option. The principal goals of surgical intervention 
are to release the fused sutures, expand intracranial 
volume, and improve cranial morphology. The optimal 
surgical approach depends on the affected sutures, age 
at diagnosis, deformity severity, and the presence of as­
sociated complications.57) Endoscopic-assisted correction 
and open cranial vault reconstruction represent the 2 
major surgical strategies for pediatric CS; each has dis­
tinct indications, advantages, and limitations. Endoscopic 
surgery is generally performed during early infancy, 
commonly at 2–4 months of age, and typically followed by 
postoperative helmet therapy to guide cranial remodeling 
during subsequent skull growth.58-61) Compared to open 
reconstruction, endoscopic approaches are associated 
with shorter operative times, reduced blood loss and trans­
fusion requirements, shorter hospital stays, and lower 
perioperative morbidity. Available evidence also suggests 
that satisfactory cranial morphological correction can be 
achieved with both approaches, although comparisons 
vary according to the involved suture, surgical technique, 
follow-up duration, and outcome measures.58,61-63) In con­
trast, open cranial vault reconstruction is commonly 
performed later in infancy and provides immediate and 
more extensive correction of cranial morphology without 
the need for prolonged postoperative helmet therapy, 
offering greater flexibility for older infants and patients 
with more complex cranial deformities.60,62-65) However, 

open procedures are generally associated with increased 
operative invasiveness, blood loss, transfusion require­
ments, and perioperative burden.

Current evidence has not established a consistent long-
term neurodevelopmental advantage of endoscopic or 
open surgery, and further longitudinal comparative 
studies are required.65,66) For patients with syndromic or 
multisuture CS, surgical management is often more com­
plex, and cranial expansion may be required to address 
intracranial hypertension and provide adequate space for 
brain growth. Therefore, the choice between endoscopic 
and open surgery should not be considered a simple 
comparison of superiority but should be individualized 
according to patient age, affected sutures, deformity se­
verity and complexity, associated intracranial or syndro­
mic features, surgeon and center expertise, and postope­
rative helmet therapy feasibility. Postoperative residual 
deformities, skull defects, resynostosis, and the potential 
need for secondary procedures should also be considered 
during long-term follow-up.57)

Advanced clinical technologies can improve surgical 
planning and precision. High-resolution 3-dimensional 
computed tomography, magnetic resonance imaging, 
virtual surgical planning, and 3-dimensional printing can 
be used to evaluate cranial morphology, compare surgical 
options, and generate patient-specific surgical templates. 
These approaches are currently used as clinical adjuncts 
rather than as independent biological treatments (Table 1).

2. Molecular and gene-based therapies
Given the limitations of traditional surgeries, emerging 

therapeutic strategies have attracted attention in recent 
years. Several molecular- and gene-based strategies have 
been investigated to elucidate the signaling mechanisms 
underlying CS.

Molecular therapies for CS aim to modulate the signal­
ing abnormalities that promote premature suture fusion. 
Aberrant FGFR signaling is a major driver of several 
syndromic forms of CS, and small-molecule FGFR in­
hibitors, including ARQ087, are candidate compounds to 
suppress excessive FGFR activity. However, their efficacy 

Table 1. Comparison of endoscopic-assisted surgery and open cranial vault reconstruction for craniosynostosis
Clinical consideration Endoscopic-assisted surgery Open cranial vault reconstruction

Typical timing Early infancy, commonly ~2–4 mo Generally later in infancy; timing individualized
Surgical burden Less invasive; generally less blood loss and shorter 

hospitalization
More invasive; generally greater blood loss and perioperative 

burden
Cranial remodeling Gradual correction relying on subsequent skull growth Immediate and more extensive cranial reshaping
Postoperative helmet therapy Usually required Generally not required
Patient selection Best suited to appropriately selected younger infants; age 

window is relatively limited
Greater flexibility for older infants and complex cranial 

deformities
Key consideration Lower perioperative burden but dependent on early diagnosis 

and helmet adherence
Greater reconstructive flexibility but at the cost of greater 

operative burden

Ac
ce

pt
ed

 A
rti

cle

https://doi.org/10.3345/cep.2026.02299


Guo F, Song G, et al. Craniosynostosis: clinical and stem cell perspectives www.e-cep.org10

and safety in CS-specific models remain insufficiently 
established, and systemic FGFR inhibition may interfere 
with normal skeletal growth and the development of 
other tissues.27,67-69) In TWIST1-related CS, epigenetic 
modulation is another potential strategy. The pharma­
cological inhibition of KDM6A and KDM6B with GSK-J4 
suppresses excessive osteogenic differentiation and helps 
maintain suture patency in Twist1-deficient mice, suggest­
ing that epigenetic intervention may partially restore the 
balance between stem/progenitor cell maintenance and 
osteogenic commitment.21,22) C-ROS-1 has also emerged 
as a potential molecular target. A recent preclinical study 
evaluated the controlled local release of crizotinib, a 
C-ROS-1 inhibitor, to suppress premature suture fusion. 
Localized delivery is particularly relevant because it 
may limit systemic exposure while maintaining thera­
peutic concentrations in the affected sutures.70) However, 
this strategy remains experimental and has not yet 
been validated in clinical studies. Gene-based therapies 
provide an upstream approach by directly reducing 
pathogenic variant activity. In an Apert syndrome mouse 

model, adeno-associated virus serotype 9-mediated RNA 
interference against mutant Fgfr2 alleles attenuated 
premature coronal suture closure and improved ab­
normal calvarial phenotypes.71) Although these findings 
provide proof of concept, gene-based therapies remain at 
the preclinical stage. Their clinical translation requires 
careful evaluation of the delivery efficiency, tissue speci­
ficity, off-target effects, and vector-associated immune 
responses as well as an optimal developmental window 
for intervention.

3. Stem cell-based and biomaterial-assisted regenera­
tive therapies

The identification of SuSCs has created a new frame­
work for regenerative therapy for CS. Conventional sur­
geries do not necessarily restore the biological niche 
required for sustained suture patency. As discussed 
above, a functional cranial suture depends on preserva­
tion of the stem/progenitor cell pool within the central 
suture mesenchyme and controlled osteogenic differen­
tiation at the adjacent bone fronts. Therefore, the aim of 

Fig. 5. Treatment for craniosynostosis. The management of craniosynostosis encom­
passes a spectrum of approaches ranging from established surgical interventions 
to emerging molecular therapies. Surgical treatment remains the cornerstone of 
treatment, with the primary goals of releasing fused sutures, expanding intracranial 
volume, and correcting cranial morphology. Adjunctive therapies, including helmet 
molding, drug therapy, and neurodevelopmental rehabilitation, complement surgical 
outcomes, are supported by advanced technologies. Emerging therapies target 
underlying pathophysiology, including SuSC-based regenerative approaches utilizing 
biomaterials to modulate stemness and osteogenesis as well as molecular/gene-based 
strategies that employ ligands or inhibitors to correct aberrant signaling pathways 
driving premature suture fusion. 3D, 3-dimensional; CT, computed tomography; ML, 
machine learning; FGFR, fibroblast growth factor receptor; SuSCs, suture stem cells.
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Table 2. Diagnostic and therapeutic advances in craniosynostosis
Categorization Key points References

Preoperative evaluation and planning
Imaging & 3D anthropo­

metry
Ultrasound as a primary radiation-free screening tool 74)
Impact of preoperative CT on surgical planning 75)
Crucial role of preoperative CT in surgical planning 76)
Limitations of cephalic index in severity assessment 77)
3D photography as a radiation-free alternative to CT 78)
Validation of 3D morphometric indices for diagnosis 79)
Intraoperative 3D scanning for reconstruction guidance 80)

Virtual surgical planning & 
3D printing

VSP and 3D-printed guides for improved precision and reduced operative time 81)
High precision translation of VSP via optical navigation 82)
Superior deformity correction and reduced blood loss via VSP and 3D guides 83)
Integration of 3D simulation and biomechanical analysis for surgical optimization 84)
Preoperative CT reverse engineering for bone thickness assessment and complication avoidance 85)

Surgical risk & comorbidity assessment
Utilizes novel temporalis muscle and fat pad morphomic analyses to aid in the preoperative risk assessment and 

clinical prognosis of nonsyndromic craniosynostosis.
86)

Functional evaluations
Ophthalmology/vision SD-OCT provides a noninvasive, quantitative alternative for evaluating intracranial pressure. 87)
Airway Baseline neurocognitive development should be evaluated before and after surgery using formal scales. 88)
Neurodevelopment Cranial vault remodeling provides no significant evidence of altering lower neurodevelopmental trajectories. 89)

Mild cognitive delays may persist postoperatively, highlighting the need for overall neurodevelopmental tracking. 90)
Nonsyndromic craniosynostosis inherently carries a risk of neurodevelopmental delay, with both treated and 

untreated patients scoring lower than normal norms.
91)

Female gender, lack of insurance, and open surgery are risk factors for elevated caregiver stress, highlighting the 
need for psychological interventions.

92)

Intraoperative surgical methods and techniques
Choice of core surgical mo­

dalities
Both endoscopic and traditional surgical techniques effectively normalize head shape, though they exhibit 

differences in the regional distribution of volumetric gains.
93) 

The type of affected suture predicts the required duration of postoperative helmeting therapy, with metopic cases 
requiring longer treatment than sagittal cases.

94)

One-piece fronto-orbital distraction improves cranial morphology and volume in metopic craniosynostosis. 95)
Specific vault remodeling & 

distraction techniques
Although midface distraction improves intracranial and airway volumes, failures to reach expected central midface 

advancement highlight the need for vector modifications.
96)

Rigid external distraction achieves significantly greater midface advancement compared to classic bone wiring or 
plate fixation, with stable long-term results across all methods.

97)

Specific intraoperative strategies, such as moderate overcorrection, significantly reduce the long-term risk of 
aesthetic defects associated with traditional fronto-orbital advancement.

98)

Posterior expansion via distraction osteogenesis is more effective at increasing intracranial volume than traditional 
fronto-orbital advancement for multisuture cases.

99)

Introduces a novel distraction osteogenesis technique to safely expand the posterior fossa in Chiari I malformation 
while minimizing cerebellar ptosis risk.

100)

Monobloc distraction effectively improves the upper midface but causes an anteroinferior rotation, leaving the 
lower midface insufficiently advanced.

Combined occipital and fronto-orbital distraction enables whole cranial vault expansion in syndromic 
craniosynostosis.

101)

Osteotomy tools & fixation 
devices

Suture fixation yields similar clinical outcomes to absorbable plates but is associated with lower blood transfusion 
needs and earlier hospital discharge.

102)

Absorbable plates placed after strip craniectomy prevent early bone reossification and promote normal bone 
formation, helping high-risk infants avoid secondary surgeries.

103) 

Piezoosteotomy is a less traumatic tool that significantly reduces postoperative red blood cell transfusion rates and 
the incidence of dural tears.

104)

Explores the intraoperative combined use of acute normovolemic hemodilution and erythropoietin to reduce 
allogeneic blood transfusion requirements.

105)

Intraoperative blood mana­
gement

Preoperative CT measurements of frontal and parietal bone thickness are associated with and can predict 
perioperative bleeding and transfusion needs.

106)

3D, 3-dimensional; CT, computed tomography; VSP, virtual surgical planning; SD-OCT, spectral-domain optical coherence tomography.
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regenerative therapy is not only to promote bone forma­
tion but to reconstruct a functional bone-suture-bone 
interface while reducing the risk of resynostosis.

In Twist1+/- mice, the implantation of SMSCs combined 
with a biodegradable material regenerated a functional 
cranial suture, corrected the skull deformity, normalized 
the intracranial pressure, and improved neurocognitive 
abnormalities.22) A complementary strategy is based on 
the use of CD51+CD200+ suture-resident skeletal stem/
progenitor cells. In Twist1+/- mice, the cotransplantation 
of CD51+CD200+ cells with Wnt3a after a suturectomy 
prevented resynostosis, linking the Wnt-responsive stem 
cell program described above with a potential regene­
rative intervention.10)

Biomaterials may further improve regeneration by 
recreating the spatial organization of the native suture 
niche. Recent studies explored scaffolds designed to pre­
serve stemness within a central suture-like region while 
supporting controlled osteogenic differentiation in ad­
jacent bone compartments. A multicompartment biode­
gradable scaffold can maintain central stemness and 
promote osteogenic differentiation in the surrounding 
regions, thereby reproducing key features of the native 
interface in a mouse model of CS.72) Li et al.17) showed that 
injury-induced CXCL12–CXCR4 signaling promotes SuSC 
proliferation and directional migration toward calvarial 
defects and induces SHH and IHH production, which 
further supports SuSC expansion and osteoblastic differ­
entiation. These findings suggest that future biomaterials 
may recruit endogenous SuSCs through the localized 
and temporally controlled delivery of niche-regulating 
factors.

Together, these studies demonstrate that stem cell-
based treatment can be directly informed by SuSC bio­
logy: cell transplantation may restore depleted or im­
balanced stem/progenitor cell populations, biomaterials 
may reconstruct the spatial organization of the niche, and 
injury-responsive signals may recruit endogenous SuSCs. 
However, all of these approaches remain preclinical. 
Their clinical translation requires careful evaluation of 
the cell source, immune compatibility, long-term safety, 
biomaterial integration, manufacturing reproducibility, 
and regulatory feasibility (Fig. 5; Table 2).

Discussion

CS is a complex congenital disorder involving interac­
tions between genetic alterations, environmental factors, 
and dysregulated signaling networks. However, CS should 
not be understood solely as a genetic disorder or consequ­
ence of excessive osteogenesis. Increasing evidence indi­

cates that premature suture fusion is associated with 
impaired self-renewal, abnormal lineage commitment, 
SuSC population depletions or imbalances, and the 
disruption of local niches. FGF/FGFR, Wnt/β-catenin, and 
BMP/BMPR1A-Hh axes interact to regulate SuSC prolifera­
tion, differentiation, and maintenance, while additional 
pathways, including Hippo/YAP-PI3K-AKT, Notch, and 
RANKL-mediated remodeling, modulate these core net­
works. However, the spatial and temporal interactions 
among these pathways and their relationships with en­
vironmental and biomechanical factors remain incom­
pletely understood.

Because these biological abnormalities cannot yet be 
fully corrected, current clinical management strategies 
remain centered on surgery. Surgical treatment can 
release fused sutures, expand the intracranial volume, 
and improve cranial morphology; however, it does not 
directly restore the stem cell niche required for sustained 
suture patency. This limitation provides a rationale for 
the development of mechanism-guided molecular and 
regenerative strategies as potential adjuncts to structural 
correction.

Molecular approaches targeting dysregulated signal­
ing pathways or pathogenic variants remain in the pre­
clinical stage, including FGFR-directed inhibition, epi­
genetic modulation by GSK-J4, local inhibition of C-ROS-1 
signaling, and RNA interference targeting of mutant 
FGFR2 alleles. However, their delivery, specificity, de­
velopmental timing, and long-term safety require further 
evaluation.67)

Stem cell-based therapies also remain preclinical but 
have particular translational potential because they 
aim to regenerate a functional suture niche rather than 
merely promoting bone formation. Yu et al.22) showed 
that MSCs combined with biodegradable materials re­
generated functional cranial sutures and improved 
cranial morphology, intracranial pressure, and neurocog­
nitive outcomes. Similarly, CD51+CD200+ suture-resident 
skeletal stem/progenitor cells combined with Wnt3a 
prevented resynostosis, whereas biomaterial-guided re­
construction of the bone-suture-bone interface and in­
jury-responsive CXCL12–CXCR4 and SHH/IHH signaling 
may facilitate endogenous SuSC recruitment during 
calvarial repair.17,72)

Despite these advances, substantial barriers remain 
before stem cell-based therapies are applied in clinical 
practice. Most evidence of SuSC-mediated regeneration 
was derived from preclinical animal models; however, 
the identity, heterogeneity, developmental dynamics, and 
regenerative capacity of human SuSC populations remain 
incompletely characterized. The optimal cell source re­
mains undetermined. Autologous cells may reduce im­
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mune incompatibility but require reliable harvesting, 
expansion, and quality control, whereas allogeneic cells 
raise concerns regarding immune rejection and long-
term engraftment. Moreover, ex vivo expansion may 
alter the cellular phenotype or regenerative capacity, 
further complicating the development of standardized 
cell products. Long-term safety must also be carefully 
evaluated, as poorly controlled differentiation or osteo­
genic signaling may cause ectopic ossification, recurrent 
synostosis, or abnormal craniofacial growth. The integra­
tion of biomaterials is a key challenge. An ideal scaffold 
should be biocompatible and biodegradable, preserve a 
relatively unmineralized central suture-like region, in­
tegrate with the adjacent bone, and exhibit reproducible 
mechanical properties and degradation kinetics. Finally, 
the feasibility of implementing these approaches within 
the early developmental window in which CS is typically 
treated remains uncertain. Because most patients are 
infants or young children, rigorous preclinical validation, 
standardized manufacturing, long-term safety assess­
ments, ethical reviews, and regulatory oversight are essen­
tial before clinical translation can occur.73)

Future studies should clarify SuSC heterogeneity and 
niche regulation through lineage tracing, single-cell se­
quencing, spatial transcriptomics, and functional vali­
dation. Regenerative strategies should prioritize localized 
and temporally controlled interventions that preserve 
the central stem/progenitor cell niche while permitting 
controlled osteogenesis at the adjacent bone fronts. Sur­
gery will remain indispensable in the foreseeable future; 
therefore, the most realistic near-term role of regenera­
tive strategies may be to complement rather than replace 
surgical treatment through molecular modulation, bio­
material-assisted niche reconstruction, or the recruit­
ment of endogenous SuSCs to promote functional suture 
regeneration and reduce resynostosis.

Conclusion

SuSCs are central to CS pathogenesis because disrup­
tion of their maintenance, population balance, lineage 
commitment, and osteogenic differentiation can contri­
bute to premature suture fusion. Current treatment 
remains centered on surgery and postoperative manage­
ment, whereas emerging molecular, gene-targeted, and 
stem cell-based strategies may provide complementary 
approaches for restoring suture patency and reducing 
resynostosis. Future research should focus on clarifying 
how injury-responsive niche signals influence repair 
using lineage tracing, single-cell sequencing, and spatial 
transcriptomics. Particular attention should also be given 

to the development of biomaterials that recreate the bone-
suture-bone interface, identification of patients most 
likely to benefit from regenerative interventions, and 
long-term evaluation of safety, durability, and regulatory 
feasibility. These advances may provide more precise and 
biologically informed treatment strategies for CS.
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