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Abstract 

Rho GTPases—including RhoA, Rac1, and Cdc42—are key molecular switches that regulate 

cytoskeletal dynamics and transduce biochemical and mechanical signals essential for skeletal and 

dental tissue development. These small GTPases orchestrate fundamental cellular processes such as 

proliferation, migration, polarity, and differentiation, thereby guiding the morphogenesis, 

homeostasis, and regeneration of bone and teeth. In bone, Rho GTPases modulate osteoblast 

proliferation and matrix mineralization, osteoclast-mediated bone resorption, and 

mechanotransductive responses to physical stimuli. They are also critical for the behavior and fate 

specification of skeletal stem cells, integrating environmental cues to balance self-renewal and lineage 

commitment. In dental tissues, Rho GTPases regulate epithelial–mesenchymal interactions, 

odontoblast and ameloblast polarization, and the formation of enamel and dentin. Additionally, they 

play vital roles in craniofacial suture development, where their spatially and temporally controlled 

activity maintains suture patency and regulates ossification. Dysregulation of Rho GTPase signaling 

is implicated in a variety of pathological conditions, including osteoporosis, craniosynostosis, and 

dentinogenesis and amelogenesis imperfecta. Despite their therapeutic potential, targeting Rho 

GTPases remains challenging due to their pleiotropic functions and broad tissue distribution. This 

review highlights the mechanistic roles, regulatory networks, and developmental relevance of RhoA, 

Rac1, and Cdc42 in skeletal and dental biology, and discusses emerging strategies for modulating 

their activity in regenerative and disease contexts. 
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1. Introduction 

The formation of bones and teeth is governed by a highly coordinated series of events that 

involve intricate genetic programming, signaling cascades, and mechanical stimuli. These 

developmental processes depend on dynamic interactions between mesenchymal progenitors, 

epithelial cells, and the extracellular matrix (ECM), ensuring the proper morphogenesis and 

mineralization of skeletal and dental tissues. In the skeletal system, mesenchymal stem cells 

differentiate into osteoblasts responsible for bone matrix production, while osteoclasts maintain bone 

homeostasis through resorption [1,2]. Tooth development is driven by reciprocal epithelial–

mesenchymal interactions that direct the formation of ameloblasts and odontoblasts, the key cell 

types responsible for enamel and dentin production, respectively [3,4]. 

A central regulatory node in these processes is the family of Rho GTPases—particularly RhoA, 

Rac1, and Cdc42—which act as intracellular molecular switches linking extracellular signals to 

cytoskeletal reorganization, vesicle trafficking, and gene expression [5]. These small GTPases are 

tightly regulated by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins 

(GAPs), allowing for precise control over cell behavior [6]. Through their downstream effectors, Rho 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1426.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1426.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 38 

 

GTPases orchestrate actin dynamics, cell polarity, migration, and differentiation—functions essential 

for shaping the architecture of developing bones and teeth [7]. 

Emerging evidence underscores the vital roles of Rho GTPases in the activity of osteoblasts, 

osteoclasts, odontoblasts, and ameloblasts. Each member of this family plays distinct but overlapping 

roles: RhoA modulates mechanical signaling and contractility [8]; Rac1 facilitates membrane 

protrusion and directed movement [9]; and Cdc42 governs cellular polarity and organization [10]. 

Their influence extends to interactions with major signaling pathways such as Wnt/β-catenin, TGF-

β/BMP, and YAP/TAZ, highlighting their integrative role in mediating both biochemical and 

biomechanical cues [11–14]. Dysregulation of Rho GTPase signaling contributes to various 

pathological conditions, including osteoporosis, osteoarthritis, and inherited defects of enamel and 

dentin [15–18]. 

This review synthesizes current insights into the molecular functions of RhoA, Rac1, and Cdc42 

during bone and tooth development. It explores their upstream regulators, downstream signaling 

mechanisms, and mechanotransductive roles, emphasizing how their coordinated activity is crucial 

for normal tissue formation and homeostasis. We also examine the therapeutic potential of 

modulating Rho GTPase signaling for regenerative applications and the treatment of craniofacial and 

skeletal disorders. 

2. Overview of Rho GTPases and Their Signaling Networks 

Small GTPases are molecular switches that play fundamental roles in regulating a wide array of 

cellular processes including proliferation, migration, cytoskeletal dynamics, and polarity [19]. These 

proteins belong to the Ras superfamily, which is divided into five major subfamilies: Ras, Rho, Rab, 

Arf, and Ran [19]. Each subfamily controls distinct cellular functions, with the Rho family being 

particularly critical for cytoskeletal organization, cell adhesion, and morphogenetic behavior. Among 

the more than 20 known Rho family members, RhoA, Rac1, and Cdc42 are the best characterized and 

serve as central regulators of cell structure and behavior in developmental systems such as bone and 

teeth. 

Like other members of the small GTPase family, Rho GTPases function by cycling between an 

inactive GDP-bound state and an active GTP-bound state. This transition is tightly controlled by 

upstream regulatory proteins: guanine nucleotide exchange factors (GEFs) catalyze the exchange of 

GDP for GTP to activate the GTPase; GTPase-activating proteins (GAPs) enhance the intrinsic GTPase 

activity to inactivate them; and guanine nucleotide dissociation inhibitors (GDIs) maintain the 

GTPases in an inactive state by preventing GDP dissociation and membrane localization [20]. Upon 

activation, Rho GTPases bind to specific downstream effectors that mediate various signaling events, 

resulting in context-dependent and cell type-specific biological outcomes. The diversity of regulatory 

proteins and effectors contributes to the complexity of Rho GTPase signaling networks, which are 

still being unraveled in vivo. 

RhoA promotes actomyosin contractility and facilitates the formation of stress fibers and focal 

adhesions [21]. It acts primarily through downstream effectors such as Rho-associated kinase (ROCK) 

and mDia1, which modulate cytoskeletal tension, cell rounding, adhesion, and gene expression [22]. 

ROCK-mediated phosphorylation of myosin light chain (MLC) enhances actomyosin activity and is 

essential for generating contractile force during cell movement and tissue remodeling [23]. 

Additionally, RhoA influences transcription via the activation of serum response factor (SRF), linking 

cytoskeletal dynamics to gene regulatory programs [24]. 

Rac1 controls the formation of lamellipodia—broad, sheet-like membrane protrusions rich in 

branched actin networks—by activating the WAVE complex and subsequently the Arp2/3 complex, 

which nucleate actin branching [25]. Rac1 is essential for membrane ruffling, cell spreading, and 

directional migration [26]. Beyond its structural functions, Rac1 regulates intracellular signaling 

pathways including NF-κB and JNK, influences epithelial integrity by modulating cell-cell junctions, 

and contributes to the generation of reactive oxygen species (ROS), especially in immune and 
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neuronal cells [27–29]. In skeletal and dental systems, Rac1’s control over actin reorganization and 

gene transcription is crucial for proper differentiation and morphogenesis. 

Cdc42 plays a pivotal role in establishing cell polarity and guiding directional movement. It 

induces the formation of filopodia—slender, actin-rich protrusions that serve sensory and 

exploratory functions—by activating WASP family proteins, which also stimulate Arp2/3-dependent 

actin polymerization [30]. Cdc42 also interacts with the Par6–aPKC complex to orient the Golgi 

apparatus and the microtubule-organizing center, enabling spatially directed trafficking and 

asymmetric cell division [31]. In addition, Cdc42 is involved in regulating vesicular trafficking, 

mitotic spindle orientation, and cell cycle progression, all of which contribute to tissue pa�erning and 

organ development [31–33]. 

Although RhoA, Rac1, and Cdc42 each have distinct primary functions, they frequently operate 

in a coordinated and sequential manner. For example, during directional cell migration, Cdc42 is 

typically activated at the leading edge to establish front–rear polarity [34], Rac1 drives forward 

protrusion via lamellipodia [35], and RhoA provides contractile force at the cell rear to stabilize 

adhesion and maintain directional movement [36]. This spatial and temporal coordination enables 

cells to interpret and respond to extracellular cues with remarkable precision.  

3. Rho GTPases in Bone Biology  

3.1. Rho GTPases in Osteogenesis 

RhoA, Rac1, and Cdc42 serve as key molecular integrators that regulate cytoskeletal architecture, 

cellular polarity, mechanotransduction, and gene expression during osteogenesis. Acting as 

mechanosensitive signaling hubs, they coordinate ECM cues and intracellular pathways to govern 

the fate and function of skeletal stem cells (SSCs) and osteoblasts [37–39]. 

RhoA functions as a finely tuned rheostat that interprets ECM stiffness and geometry through 

the integrin–FAK axis, activating downstream effectors such as ROCK and mDia [40,41]. This cascade 

enhances actomyosin contractility, focal adhesion assembly, and nuclear translocation of YAP/TAZ 

and MRTF-A—transcriptional coactivators that drive the expression of osteogenic genes like Runx2 

and Sp7 [42,43]. While RhoA promotes osteogenesis under physiological conditions, its 

hyperactivation—especially in aging or pathological contexts—can suppress Wnt/β-catenin signaling 

and inhibit differentiation [44,45], highlighting the need for balanced activity. 

Rac1 plays a pivotal role in skeletal morphogenesis, osteoblast function, and SSC behavior. It 

regulates lamellipodia formation, cell migration, and focal adhesion turnover, and enhances 

osteoblast responsiveness to mechanical and biochemical cues via the PAK–MAPK and Wnt/β-

catenin pathways [46,47]. In SSCs, Rac1 controls migration, polarity, and lineage commitment, 

promoting osteogenesis while suppressing alternative fates [38,48]. It also mediates responses to 

growth factors and ECM composition, making it a critical modulator of bone homeostasis and 

regeneration [38,47]. 

Cdc42 similarly coordinates cytoskeletal remodeling, Golgi polarization, and directed vesicular 

trafficking during osteoblast differentiation [32,33]. It activates PAK–LIMK1 and ERK/Smad 

pathways to regulate Runx2 expression and osteogenic function [49,50]. In SSCs, Cdc42 governs 

quiescence, fate decisions, and mechanotransduction, and its dysregulation contributes to skeletal 

aging and joint degeneration [51,52]. Its upstream activators, such as the GEF FGD1, further 

underscore its clinical relevance, as mutations in FGD1 lead to skeletal anomalies seen in Aarskog 

syndrome [53,54]. 

Together, these Rho GTPases act as dynamic orchestrators of bone development and remodeling, 

translating physical and chemical signals into precise cellular outcomes. Their complex, context-

dependent roles offer promising yet nuanced targets for therapeutic strategies aimed at enhancing 

bone regeneration and treating skeletal disorders. 
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3.1.1. RhoA in Osteogenesis 

RhoA plays a central and multifaceted role in the regulation of osteogenesis and SSC fate. Far 

from acting as a simple molecular switch, RhoA functions as a finely tuned rheostat that integrates 

extracellular mechanical signals with intracellular biochemical networks to guide bone formation 

across multiple stages—from stem cell lineage commitment to osteoblast maturation and matrix 

mineralization [7,55–57]. Through downstream effectors such as ROCK and mDia, RhoA governs 

actomyosin contractility, cytoskeletal architecture, and focal adhesion dynamics [55,58], while also 

facilitating the nuclear translocation of mechanosensitive transcriptional regulators such as YAP/TAZ 

and MRTF-A [59–61]. These transcriptional coactivators, once in the nucleus, drive the expression of 

key osteogenic genes including Runx2, Sp7 (Osterix), BGLAP (osteocalcin), and SPP1 (osteopontin), 

thereby directing SSCs toward the osteoblast lineage and supporting the functional maturation of 

osteoblasts [61–63]. 

One of the most upstream and influential regulators of RhoA in SSCs and osteoblasts is the 

extracellular matrix (ECM). ECM components such as fibronectin, collagen, and vitronectin engage 

integrins—transmembrane adhesion receptors that physically connect the matrix to the cytoskeleton 

through focal adhesions [64]. Upon ligand binding and clustering, integrins activate focal adhesion 

kinase (FAK), which recruits Src family kinases and guanine nucleotide exchange factors (GEFs) that 

convert inactive GDP-bound RhoA to its active GTP-bound form [55,64]. This ECM–integrin–FAK–

RhoA axis serves as a critical signaling cascade that allows cells to translate extracellular stiffness and 

topographical cues into intracellular tension and gene expression. On stiff substrates or mechanically 

active environments, enhanced RhoA activation leads to actin stress fiber formation, increased focal 

adhesion assembly, and MRTF-A and YAP/TAZ translocation into the nucleus, collectively driving 

osteogenic differentiation [40,41,61]. 

In SSCs, RhoA acts not only as a permissive factor but also as an instructive signal that 

determines lineage fate based on mechanical and geometrical input. When SSCs adhere to stiff 

matrices or occupy elongated morphologies, RhoA becomes activated, increasing cytoskeletal tension 

and promoting the osteogenic transcriptional program[57,65,66]. In contrast, cells on soft matrices or 

with reduced spreading exhibit low RhoA activity and default toward adipogenic differentiation via 

upregulation of PPARγ and downregulation of osteogenic factors [65,66]. RhoA-ROCK-mediated 

phosphorylation of myosin light chain (MLC) further stabilizes the cytoskeleton and promotes 

chromatin remodeling, facilitating access to osteogenic enhancers [58,59]. Importantly, RhoA also 

interfaces with BMP2 signaling by reinforcing Smad1/5 activity and coordinating cytoskeletal tension 

with morphogen-induced transcription [67]. 

Beyond matrix stiffness, ECM geometry also modulates RhoA activation. In structured 

microenvironments such as curved surfaces, micropa�erns, or 3D printed scaffolds, localized RhoA 

signaling enhances osteoblast alignment, matrix organization, and directional migration. Such spatial 

control of RhoA allows cells to interpret architectural features and translate them into pa�erned bone 

matrix deposition during regeneration [68,69]. 

Despite these largely anabolic effects, RhoA’s role is not unidirectionally promotive. When RhoA 

activity is excessively high or chronically sustained—particularly in the absence of proper mechanical 

cues—it can become inhibitory. In conditions such as exposure to Pasteurella multocida toxin (PMT), 

osteoblast differentiation and mineralization are significantly suppressed through RhoA 

hyperactivation [70]. Interestingly, this inhibition can be reversed by C3 transferase (a RhoA inhibitor) 

or by pharmacologic ROCK blockade, and in some instances, ROCK inhibitors alone can enhance 

osteogenic differentiation, suggesting that there exists an optimal RhoA activation range beyond 

which osteogenesis is impaired [70]. 

In aging tissues, this regulatory balance becomes especially critical. Sustained RhoA activity in 

aged SSCs or stromal cells contributes to impaired osteogenesis through suppression of Wnt/β-

catenin signaling. Mechanistically, elevated cytoskeletal tension enhances GSK-3β activity, leading 

to β-catenin degradation and limiting nuclear transcriptional activity essential for osteoprogenitor 

maintenance [44]. Similarly, in IFT80-deficient osteoprogenitors, RhoA hyperactivation through 
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noncanonical Hedgehog signaling impairs differentiation via the cofilin/MLC2 pathway; partial 

inhibition of RhoA or ROCK restores osteogenic potential [45]. 

These inhibitory effects are not limited to pathological or aging contexts. Several physiological 

signaling pathways that enhance bone formation do so, at least in part, by actively downregulating 

RhoA. For example, EphB4-mediated forward signaling suppresses RhoA activity in osteoblasts, 

resulting in enhanced bone formation [63]. Likewise, Semaphorin 4D antagonism, Phactr1 

downregulation, and treatment with anna�o-derived tocotrienol each promote osteogenesis by 

a�enuating RhoA or ROCK signaling, thereby enhancing BMP2 responsiveness and osteogenic gene 

expression [71–73]. 

These observations collectively position RhoA as a tightly regulated mechanosensitive 

integrator, rather than a simple on/off switch for osteogenesis. It is the amplitude, duration, spatial 

localization, and context of RhoA signaling that determine its biological outcome—whether 

promoting differentiation and regeneration or inducing repression and dysfunction [55–58]. This 

duality has important therapeutic implications: strategies aimed at modulating RhoA activity for 

bone regeneration must avoid indiscriminate activation or inhibition. Instead, targeted, context-

aware modulation—through biomaterials that mimic physiological stiffness, small molecules that 

fine-tune cytoskeletal tension, or delivery systems responsive to mechanical environments—offers 

the most promise for harnessing RhoA to enhance skeletal repair, reverse age-related decline, and 

optimize stem cell-based therapies [40,61,74]. 

3.1.2. Rac1 in Osteogenesis 

Rac1 is a pivotal regulator of skeletal development, osteoblast function, and SSC fate. Acting as 

a molecular switch, Rac1 orchestrates cytoskeletal dynamics, cell polarity, integrin-mediated 

adhesion, and mechanotransductive signaling. These functions are indispensable for early skeletal 

morphogenesis, bone matrix formation, and the precise coordination of SSC behavior in both 

homeostatic and regenerative contexts. 

In embryonic development, Rac1 is essential for proper limb and craniofacial morphogenesis. 

Conditional knockout models reveal that deletion of Rac1 in mesenchymal or cartilage tissues results 

in growth plate disorganization, digit malformations, syndactyly, and severely shortened skeletal 

elements, underscoring its role in chondrogenesis, programmed cell death, and skeletal pa�erning. 

Rac1 influences ERK and caspase-3 signaling to control interdigital apoptosis and governs 

mesenchymal cell proliferation, polarity, and matrix organization necessary for endochondral 

ossification [75–79]. 

In osteoblasts, Rac1 promotes the formation of lamellipodia and filopodia, facilitating cell 

spreading, migration, and mechanosensing. These cytoskeletal features enable osteoblasts to 

interpret extracellular cues, respond to substrate stiffness, and engage in effective bone matrix 

deposition. Integrin-mediated Rac1 activation, particularly through fibronectin or CTGF interactions, 

supports focal adhesion assembly and activates downstream pathways including PAK and 

MAPK/ERK, which drive the expression of osteogenic genes such as Runx2, alkaline phosphatase 

(ALP), and osteocalcin [80–83]. Rac1 also enhances ERK-dependent phosphorylation of Runx2, 

reinforcing transcriptional programs central to osteogenesis [84,85]. 

Rac1’s integration with Wnt/β-catenin signaling further amplifies its influence on osteogenesis. 

It stabilizes β-catenin, facilitates its nuclear translocation, and enhances its transcriptional activity in 

conjunction with TCF/LEF complexes. This crosstalk is crucial for osteoblast commitment and bone 

formation [86–88]. Notably, Rac1 augments canonical Wnt signaling not only by regulating β-catenin 

but also by influencing the actin cytoskeleton and nuclear complex assembly [88,89]. 

Beyond its role in differentiated osteoblasts, Rac1 is a central modulator of SSC biology. It 

regulates actin polymerization necessary for lamellipodia formation, enabling SSC migration through 

the bone marrow niche and toward regenerative sites. In vitro and in vivo, Rac1 activation via 

TAFA2-p38 signaling increases SSC motility, while Rac1-induced surface stiffness enhances 3D 

matrix penetration—both critical for tissue regeneration and injury repair [90,91]. Moreover, Rac1 is 
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a key determinant of cell polarity and asymmetric division, essential for SSC self-renewal and 

spatially controlled lineage differentiation [92–94]. 

Rac1 supports SSC proliferation and survival by activating mitogenic and cytoskeletal programs 

through effectors like PAK and through growth factor pathways such as PDGF, IGF-1, and FGF2. 

These inputs converge on Rac1 to drive SSC expansion and metabolic resilience, especially under 

regenerative or aging-related stress [95–100]. Loss or inhibition of Rac1 in SSCs diminishes these 

signaling outputs, impairing proliferative potential and compromising regenerative outcomes 

[80,81,100].  

Crucially, Rac1 controls SSC osteogenic commitment by enhancing BMP2 responsiveness and 

facilitating Runx2 and β-catenin activation. This regulation steers SSCs toward the osteoblast lineage 

while suppressing adipogenic and chondrogenic programs. Rac1-deficient SSCs show reduced 

osteogenic gene expression and increased alternative lineage differentiation, emphasizing its role as 

a molecular gatekeeper of osteoblast fate [86,88,101,102]. 

Interactions with the extracellular matrix further modulate Rac1 activity in SSCs. Rac1 links 

integrin engagement to actin remodeling, focal adhesion turnover, and mechanotransduction. ECM 

stiffness, geometry, and composition activate Rac1, allowing SSCs to sense and adapt to their physical 

environment. This enables SSCs to align with mechanical cues during development, load-induced 

bone remodeling, or tissue engineering [87,103–105]. Through integrin β1 and downstream PAK 

signaling, Rac1 also interfaces with YAP/TAZ activity, translating biomechanical signals into 

osteogenic transcription [38,106]. 

Rac1 activity must be precisely regulated. Hyperactivation, as observed with ARHGAP25 

mutations, leads to early-onset skeletal fragility, while its aberrant signaling contributes to pathologic 

ossification in diseases such as ankylosing spondylitis via the CXCL12/CXCR4-Rac1 axis [48,102]. 

Conversely, moderate Rac1 inhibition has been shown to enhance BMP2-induced osteoblast 

differentiation and prevent pathological calcification, indicating a context-dependent duality in 

Rac1’s function [101,107]. In osteoporosis models, Rac1 is a downstream mediator of spermine’s 

protective effects on bone mass, suggesting therapeutic avenues via modulation of the Rac1–p53 axis 

[47]. 

Altogether, Rac1 serves as a master integrator of cytoskeletal remodeling, niche signaling, and 

transcriptional control in both SSCs and osteoblasts. Its dynamic regulation of migration, 

proliferation, mechanosensation, and lineage commitment underscores its indispensable role in 

skeletal development, bone homeostasis, and regenerative capacity. Strategically targeting Rac1 or 

its network may unlock new therapies for enhancing bone repair and treating disorders of skeletal 

fragility. 

3.1.3. Cdc42 in Osteogenesis 

Cdc42 functions as a pivotal regulator of cytoskeletal dynamics, cell polarity, and intracellular 

signaling, exerting essential roles in both osteogenesis and SSC biology. Its regulatory influence spans 

key developmental and homeostatic processes, including mesenchymal condensation, lineage 

commitment, osteoblast differentiation, and SSC maintenance under both physiological and stress-

induced conditions [39,51,108,109]. 

During osteogenesis, Cdc42 orchestrates cytoskeletal remodeling by activating WASP-family 

proteins and promoting Arp2/3-dependent actin polymerization, thereby facilitating the formation 

of filopodia and other protrusive structures necessary for osteoblast migration and extracellular 

matrix (ECM) organization [32,34,110,111]. Concurrently, it regulates microtubule-dependent Golgi 

positioning and vesicular trafficking, enabling the polarized secretion of osteogenic factors [33,110]. 

Disruption of these processes impairs osteoblast alignment and matrix deposition, culminating in 

defective bone architecture and mineralization [39]. 

Cdc42 exerts its downstream effects via multiple signaling axes, including the PAK1–LIMK1 

cascade [50,112], MAPKs (JNK and p38) [49,50], and the ERK/Smad pathway [49,52]. These converge 

on transcriptional effectors such as Runx2, a master regulator of osteoblastogenesis, thereby coupling 
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cytoskeletal dynamics to osteogenic gene expression programs [49,113]. Upstream, the Cdc42-specific 

GEF FGD1 plays a critical role in this context; mutations in FGD1 result in Aarskog syndrome, a 

developmental disorder characterized by skeletal anomalies, underscoring the clinical relevance of 

Cdc42-dependent signaling [53,54]. 

Cdc42 also integrates mechanical signals into osteogenic responses. In osteoblasts, fluid shear 

stress activates β-catenin signaling via Cdc42 and Rac1, promoting mechanoadaptive bone 

remodeling [114]. In SSCs, morphogenic cues such as BMP-2 and Activin B trigger Cdc42–PAK1–

LIMK1 signaling and mDia1-mediated cytoskeletal rearrangements to enhance migratory behavior 

and osteogenic differentiation [110,112], highlighting its role in biomechanical and biochemical signal 

transduction. 

Within the SSC compartment, Cdc42 is indispensable for preserving cytoskeletal polarity, 

metabolic fitness, and stem cell quiescence. Under stress conditions such as hematopoietic stem cell 

transplantation, aberrant elevation of Cdc42 activity disrupts actin organization and impairs 

mitophagy, leading to compromised niche function. Targeted pharmacological inhibition of Cdc42 

reverses these defects, restoring SSC homeostasis and enhancing trabecular bone regeneration 

[51,109]. Moreover, lineage-tracing studies demonstrate that Cdc42 modulates fate determination: its 

deletion in osteoprogenitors biases differentiation toward the myeloid lineage, while its 

hyperactivation exacerbates osteoclastogenesis and bone loss [39,115]. These dual roles are further 

supported by evidence that Cdc42 mediates BMP-2-induced SSC migration and osteogenic 

commitment in vitro and in vivo [112]. 

Cdc42 also plays indispensable roles in skeletal development. Conditional ablation of Cdc42 in 

embryonic models results in defective mesenchymal condensation, syndactyly, disrupted 

chondrogenesis, and craniofacial abnormalities, reflecting its essential role in organizing chondrocyte 

polarity and actin dynamics [77,116]. Moreover, Cdc42 operates upstream of the CEP1–septin–actin 

axis, coordinating neural crest cell migration and morphogenetic pa�erning during early skeletal 

formation [117,118]. 

Pathologically, Cdc42 dysregulation contributes to aging-associated skeletal disorders and 

degenerative joint disease. In osteoarthritis (OA) models, increased Cdc42 activity in subchondral 

bone activates the JAK/STAT3 pathway, exacerbating cartilage matrix degradation and disrupting 

osteoblast–osteoclast coupling through Erk/Smad signaling [52,119]. Inhibition of Cdc42 in this 

context mitigates chondrocyte hypertrophy and restores subchondral bone homeostasis, identifying 

it as a promising therapeutic target for OA [52,119]. 

In sum, Cdc42 operates as a context-sensitive signaling hub that integrates biochemical, 

mechanical, and spatial cues to regulate SSC fate, osteogenic differentiation, and skeletal tissue 

integrity. Its multifaceted roles in bone development, remodeling, and regeneration position Cdc42 

as a strategic target for therapeutic intervention in osteoporosis, skeletal aging, and osteoarticular 

disease [39,51,108,109]. 

3.2. Rho GTPases in Osteoclastogenesis and Bone Resorption 

RhoA, Rac1, and Cdc42 are central regulators of osteoclastogenesis and bone resorption, 

functioning as molecular switches that coordinate cytoskeletal organization, vesicle trafficking, and 

signaling integration. Their tightly controlled activity governs each stage of osteoclast 

development—from precursor fusion and migration to polarization and matrix degradation—

ensuring proper skeletal remodeling [120,121]. 

Rac1 and Cdc42 are predominantly active during early osteoclastogenesis. They promote actin 

polymerization and the organization of podosomes and lamellipodia, structures essential for 

osteoclast motility, fusion, and adhesion [122,123]. Rac1 enhances RANKL-induced signaling by 

promoting receptor clustering and activating NF-κB, MAPK, and JNK pathways, leading to 

upregulation of transcription factors such as NFATc1 and c-Fos [124,125]. Cdc42 supports similar 

roles by regulating MITF and NFATc1 expression and contributing to cytoskeletal polarization via 

the Par3/Par6/aPKC complex [115,126]. 
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In mature osteoclasts, RhoA becomes dominant. It maintains the sealing zone and ruffled border 

by activating ROCK, which promotes actomyosin contractility and podosome pa�erning [127,128]. 

RhoA also transduces matrix-derived signals via FAK/Src and modulates osteoclast response to 

mechanical cues through ROCK–YAP pathways [129]. Its spatial and temporal control by GEF-H1 

and the mDia2–HDAC6 axis is critical for cytoskeletal stability [130,131]. 

Dysregulation of these GTPases impairs osteoclast function and causes skeletal disease. Loss of 

Rac1 or Cdc42 leads to osteopetrosis [115,132], while their hyperactivation accelerates bone loss in 

inflammatory se�ings [126,133]. 

Together, RhoA, Rac1, and Cdc42 form an interdependent regulatory triad essential for 

osteoclast-mediated resorption and bone homeostasis. 

3.2.1. RhoA in Osteoclastogenesis and Bone Resorption 

RhoA plays a central and multifaceted role in osteoclastogenesis and bone resorption by 

coordinating cytoskeletal organization, transcriptional control, mechanotransduction, and 

inflammatory signaling. Its function spans the entire osteoclast lifecycle—from early precursor 

commitment to the execution of bone-degrading activity—making it a critical molecular hub in both 

physiological bone remodeling and pathological bone loss [121,134]. 

In mature osteoclasts, RhoA is indispensable for the formation and stability of the actin-rich 

sealing zone and the ruffled border, which together define the resorptive microenvironment. 

Through activation of its downstream effector ROCK, RhoA phosphorylates myosin light chain 

(MLC), enhancing actomyosin contractility and generating the mechanical tension necessary for 

cytoskeletal stability and spatial compartmentalization [127,135]. This contractile force organizes 

podosomes—actin-rich adhesion structures that serve as sealing zone precursors—into dense rings 

that anchor osteoclasts to the bone surface [128,136].  

Effective osteoclast polarization and cytoskeletal organization require precise spatial and 

temporal regulation of RhoA activity. Constitutive activation of RhoA fails to induce functional 

sealing zones and instead disrupts podosome organization, highlighting the detrimental effects of 

uncontrolled signaling [128,131,137]. Conversely, inhibition of RhoA with C3 exoenzyme eliminates 

sealing zones and causes podosomes to reorganize into peripheral belts, further underscoring RhoA’s 

essential role in SZ assembly [127,137,138]. Spatial control of RhoA is mediated in part by 

microtubule-associated GEFs such as GEF-H1, which restrict RhoA activation to the bone interface 

where SZs form [130]. Temporally, RhoA signaling is modulated through effector pathways like the 

mDia2–HDAC6 axis, which links RhoA to microtubule acetylation and stabilizes the sealing zone 

architecture [131]. 

Beyond structural regulation, RhoA integrates critical signaling pathways governing osteoclast 

differentiation. Following RANKL-RANK interaction, RhoA facilitates receptor clustering and 

cytoskeletal rearrangement, enhancing activation of NF-κB and NFATc1. ROCK-mediated 

phosphorylation of IKKβ promotes IκBα degradation and nuclear translocation of NF-κB subunits, 

which in turn upregulate osteoclastogenic genes including NFATc1, TRAP, and cathepsin K [129,139–

142]. Disruption of RhoA or ROCK function blunts this transcriptional response and impairs 

osteoclast differentiation and function [143,144]. 

RhoA also enables osteoclasts to respond dynamically to mechanical and matrix-derived signals. 

Engagement of αvβ3 integrins with bone matrix proteins activates FAK and Src, which then stimulate 

RhoA to initiate focal adhesion assembly and actin reorganization [145–147]. While RhoA activation 

generally promotes SZ formation, excessive substrate stiffness suppresses integrin β3–RhoA–ROCK–

YAP signaling and paradoxically enhances osteoclastogenesis, revealing the context-dependent 

nature of RhoA mechanotransduction [129]. RhoA is also activated by extracellular cues such as 

GPR55 signaling through Gα13 in response to cannabinoid agonists, further promoting osteoclast 

polarization and resorption [148,149]. 

In non-canonical Wnt signaling, Wnt5a engages Ror2 to activate a RhoA-centered axis involving 

Daam2, Pkn3, and c-Src, driving actin ring formation and vesicular trafficking to enhance bone matrix 
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degradation independently of β-catenin [150–152]. Conversely, regulatory pathways such as ERK5-

mediated induction of RhoGAP7 serve to limit RhoA activation and shift the balance toward 

podosome assembly [128,153], highlighting the need for precise temporal downregulation in specific 

contexts. RhoA’s influence on phosphoinositide metabolism—via PI(4,5)P₂ generation and WASp 

activation—further supports SZ formation [136]. 

Aberrant RhoA signaling contributes to diverse skeletal pathologies. In rheumatoid arthritis, 

RhoA amplifies NF-κB-driven inflammatory signaling and promotes joint erosion [29,42,154,155]. In 

osteoarthritis, RhoA activation through the Wnt/PCP pathway drives subchondral bone damage and 

cartilage degeneration [16,154,156,157]. Conversely, impaired RhoA activity due to disrupted 

microtubule interactions or GEF loss impairs SZ formation and osteoclast polarity, producing 

osteopetrosis-like features [127,130,158,159]. 

Given its central role in coordinating osteoclast function and its context-dependent duality, 

RhoA has emerged as a highly promising therapeutic target. Inhibitors of ROCK, such as Y-27632 

and fasudil, reduce osteoclast formation and bone erosion in arthritis models [16,143]. Post-

transcriptional approaches, including miR-31 and siRNA, downregulate RhoA expression to 

a�enuate bone resorption [160,161]. Precision strategies like macrophage-targeted SMART-Cas9 

enable selective gene editing of RhoA in inflamed joints, reducing osteoclastogenesis without 

disrupting physiological remodeling [155]. Furthermore, modulation of upstream cues—such as 

hyaluronic acid–CD44 engagement or Semaphorin 3A signaling—offers dual osteoclast-inhibitory 

and osteoblast-stimulatory effects [71,162,163]. 

Altogether, RhoA functions as a context-sensitive signaling rheostat that integrates matrix 

adhesion, mechanical cues, and cytoskeletal pa�erning to guide osteoclast differentiation, 

polarization, and resorption. Its tightly regulated spatial and temporal activity is essential for sealing 

zone formation and functional bone degradation. Translational approaches that preserve this 

regulatory precision while selectively targeting pathological overactivation represent a compelling 

frontier for treating bone loss disorders. 

3.2.2. Rac1 in Osteoclastogenesis and Bone Resorption 

Rac1 is a pivotal regulator of osteoclast biology, coordinating cytoskeletal dynamics, signal 

transduction, and gene expression to drive osteoclast differentiation, activation, and bone resorption. 

Its function is particularly critical in organizing the actin cytoskeleton, which underlies the complex 

structural transformations that osteoclasts undergo during bone matrix degradation. By regulating 

podosome formation, lamellipodia extension, and ruffled border development, Rac1 enables 

osteoclasts to migrate, adhere to bone surfaces, form sealing zones, and establish the acidic, 

proteolytic microenvironment necessary for bone resorption [122,132,134,164]. 

During osteoclastogenesis, Rac1 integrates signals downstream of RANKL and M-CSF to 

modulate actin remodeling, which facilitates RANK receptor clustering and enhances downstream 

pathways including NF-κB, MAPK, and JNK [120,125,134,165]. Rac1 promotes NF-κB signaling by 

activating IKK and accelerating IκBα degradation, enabling the nuclear translocation of NF-κB 

subunits and transcription of osteoclastogenic genes such as NFATc1, c-Fos, cathepsin K, and TRAP 

[141,142,166–169]. Genetic deletion or pharmacological inhibition of Rac1 impairs this transcriptional 

program and disrupts osteoclast maturation [123,132,169]. 

Rac1’s role extends beyond differentiation into active bone resorption. It orchestrates the 

formation and maintenance of the ruffled border—the specialized membrane domain through which 

osteoclasts secrete protons and proteolytic enzymes to degrade mineralized matrix. Rac1 achieves 

this by coordinating actin polymerization with vesicle trafficking through effectors such as Wisko�-

Aldrich syndrome protein (WASP), p21-activated kinase (PAK), and direct interactions with Rab7 

[122,164,170,171]. Inactivation of Rac1 results in severe defects in sealing zone integrity and ruffled 

border assembly, leading to osteoclast dysfunction and osteopetrotic bone phenotypes, as observed 

in Rac-deficient models [121,132,172]. 
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Rac1 also regulates osteoclast motility and survival. Through its involvement in M-CSF receptor 

signaling, Rac1 activates PI3K/Akt pathways, enhancing cell survival and motility [173,174]. 

Additionally, guanine nucleotide exchange factors (GEFs) such as Dock5 and FARP2 are essential for 

Rac1 activation and localization to podosome cores, influencing cytoskeletal pa�erning and 

resorptive capacity [123,175–177]. 

Pathologically, Rac1 exacerbates inflammatory bone loss in conditions like rheumatoid arthritis 

and periodontitis. Inflammatory cytokines elevate Rac1 activity, enhancing osteoclastogenesis and 

bone resorption via RANKL amplification and cytoskeletal remodeling [133,178]. Moreover, Rac1 

mediates reactive oxygen species (ROS) production, further amplifying pro-resorptive signaling in 

inflamed bone microenvironments [124,125,179]. This makes Rac1 a critical effector not only in 

physiological remodeling but also in pathological bone destruction [122,123]. 

Given its central role, Rac1 has emerged as a promising therapeutic target. Selective Rac1 

inhibition—via genetic deletion, pharmacological blockers, or modulation of upstream regulators 

such as SRGAP2 and Drg2—has been shown to restrain osteoclast activation, reduce inflammatory 

bone loss, and improve bone strength in models of osteoporosis and arthritis [133,169,180,181]. 

Importantly, Rac1 inhibition can suppress osteoclast-driven bone resorption while preserving 

osteoblast function, offering a disease-modifying strategy with skeletal selectivity [121,122,181,182]. 

In conclusion, Rac1 integrates cytoskeletal remodeling, receptor signaling, and vesicular 

trafficking to control osteoclast differentiation and bone resorption. It is essential for the structural 

and functional competence of osteoclasts and plays a dual role in physiological bone remodeling and 

inflammatory bone diseases. Its targeting holds considerable translational promise for treating 

osteoporosis, rheumatoid arthritis, periodontitis, and other conditions characterized by excessive 

bone resorption. 

3.2.3. Cdc42 in Osteoclastogenesis and Bone Resorption 

Cdc42 is a central regulator of osteoclast differentiation, polarization, and bone-resorbing 

function. It orchestrates cytoskeletal remodeling, vesicle trafficking, and transcriptional activation to 

ensure osteoclast maturation and activity[120,122,123]. The importance of Cdc42 in skeletal 

homeostasis is underscored by evidence that both its loss and dysregulated activation can lead to 

severe bone disorders, including osteopetrosis and osteoporosis [115,126]. 

Osteoclast-specific deletion of Cdc42 impairs osteoclast differentiation and function, causes 

increased apoptosis, and leads to osteopetrosis marked by high bone mass and poor marrow cavity 

development due to suppressed resorption [115]. In contrast, global deletion of Cdc42Gap, a GTPase-

activating protein that inactivates Cdc42, results in hyperactive osteoclastogenesis and osteoporosis-

like bone loss [115]. This dichotomy reflects the need for finely tuned spatial and temporal control of 

Cdc42 signaling to maintain bone balance [120]. 

Cdc42 contributes to osteoclastogenesis by regulating RANKL- and M-CSF-dependent signaling 

cascades. It promotes cyclin D expression and retinoblastoma protein (Rb) phosphorylation to drive 

precursor proliferation [115,125]. It also enhances the expression and nuclear translocation of 

transcription factors like MITF and NFATc1, both essential for osteoclast-specific gene expression, 

including cathepsin K and TRAP [126,140,167]. 

Cdc42 governs the cytoskeletal architecture required for sealing zone and ruffled border 

formation. These actin-rich structures enable osteoclasts to adhere tightly to bone and create a 

specialized extracellular compartment for matrix degradation [121,182]. Cdc42 operates as part of the 

Par3/Par6/aPKC polarity complex to coordinate actin ring formation and apical-basal polarization 

[115,183]. Though not essential for initial actin ring formation, Cdc42 is required for its re-

establishment during repolarization, highlighting its role in sustaining functional polarization under 

dynamic conditions [115,182]. 

The local activation of Cdc42 is regulated by guanine nucleotide exchange factors (GEFs) and 

GAPs. FGD6, a Cdc42-specific GEF, is essential for sealing zone organization and bone resorption. 

When phosphorylated by Src, FGD6 binds the effector IQGAP1 to facilitate actin polymerization at 
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the resorption interface. In the absence of Src signaling, FGD6 preferentially interacts with the GAP 

Arhgap10, limiting Cdc42 activity and thereby restricting resorptive capacity [184]. This dynamic 

switch underscores the need for spatiotemporal precision in Cdc42 regulation [122]. 

Cdc42 also interacts with WASp/N-WASP to regulate Arp2/3-mediated actin nucleation. 

Although Cdc42 activation is necessary, it is not sufficient alone to activate WASp in osteoclasts; 

additional signals such as osteopontin are required to promote effective actin remodeling 

[123,136,171]. Furthermore, LC3, a microtubule-associated protein known for its role in autophagy, 

has been shown to regulate Cdc42-dependent actin ring formation, indicating cross-talk between the 

cytoskeletal and vesicular systems in bone resorption [183]. 

Genetic and pharmacological studies link Cdc42 to skeletal pathology. In osteoclasts, 

bisphosphonates inhibit protein prenylation, inadvertently causing sustained activation of Rho 

GTPases including Cdc42, which can impair cytoskeletal coordination and cell function [185,186]. 

SLIT2, a guidance cue, was found to suppress osteoclastogenesis by inhibiting Cdc42 activity, 

presenting a novel anti-resorptive mechanism [187]. Genome-wide association studies have 

identified Cdc42 as a susceptibility locus for osteoporosis; for instance, SNP rs6426749 increases 

Cdc42 expression by downregulating LINC00339 and is associated with lower bone mineral density 

[188]. Cdc42 is also implicated in autosomal dominant osteopetrosis type II, where its 

hyperactivation—alongside Rac1 and MITF—contributes to dysregulated osteoclast activity and 

altered bone density [126]. 

These findings position Cdc42 as a compelling therapeutic target. Its central role in actin 

regulation, vesicle fusion, and osteoclast transcriptional programming makes it a converging point 

for modulating bone resorption [120,121,182]. However, due to its ubiquitous function across cell 

types, systemic inhibition is not viable. Instead, osteoclast-specific approaches—such as RNAi, small-

molecule inhibitors of FGD6-Cdc42 interaction, or agents that restore physiological cycling of 

Cdc42—hold greater translational promise [134,184]. For example, targeting Cdc42 in 

hyperresorptive conditions like rheumatoid arthritis or osteoporosis could dampen bone loss while 

preserving bone formation, especially when combined with anabolic treatments [122,123]. 

In summary, Cdc42 integrates extracellular signaling, cytoskeletal dynamics, and vesicular 

trafficking to coordinate osteoclast differentiation and bone resorption. Its dysregulation drives both 

osteopetrotic and osteoporotic phenotypes, depending on the direction and context of signaling 

imbalance [115,126,188]. As such, Cdc42 represents both a mechanistic linchpin in osteoclast biology 

and a promising node for precision intervention in bone-resorptive disorders [120,121,182]. 

3.3. Rho GTPases in Craniofacial Sutures 

Craniofacial sutures are essential anatomical structures that function as growth sites and 

articulations between the bones of the skull. During postnatal development, these sutures remain 

unossified to accommodate the rapid expansion of the brain and allow proper cranial vault 

morphology. The maintenance of suture patency is governed by a balance between proliferation and 

differentiation of osteogenic precursors within the suture mesenchyme. Among the various 

molecular mechanisms that regulate this delicate balance, the Rho GTPases have emerged as key 

players due to their central roles in coordinating cytoskeletal architecture, mechanotransduction, and 

gene expression. 

RhoA, Rac1, and Cdc42 are integral to craniofacial suture development, orchestrating cellular 

behaviors such as migration, polarity, adhesion, and differentiation. These small GTPases coordinate 

the dynamic processes that shape and maintain craniofacial sutures, which are critical for skull 

growth and form. Rac1 and Cdc42 are essential during early suture development, regulating cell 

migration and polarity [118,189]. Cdc42, in particular, is crucial for facial and palatal formation, 

influencing neural crest cell behavior and suture morphogenesis [67,189]. RhoA, on the other hand, 

plays a significant role in maintaining suture patency and regulating osteogenic differentiation within 

sutural mesenchymal cells [62,190].  
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Collectively, RhoA, Rac1, and Cdc42 function in a coordinated manner to regulate the cellular 

dynamics of craniofacial sutures. Their activities ensure proper suture development, maintenance, 

and response to mechanical stimuli, which are crucial for normal craniofacial morphogenesis and 

function. 

3.3.1. RhoA in Craniofacial Sutures 

During cranial development, RhoA signaling plays a central role at the osteogenic fronts, 

where it regulates cytoskeletal remodeling critical for the alignment, migration, and differentiation 

of osteoblasts along the advancing cranial bone edges. Experimental studies in murine models 

demonstrate that constitutive activation of RhoA enhances osteoblast differentiation, elevates the 

expression of osteogenic transcription factors such as Runx2 and Sp7, and leads to premature suture 

fusion, while RhoA inhibition delays ossification and maintains suture patency [58,62,87,190]. 

RhoA functions as a molecular transducer of mechanical cues generated by brain expansion, 

linking extracellular force with intracellular responses via integrins and focal adhesions. In this 

context, RhoA activation drives actomyosin contractility and cytoskeletal tension, which in turn 

regulate the nuclear localization and transcriptional activity of YAP/TAZ, key effectors of 

mechanosensitive osteogenesis [42,62,190–192]. For example, in sagi�al suture mesenchymal stem 

cells (SSCs), mechanical tension-induced osteogenic differentiation depends on the RhoA–ROCK–

TAZ axis [190]. 

The mechanotransductive role of RhoA is tightly coupled with major developmental 

pathways. Wnt/β-catenin signaling, a known promoter of osteogenesis, is modulated through 

cytoskeletal dynamics influenced by RhoA activity [193]. Similarly, RhoA intersects with FGF, TGF-

β/BMP, and PI3K/AKT signaling cascades, integrating both biochemical and mechanical pro-

osteogenic signals [62,193–197]. 

Importantly, RhoA is implicated in the pathogenesis of craniosynostosis, a disorder 

characterized by premature suture fusion. Human suture specimens and animal models of 

nonsyndromic sagi�al craniosynostosis show upregulation of RHOA and associated genes like 

DAAM1 in fusing sutures, indicating enhanced integrin–ECM interactions and osteogenic activation 

[198]. Genetic studies further highlight RhoA dysregulation downstream of syndromic mutations, 

such as those in FGFR2, which activate ERK-MAPK and PI3K-AKT pathways and are known to 

potentiate RhoA signaling [195–197]. Moreover, microarray analysis in osteoblasts expressing the 

FGFR2 Ser252Trp Apert mutation revealed increased RhoA expression alongside elevated PKCα and 

IL-1α, suggesting inflammatory and kinase-mediated regulation of RhoA in craniosynostotic 

conditions [199]. 

Pharmacological inhibition of RhoA effectors offers translational potential: ROCK inhibitors 

can delay or prevent suture fusion in ex vivo calvarial cultures, supporting the feasibility of targeting 

the RhoA pathway in non-surgical treatment strategies for craniosynostosis [190,198]. 

Furthermore, RhoA activity is modulated by genetic regulators and scaffolds critical for 

cranial ossification. For instance, Nf2 deletion in mesenchymal stem cells impairs cranial bone 

regeneration and is associated with diminished RhoA activity, highlighting its necessity in 

osteoprogenitor function [200]. The IRF6–ARHGAP29–RhoA axis also contributes to craniofacial 

development, where GAP-mediated regulation of RhoA activity ensures appropriate epithelial and 

mesenchymal interactions during morphogenesis [201]. 

Tensile loading of cranial sutures triggers upregulation of RhoA-associated vascular and 

osteogenic genes, including Vegfa and Mmp2, suggesting that RhoA not only regulates osteoblast 

behavior but also coordinates angiogenic support during mechanical adaptation of sutures [202]. 

Despite its well-established roles, several critical questions remain, particularly regarding the 

spatiotemporal regulation of RhoA in different suture cell populations. The interplay between RhoA 

and other small GTPases such as Rac1 and Cdc42—which are also essential for neural crest cell 

proliferation and craniofacial pa�erning—needs to be dissected at the single-cell level to uncover 

potential redundancy or synergy [67,118,189]. Emerging technologies such as single-cell RNA 
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sequencing, lineage tracing, and live imaging will be instrumental in defining RhoA-responsive 

subpopulations and their dynamics during suture development. 

In conclusion, RhoA serves as an essential integrator of genetic, mechanical, and biochemical 

signals during cranial suture morphogenesis, and its dysregulation contributes to craniosynostosis 

through aberrant osteogenic activation. While therapeutic modulation of this pathway holds promise, 

strategies must be tailored to achieve spatial and temporal precision due to the ubiquitous nature of 

RhoA across tissues. 

3.3.2. Rac1 in Craniofacial Sutures 

Rac1 plays a pivotal role in cranial suture biology through its regulation of cranial neural crest 

cells (NCCs), which are indispensable for craniofacial development. Conditional deletion of Rac1 

specifically in NCCs results in profound craniofacial malformations, including ectodermal 

detachment, mesenchymal loss, and craniofacial clefts as early as embryonic day 12, emphasizing 

Rac1’s role in coordinating cell-matrix interactions and maintaining tissue integrity during cranial 

morphogenesis [203].  

At the cellular level, Rac1 orchestrates adhesion, migration, and proliferation of both NCCs 

and sutural mesenchymal cells, processes essential for suture patency and skull growth. Rac1-

deficient NCCs display impaired lamellipodia formation and reduced responsiveness to extracellular 

matrix signals, leading to defective colonization of craniofacial primordia and disorganized suture 

structure [203,204]. The disruption of Rac1 in the mechanosensitive mesenchyme of the scalp and 

cranial sutures also leads to failure in mesenchymal condensation and organization, highlighting its 

importance in translating biomechanical cues into developmental outcomes [204]. 

Rac1 enables NCCs and their derivatives to respond to mitogenic cues, such as EGF, in a 

temporally restricted manner, thereby modulating cell proliferation and lineage decisions during 

cranial base and midface development. Hyperactive or dysregulated Rac1 activity results in 

abnormal proliferation, impaired migration, and differentiation defects, particularly in the midbrain 

and frontonasal regions [205]. 

Mechanistically, Rac1 functions through complex signaling networks, interacting with 

effectors such as Trio, a guanine nucleotide exchange factor (GEF) critical for Rac1 activation, and 

Myh9, a cytoskeletal regulator. Trio-Rac1 signaling is required for normal actin cytoskeleton 

organization, nuclear positioning, and gene expression in NCC-derived cranial mesenchyme [206]. 

In addition, Rac1 modulates PDGFRα-mediated signaling and cytoskeletal rearrangements in the 

medial nasal process, a key structure in primary palate formation [207]. 

Transcriptomic and genetic studies support the involvement of Rac1 and its pathway 

components in human craniofacial disorders. Copy number variations (CNVs) affecting genes in 

the Rac1 signaling axis, including those encoding GEFs and cytoskeletal proteins, are enriched in 

patients with orofacial clefts and other craniofacial anomalies [Conte et al., 2016]. Moreover, Rac1 

activity intersects with cellular boundary formation processes that ensure spatial 

compartmentalization in cranial mesenchyme, further reinforcing its role in maintaining the 

architecture of the cranial vault and preventing pathological suture fusion [208]. 

In cranial sutures specifically, Rac1 is likely to maintain the stem/progenitor pool and control 

their interactions with the surrounding extracellular matrix, thereby preventing premature 

ossification. Although the direct evidence for Rac1 in postnatal suture biology is emerging, its 

function in NCC-derived cranial progenitors suggests that impaired Rac1 activity could predispose 

to craniosynostosis by disrupting cellular behaviors essential for suture maintenance [118,203]. 

Importantly, Rac1 functions in coordination with other small Rho GTPases, particularly 

Cdc42 and RhoA, to regulate actin dynamics and transcriptional responses. During early craniofacial 

development, Rac1 and Cdc42 exhibit stage-specific control over NCC proliferation, influencing 

cranial shape and volume [118]. Rac1 also interfaces with transcriptional programs by regulating SRF 

(serum response factor) and downstream targets that couple cytoskeletal status to gene expression in 

craniofacial mesenchyme [204]. 
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In summary, Rac1 is a central coordinator of craniofacial morphogenesis, acting through 

neural crest regulation, cytoskeletal dynamics, and signal integration. Its functions are critical in 

maintaining sutural mesenchyme organization, guiding NCC behavior, and preventing aberrant 

suture fusion. Deciphering the Rac1-mediated molecular framework offers a promising avenue for 

understanding and potentially treating craniofacial disorders such as craniosynostosis, orofacial 

clefting, and midline defects. 

3.3.3. Cdc42 in Craniofacial Sutures 

Cdc42 is a critical regulator of cranial suture morphogenesis, acting through its control of 

neural crest cell (NCC) behavior, cytoskeletal remodeling, and ossification dynamics. Conditional 

knockout of Cdc42 in NCCs leads to profound craniofacial abnormalities, including cleft lip, 

shortened snout, and unfused nasal capsules, all of which reflect disrupted cranial suture pa�erning 

[67,189]. These defects stem from impaired NCC migration, loss of polarity, and failure of actin 

cytoskeletal organization—processes for which Cdc42 is indispensable [189]. 

Further analysis reveals that Cdc42 governs palatogenesis and cranial ossification through its 

influence on palatal shelf elevation and fusion. Inactivation of Cdc42 in NCCs results in cleft palate 

due to defective elevation of the palatal shelves and insufficient midline fusion. Skeletal preparations 

of mutant embryos show marked hypoplasia and reduced mineralization in frontal, nasal, and 

premaxillary bones, highlighting the essential role of Cdc42 in suture-associated bone development 

[67,209]. 

At the molecular level, Cdc42 interacts with the effector protein Cdc42EP1, which is required 

for the directional migration of NCCs and cranial cartilage development. Cdc42 regulates the 

cortical and cytoplasmic localization of Cdc42EP1 to maintain proper cell motility. Disruption of this 

signaling axis causes loss or malformation of cranial cartilages and may impair suture mesenchyme 

integrity [210]. This interaction underscores how Cdc42 governs not only the behavior of individual 

cells but also the coordinated morphogenesis of skeletal elements derived from cranial NCCs. 

Cdc42 is also directly involved in the ossification and shaping of cranial sutures. Its 

inactivation in cranial mesenchymal tissues results in delayed suture closure, reduced bone bridging, 

and thinner calvarial bone plates, indicating a role in suture patency and mineral deposition. 

Histological and molecular studies demonstrate that Cdc42 is required for the recruitment and 

differentiation of osteoprogenitors in suture regions, likely through its impact on actin cytoskeleton 

dynamics and transcriptional programs [209]. 

Human genetic studies further confirm the critical role of CDC42 in craniofacial development. 

Mutations or functional dysregulation of CDC42 in patients result in diverse craniofacial 

malformations, including hypertelorism, midface hypoplasia, and cleft palate, sometimes associated 

with CDC42-related syndromes such as Takenouchi-Kosaki syndrome [211,212]. These mutations 

often affect GTP binding or hydrolysis domains of CDC42, impairing its ability to regulate 

downstream effectors required for morphogenesis. 

Mechanistically, Cdc42 operates through signaling pathways and cytoskeletal regulators that 

interface with actomyosin contractility and extracellular matrix remodeling. It functions in parallel 

with other small GTPases like Rac1 and RhoA to coordinate NCC proliferation and craniofacial 

pa�erning [118,206]. Cdc42 also cooperates with Trio and Myh9 to influence the cytoskeletal 

architecture of neural crest-derived mesenchyme, ensuring proper facial structure and cranial bone 

formation [206]. 

In summary, Cdc42 is indispensable for cranial suture development, integrating cytoskeletal 

dynamics, NCC migration, and osteogenic signaling. Its inactivation leads to both structural and 

molecular defects that culminate in craniofacial anomalies, including clefts, cartilage dysplasia, and 

suture hypoplasia. Given its central role, Cdc42 represents a potential therapeutic target for 

modulating craniofacial development and preventing pathological suture fusion. 
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4. Rho GTPases in Odontogenesis  

4.1. Rho GTPases in Early Stage of Tooth Development 

Tooth development is a complex process involving reciprocal epithelial-mesenchymal 

interactions, tightly regulated spatial and temporal gene expression, and coordinated cell behaviors 

such as proliferation, migration, shape change, and differentiation. RhoA, Rac1, and Cdc42 are 

pivotal regulators during the early stages of tooth development, encompassing the initiation, bud, 

cap, and early bell stages. These small GTPases orchestrate cellular behaviors such as proliferation, 

migration, polarity, and epithelial-mesenchymal interactions, which are essential for the formation 

of the tooth germ and the establishment of the dental lamina. 

At the onset of tooth development around embryonic day (E) 11.5, RhoA, Rac1, and Cdc42 are 

expressed in the dental epithelium and mesenchyme [213,214]. Their expression pa�erns are dynamic, 

with RhoA and Rac1 showing increased expression during the bud and cap stages, while Cdc42 

expression becomes prominent in the inner and outer enamel epithelia during the cap stage. This 

spatiotemporal expression suggests their roles in epithelial morphogenesis and the establishment of 

polarity within the developing tooth structures. 

Functional studies have demonstrated that these GTPases are critical for proper tooth 

development. For instance, inhibition of RhoA, Rac1, or Cdc42 during early tooth development 

disrupts cell proliferation and migration, leading to defects in tooth morphogenesis [18,213,215,216]. 

These GTPases are involved in regulating epithelial-mesenchymal interactions, which are crucial for 

the reciprocal signaling between the dental epithelium and mesenchyme that drives tooth 

development. 

4.1.1. RhoA in Early Stage of Tooth Development 

RhoA is emerging as a key intracellular signaling mediator in the morphogenetic events at early 

stages of tooth development, particularly due to its ability to link extracellular cues with cytoskeletal 

organization and mechanical force generation. 

During the placode, bud, and early cap stages, RhoA is expressed in both dental epithelial and 

mesenchymal tissues, with dynamic spatial pa�erns [214,215]. It is particularly active in regions 

undergoing shape change, such as the invaginating epithelium and the condensing mesenchyme. 

RhoA functions mainly by regulating actin cytoskeleton remodeling and cell-cell junctions, which 

are essential for epithelial bending, invagination, and basal constriction [7,121,217]. In the dental 

epithelium, RhoA promotes apical actomyosin contractility through its downstream effector ROCK, 

contributing to the tissue folding that forms the epithelial bud [218–220]. Experimental disruption of 

RhoA activity (e.g., by dominant-negative mutants or ROCK inhibitors) results in impaired epithelial 

invagination, reduced apical constriction, and disrupted bud morphology [221,222]. These findings 

suggest that RhoA activity may be necessary for coordinating the mechanical forces that shape the 

early tooth germ. 

In the underlying mesenchyme, RhoA is involved in cell condensation, a hallmark of 

mesenchymal preparation for odontogenic signaling. Neural crest-derived mesenchymal cells 

migrate toward the epithelial signaling center and condense around the bud, guided by growth 

factors such as FGF8 and BMP4 [223]. RhoA regulates mesenchymal cell motility and adhesion by 

controlling integrin-mediated a�achment and the organization of actin stress fibers [224]. By 

promoting focal adhesion assembly and cytoskeletal stiffness, RhoA helps establish a mechanically 

competent mesenchymal environment that can receive and respond to epithelial signals, further 

stabilizing the epithelial-mesenchymal interface [224,225]. 

Moreover, RhoA plays a role in the regulation of gene expression associated with odontogenic 

fate. Mechanical signals transduced through RhoA-ROCK pathways can influence the nuclear 

localization and activity of transcriptional coactivators such as YAP/TAZ, which are known to 

modulate cell proliferation and organ size [22,61,192,226,227]. In tooth development, YAP/TAZ are 

expressed in both dental epithelium and mesenchyme, and their activity is at least partially 
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dependent on RhoA-mediated cytoskeletal tension [227–229]. This suggests that RhoA is not only 

important for morphogenetic movements but also for integrating biomechanical cues into 

developmental gene regulatory networks. 

There is also evidence of crosstalk between RhoA signaling and classical developmental 

pathways such as Wnt/β-catenin, BMP, and FGF, which are critical in tooth initiation and pa�erning 

[11,215,230,231]. RhoA may act downstream or in parallel to these pathways to regulate cell shape 

and movement. For instance, Wnt signaling, essential for tooth induction, can enhance RhoA activity 

[11,232], while BMPs may influence RhoA through non-canonical SMAD-independent mechanisms 

[233,234]. 

In sum, RhoA is a central player in the early stages of tooth development. It regulates key cellular 

processes such as epithelial bending, mesenchymal condensation, and the integration of mechanical 

and biochemical signals. Its function is vital for shaping the tooth germ and establishing the 

foundation for later stages of differentiation and morphogenesis. Disruption of RhoA signaling leads 

to profound defects in early tooth morphogenesis, underscoring its indispensable role in craniofacial 

organogenesis. 

4.1.2. Rac1 in Early Stage of Tooth Development 

In the embryonic stages of tooth morphogenesis, Rac1 plays a key role in shaping epithelial cell 

behavior and coordinating epithelial-mesenchymal interactions, which are vital for the formation of 

tooth structures. During the initiation of tooth development, Rac1 is active in the oral epithelium, 

where it regulates the cellular rearrangements required for the formation of the dental placode 

[214,215]. The dental placode is the first sign of tooth development, and its formation involves the 

thickening of the epithelium in response to signaling from the underlying mesenchyme. Rac1 

mediates actin polymerization and rearrangement in the epithelial cells, facilitating the cell shape 

changes necessary for the invagination of the epithelium into the mesenchyme to form the tooth bud. 

This epithelial invagination is an early and essential step in tooth morphogenesis, and Rac1 is critical 

in regulating the actin cytoskeleton during this process. 

As the tooth develops from the bud stage to the cap stage, Rac1 continues to regulate cytoskeletal 

dynamics, which are necessary for epithelial-mesenchymal interactions. The transition from the 

dental bud to the dental cap involves complex cellular behaviors, including epithelial proliferation, 

folding, and cellular rearrangements. Rac1’s ability to modulate actin filament dynamics and cell-cell 

adhesion ensures the integrity of the epithelial layer during these transitions [216,235]. Furthermore, 

Rac1 is essential for the coordinated migration of epithelial cells as they begin to form the dental 

lamina and the tooth bud expands [236]. 

At the molecular level, Rac1 signaling is tightly connected to several developmental pathways 

that regulate early tooth morphogenesis. For example, Rac1 has been shown to interact with the 

Wnt/β-catenin signaling pathway [11,28,86,88], which is critical for tooth pa�erning and epithelial-

mesenchymal signaling. Rac1 also regulates signaling pathways involved in cell adhesion, such as 

integrin signaling [64,103,237], ensuring that epithelial cells remain properly a�ached to the basement 

membrane during the transition between tooth bud and cap stages. 

Studies have highlighted the importance of Rac1 in regulating the actomyosin contractility that 

drives the mechanical forces necessary for epithelial folding and invagination during early tooth 

development [221,238]. By controlling these mechanical forces, Rac1 ensures that the developing 

tooth bud maintains its proper structure and continues to grow in the correct direction. 

4.1.3. Cdc42 in Early Stage of Tooth Development 

Cdc42 plays a pivotal role in the early stages of tooth development, particularly in the formation 

and differentiation of the enamel organ. Its functions encompass regulating cytoskeletal dynamics, 

cell polarity, and signaling pathways essential for proper tooth morphogenesis. 
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During early tooth development, Cdc42 is prominently expressed in the dental epithelium, 

including the inner enamel epithelium (IEE) and the stratum intermedium (SI). This expression 

pa�ern suggests its involvement in epithelial cell organization and function [213]. 

4.2. Rho GTPases in Dentinogenesis 

The process of dentin formation carried out by odontoblasts—highly specialized cells derived 

from cranial neural crest-origin mesenchymal progenitors. Dentinogenesis occurs in two main phases: 

the initial formation of predentin, an unmineralized matrix rich in collagen and non-collagenous 

proteins, followed by its mineralization into mature dentin. RhoA, Rac1, and Cdc42 are critical 

regulators of dentinogenesis through their control of odontoblast differentiation, polarization, 

cytoskeletal organization, and matrix secretion. These small GTPases coordinate the morphological 

and functional transformation of dental mesenchymal cells into polarized, columnar odontoblasts 

that produce the dentin matrix [239]. 

RhoA plays a central role in cytoskeletal remodeling during early odontoblast differentiation. It 

promotes actin stress fiber formation and focal adhesion assembly via the RhoA-ROCK pathway, 

enabling cell elongation and alignment along the basement membrane [239,240]. RhoA also facilitates 

odontoblast polarization, ensuring that secretion of dentin matrix proteins—such as type I collagen, 

dentin sialophosphoprotein (DSPP), and dentin matrix protein 1 (DMP1)—occurs from the apical end 

of the odontoblast process into the predentin layer [214]. 

Rac1 contributes to odontoblast polarity and survival, regulating lamellipodia formation and 

cell–matrix adhesion. It is also involved in maintaining microtubule organization, crucial for 

directional secretion [243,244]. Inhibition of Rac1 impairs odontoblast morphology, reduces 

expression of odontogenic markers, and results in hypomineralized or disorganized dentin [214,216]. 

Cdc42 is essential for the establishment of apical-basal polarity and vesicle trafficking in 

odontoblasts. It regulates filopodia formation and Golgi positioning, which are important for targeted 

delivery of matrix components [32,239,241]. Cdc42 also participates in cell–cell junction stability, 

ensuring the coordinated activity of adjacent odontoblasts [241,242]. 

All three GTPases modulate mechanotransduction pathways, such as YAP/TAZ signaling, 

which link cytoskeletal tension to transcriptional activation of odontogenic genes. Disruption of their 

activity in experimental models leads to defective dentin formation, indicating their indispensable 

roles [214,216,242,243]. Together, RhoA, Rac1, and Cdc42 integrate mechanical and biochemical cues 

to orchestrate the cellular architecture and functional output required for normal dentinogenesis. 

4.2.1. RhoA in Dentinogenesis 

RhoA is essential at multiple points in this process, primarily through its regulation of 

cytoskeletal dynamics, cell polarity, migration, adhesion, and gene expression. These actions are 

especially important during odontoblast differentiation, polarization, and the directional secretion of 

dentin matrix components. 

During early odontoblast differentiation, mesenchymal stem cells in the dental papilla 

proliferate and migrate toward the basement membrane separating them from the dental epithelium. 

RhoA regulates the actin cytoskeleton and cell-matrix interactions, enabling proper alignment and 

elongation of pre-odontoblasts [241,244]. Activation of RhoA promotes stress fiber formation and 

focal adhesion assembly, primarily through the RhoA-ROCK signaling pathway [56,239,245]. These 

cytoskeletal structures are necessary for the transformation of undifferentiated dental mesenchymal 

cells into polarized, columnar odontoblasts that line the outer surface of the dental pulp. 

A critical feature of RhoA's role in dentinogenesis is its influence on cell polarity and secretion 

orientation. Odontoblasts secrete dentin matrix components such as type I collagen, DSPP, and DMP1 

in a highly polarized manner from their apical ends into the forming predentin layer. RhoA regulates 

this polarized secretory function by coordinating actin filament dynamics and stabilizing 

microtubules in the odontoblast process [239,241], a long cellular extension that projects into the 

dentin. Experimental inhibition of RhoA or ROCK in odontoblasts leads to defects in cell polarity and 
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morphology, disrupted secretion, and irregular dentin structure, supporting its centrality in 

functional odontoblast architecture [240,241,246,247]. 

In addition to structural regulation, RhoA influences the transcriptional regulation of 

odontogenic genes. It is involved in mechanical signal transduction through the cytoskeleton, leading 

to nuclear activation of transcription coactivators such as YAP and TAZ [62,248]. These 

mechanosensitive proteins can interact with transcription factors including Runx2 and Sp7 to 

modulate the expression of genes critical for odontoblast differentiation and matrix mineralization 

[240,249,250]. Furthermore, there is evidence of crosstalk between RhoA and key developmental 

pathways such as BMP, TGF-β, and Wnt, which are known to regulate odontogenesis 

[230,244,245,251–253]. For instance, BMP-induced odontoblastic differentiation is enhanced by RhoA-

mediated cytoskeletal organization, which may stabilize SMAD signaling and improve downstream 

transcriptional responses [239]. 

Although direct evidence is limited, RhoA is believed to play a supportive role in dentin 

mineralization during the late stages of dentinogenesis. Following the secretion of the collagen-rich 

predentin matrix by odontoblasts, mineralization proceeds through the deposition of hydroxyapatite 

crystals. RhoA, known for its regulation of cytoskeletal dynamics and vesicle trafficking in various 

mineralizing cells, may contribute to this process by influencing the secretion of matrix vesicles [254] 

—small extracellular organelles involved in initiating mineral nucleation. Furthermore, by 

modulating actin organization and vesicle transport, RhoA is thought to facilitate the targeted 

delivery of mineralization-related enzymes such as alkaline phosphatase and matrix 

metalloproteinases to the mineralization front, thus supporting efficient and localized mineral 

deposition [255]. 

Dysregulation of RhoA activity has been implicated in dental pathologies. Overactivation of 

RhoA/ROCK signaling can lead to excessive actomyosin contraction, which may cause apoptosis or 

disrupt odontoblast differentiation. Conversely, insufficient RhoA activity compromises cytoskeletal 

integrity and cell polarity, both of which are essential for proper dentin formation and mineralization 

[240,241]. Although direct evidence from transgenic models with odontoblast-specific RhoA 

inhibition is currently limited, disruptions in cytoskeletal dynamics are known to impair odontoblast 

elongation and polarity, which can negatively affect the expression of key dentin matrix proteins such 

as DSPP and DMP1, potentially resulting in a disorganized dentin matrix. 

Overall, RhoA is a central intracellular regulator of dentinogenesis, guiding the cytoskeletal 

changes, polarity establishment, migration, and matrix secretion that define odontoblast function. Its 

ability to integrate mechanical and biochemical signals makes it indispensable in shaping the 

structure and mineralization of dentin. Future studies may explore RhoA as a therapeutic target for 

enhancing reparative dentinogenesis or treating dentin defects in genetic and acquired dental 

diseases. 

4.2.2. Rac1 in Dentinogenesis 

Rac1 plays a critical role in dentinogenesis by regulating odontoblast differentiation, cytoskeletal 

organization, and polarized secretion of dentin matrix components. As mesenchymal cells from the 

dental papilla differentiate into odontoblasts, they undergo significant changes in morphology, 

alignment, and polarity, all of which are tightly controlled by Rac1-mediated signaling. Rac1 is 

activated in pre-odontoblasts during their migration and alignment along the basement membrane 

adjacent to the inner enamel epithelium. Through modulation of actin filament dynamics and cell-

matrix adhesion, Rac1 facilitates the elongation and polarization of odontoblasts, which is necessary 

for their secretory activity [214,239,241]. These structural adaptations may be coordinated through 

Rac1’s downstream effectors such as WAVE and PAK, which regulate lamellipodia formation and 

microtubule stabilization [25,256,257]. 

Once odontoblasts polarize, Rac1 contributes to the vesicular transport and apical secretion of 

key dentin matrix proteins including type I collagen, DSPP, and DMP1. Disruption of Rac1 function 

impairs this polarized secretion, leading to discontinuous predentin deposition and defective tubular 
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dentin structure [214,258]. Recent studies, including conditional knockout models targeting Rac1 in 

neural crest-derived mesenchyme, show that Rac1-deficient odontoblasts exhibit abnormal 

morphology, lose their apical-basal polarity, and fail to maintain organized dentinogenesis. These 

defects are associated with a decrease in DSPP expression and hypomineralized dentin. 

Recent studies have expanded the understanding of Rac1's function by linking it to several key 

signaling pathways that govern odontogenesis. Rac1 has been implicated in modulating Wnt/β-

catenin signaling, which is known to be crucial for odontoblast differentiation and dentin matrix gene 

expression [86,88,259]. Moreover, Rac1 activity influences the TGF-β/Smad and MAPK pathways, 

both of which are vital in odontogenic induction and matrix synthesis [252,260]. Through these 

interactions, Rac1 serves as a convergence point for extracellular cues that direct the transcriptional 

programming of odontoblasts. 

While Rac1’s general roles in cell migration and differentiation suggest it may contribute to 

dental tissue repair and regeneration, especially in injury models, specific studies on Rac1 in 

reparative dentinogenesis or regenerative endodontics are currently lacking. Thus, Rac1 is 

recognized as a key intracellular regulator in primary dentinogenesis, with its broader potential in 

dental regeneration remaining an open area for further investigation. Its diverse roles at multiple 

stages of odontoblast maturation make it an a�ractive target for therapeutic modulation in dental 

tissue engineering and regenerative dentistry. 

4.2.3. Cdc42 in Dentinogenesis 

Cdc42 plays a crucial role in odontoblast function and dentinogenesis. It regulates cytoskeletal 

organization and cell polarity, essential for odontoblast differentiation and dentin formation. Cdc42 

is indispensable for the formation and elongation of odontoblast processes, which are vital for dentin 

secretion and the establishment of dentinal tubules [246]. Disruption of Cdc42 activity leads to 

impaired odontoblast morphology and defective dentin structure [242,246]. 

One key pathway involving Cdc42 is the WNT5a-ROR2-CDC42-JNK signaling axis [260]. This 

non-canonical Wnt pathway modulates actin cytoskeleton reorganization, facilitating odontoblast 

polarization. Activation of this pathway promotes the alignment of odontoblasts and the formation 

of dentinal tubules, which are critical for proper dentin deposition. Studies have shown that Wnt5a 

binds to the Ror2 receptor, leading to the activation of Cdc42 and downstream JNK signaling, 

resulting in cytoskeletal rearrangements necessary for cell polarization [244,260]. 

Additionally, Cdc42 is implicated in the regulation of the PAR polarity complex (PAR3-PAR6-

aPKC), which contributes to establishing apical-basal polarity in odontoblasts [261]. This polarity is 

essential for the directional secretion of dentin matrix components and the maintenance of organized 

tissue architecture. 

In the context of tooth root development, Cdc42 has been shown to influence the proliferation 

of dental mesenchymal cells. Activation of Cdc42 can restore cell proliferation and partially rescue 

root development defects in models with impaired Ror2 signaling, highlighting its role in root 

morphogenesis [242,262]. 

4.3. Rho GTPases in Amelogenesis 

Amelogenesis is the multistage process by which enamel is formed by specialized epithelial cells 

called ameloblasts. It begins with the pre-secretory stage, where inner enamel epithelial cells 

differentiate into polarized pre-ameloblasts that prepare for protein secretion. During the secretory 

stage, ameloblasts develop a specialized apical extension called Tome’s process, which guides the 

organized secretion of enamel matrix proteins, shaping the characteristic prism pa�ern of enamel. 

This is followed by the maturation stage, in which ameloblasts alternate between ruffle-ended and 

smooth-ended phases to remove matrix proteins and facilitate full mineralization of enamel crystals. 

RhoA, Rac1, and Cdc42 orchestrate cytoskeletal dynamics, polarity, and vesicle trafficking in 

ameloblasts, making them essential regulators of amelogenesis. During the pre-secretory stage, these 

GTPases contribute to the elongation and polarization of pre-ameloblasts, enabling the transition 
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from cuboidal to columnar morphology, a prerequisite for directional enamel matrix secretion [17]. 

RhoA, primarily via its effector ROCK, promotes actin stress fiber formation and focal adhesion, 

anchoring ameloblasts to the basement membrane and establishing apical-basal polarity [17,263]. 

In the secretory stage, Rac1 and Cdc42 coordinate the formation and maintenance of the Tomes’ 

process [17], an apical cellular extension essential for the secretion of enamel matrix proteins such as 

amelogenin and enamelin. Rac1 regulates actin polymerization necessary for vesicle trafficking, while 

Cdc42 is involved in establishing planar cell polarity and maintaining tight junctions [264], which 

ensure synchronized secretion across ameloblasts. Disruption of either GTPase impairs enamel 

protein secretion and leads to defective prism architecture [17,213,216]. 

During maturation, RhoA and Cdc42 contribute to the cyclical modulation between ruffle-ended 

and smooth-ended ameloblasts, supporting enamel mineralization by regulating ion transport and 

resorptive activity [263–265]. These GTPases also influence mechanotransduction pathways such as 

YAP/TAZ and interact with signaling cascades like Wnt and Semaphorin 4D-Plexin-B1, integrating 

extracellular cues with intracellular structural changes [266–268]. 

Altogether, RhoA, Rac1, and Cdc42 coordinate cytoskeletal architecture, vesicular dynamics, 

and intercellular junctions to ensure precise enamel formation, and their dysregulation is associated 

with enamel pathologies such as amelogenesis imperfecta. 

4.3.1. RhoA in Amelogenesis 

RhoA plays a pivotal role in regulating the cytoskeletal dynamics, polarity, and secretory 

function of ameloblasts throughout the various stages of their differentiation. Its activity is essential 

from the initial polarization of ameloblast precursors to the complex regulation of enamel matrix 

secretion and mineralization. 

During the pre-secretory stage, inner enamel epithelial cells differentiate into pre-ameloblasts in 

response to inductive cues from the underlying dental papilla. At this stage, RhoA is crucial for 

initiating cytoskeletal reorganization and cell elongation, facilitating the transformation of cells from 

a cuboidal to a polarized columnar morphology [17,263,265,268]. This shift is a prerequisite for the 

directional secretion of enamel matrix proteins. Acting through its canonical effector, ROCK, RhoA 

promotes the formation of actin stress fibers and focal adhesions that anchor cells to the basement 

membrane and help establish apical-basal polarity. Disruption of RhoA or ROCK during this period 

leads to malformed and poorly organized ameloblasts incapable of sustaining enamel formation 

[17,265,269]. 

As ameloblasts enter the secretory stage, they develop a distinctive apical extension known as 

Tomes’ process, which is essential for the directional secretion of critical enamel proteins such as 

amelogenin, ameloblastin, and enamelin. RhoA maintains the structural and functional integrity of 

this highly polarized architecture. It regulates the organization of apical actin filaments and 

coordinates vesicle trafficking necessary for precise exocytosis [270]. In addition to its role in secretion, 

RhoA signaling supports the formation and maintenance of adherens and tight junctions between 

ameloblasts, ensuring synchronized function and epithelial barrier integrity during enamel 

deposition [271]. RhoA also functions as a key downstream effector integrating signals from BMP 

and Wnt pathways to regulate ameloblast polarization and enamel formation. For instance, BMP-

induced Smurf1 mediates ubiquitination and degradation of RhoA, controlling cytoskeletal 

dynamics and cell polarity [272], while Wnt signaling activates RhoA to promote actin remodeling 

and secretory activity [232]. 

In the transitional and maturation stages, ameloblasts shorten and adopt dynamic morphologies 

that alternate between ruffle-ended and smooth-ended forms. These morphological changes facilitate 

cycles of protein resorption and ion transport essential for enamel mineralization. RhoA contributes 

to this cellular plasticity by regulating actomyosin contractility and cytoskeletal remodeling [273].  

Recent studies have identified the Semaphorin 4D–RhoA–Akt pathway as a key regulatory axis 

in amelogenesis [268]. Semaphorin 4D, through its receptor Plexin-B1, activates RhoA to influence 

cytoskeletal arrangement and vesicular dynamics. This pathway has been shown to modulate 
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ameloblast polarity and enamel matrix secretion. Disruption of this cascade leads to misaligned 

ameloblasts and defective enamel structure, reinforcing RhoA’s role as an integrator of external 

morphogenetic signals with intracellular architectural control. Additionally, ameloblasts experience 

dynamic changes in extracellular matrix (ECM) composition and stiffness during enamel 

development. RhoA enables these cells to respond to such mechanical cues, coordinating cytoskeletal 

reorganization and secretory activity with the evolving physical environment [17,239,265]. It also 

facilitates membrane recycling and vesicular trafficking to accommodate the extensive protein 

secretion required during the secretory phase [239,254]. 

Experimental models have further underscored RhoA’s importance in enamel development. 

Dominant-negative RhoA in ameloblasts results in severe enamel defects, including hypoplasia, 

disrupted prism organization, and reduced mineral density [265,274]. These defects are accompanied 

by mislocalization of junctional proteins such as E-cadherin and ZO-1, indicating compromised 

epithelial cohesion and transport regulation.  

In summary, RhoA is indispensable for all stages of amelogenesis. It governs cytoskeletal 

remodeling necessary for cell elongation and polarization, orchestrates the targeted secretion of 

enamel matrix proteins, stabilizes epithelial junctions, and mediates mechanosensitive signaling 

pathways required for matrix processing and mineral deposition. By integrating mechanical cues and 

developmental signals, RhoA enables ameloblasts to perform their complex functions with spatial 

and temporal precision. Dysregulation of RhoA signaling contributes to enamel pathologies such as 

amelogenesis imperfecta, positioning it as a key target in the study and potential treatment of enamel 

developmental disorders. 

4.3.2. Rac1 in Amelogenesis 

Rac1 plays a crucial role in amelogenesis by regulating key cellular processes during the 

differentiation of ameloblasts. During the early stages of ameloblast differentiation, Rac1 expression 

is upregulated. It localizes predominantly at the distal pole of polarizing ameloblasts, where it 

exhibits a punctate distribution pa�ern [214]. This localization is associated with the formation of 

cellular protrusions and the establishment of cell polarity. Rac1 also regulates laminin-10/-11, 

interacts with integrin α6β4, and mediate cell polarity, spreading, and filopodia formation of the 

dental epithelium [17,275]. These interactions are crucial for establishing epithelial cell behavior 

during the early stages of ameloblast differentiation. 

Functional studies utilizing epithelial-specific Rac1 knockout mice have provided insights into 

the role of Rac1 in amelogenesis [216]. These mice exhibit defects in enamel formation, characterized 

by a complete loss of enamel upon tooth eruption. Histological analyses reveal that the Tomes' 

processes of Rac1-deficient ameloblasts lose contact with the forming enamel matrix in unerupted 

teeth. Additionally, the expression levels of key enamel matrix proteins, such as amelogenin and 

ameloblastin, are significantly reduced in these ameloblasts. These findings underscore the 

importance of Rac1 in mediating cell-matrix interactions and facilitating matrix biomineralization 

during enamel formation.  

4.3.3. Cdc42 in Amelogenesis 

Cdc42 is crucial for proper enamel formation through its regulation of cytoskeletal dynamics, 

cell polarity, and cellular metabolism during amelogenesis. Studies using epithelial-specific Cdc42 

knockout mouse models have revealed that loss of Cdc42 disrupts the architecture of the enamel 

organ, leading to defects such as impaired ameloblast polarization, compromised cell-cell adhesion, 

and even odontogenic cyst formation, underscoring its role in maintaining epithelial integrity during 

tooth development [213]. Further research has shown that deletion of Cdc42 in dental epithelium 

causes mitochondrial dysfunction and increases reactive oxygen species production, resulting in 

oxidative stress that hinders ameloblast differentiation and leads to hypomineralized enamel, 

highlighting Cdc42’s involvement in regulating mitochondrial health and redox homeostasis 

necessary for enamel matrix secretion [18]. Additionally, conditional knockout of Cdc42 during the 
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maturation phase of amelogenesis causes enamel hypermaturation characterized by abnormal 

prismatic structure and defective enamel protein resorption, suggesting that Cdc42 also modulates 

enamel matrix turnover and mineralization processes in later stages [276]. Collectively, these findings 

demonstrate that Cdc42 has multifaceted roles at various stages of amelogenesis, coordinating 

cytoskeletal organization, metabolic function, and matrix processing to ensure normal enamel 

development and quality.  

4.3.4. Rho GTPases in Dental Roots Development 

Dental root development is a tightly regulated morphogenetic process that follows crown 

formation and involves intricate interactions between epithelial and mesenchymal cells. The root is 

formed through the proliferation and guidance of Hertwig’s epithelial root sheath (HERS), the 

differentiation of dental papilla mesenchymal cells into odontoblasts, and the organization of dental 

follicle cells into cementoblasts and periodontal ligament fibroblasts. RhoA, Rac1, and Cdc42 

orchestrate the cytoskeletal dynamics, cell polarity, migration, and differentiation required for proper 

morphogenesis of the root–periodontium complex. These Rho GTPases play essential roles in both 

the epithelial component HERS and the mesenchymal components, including dental papilla and 

dental follicle cells. 

RhoA is critical for maintaining the structural integrity and apical-basal polarity of HERS cells, 

which guide root elongation and pa�erning. Through its downstream effector ROCK, RhoA 

organizes actin filaments and cell–cell junctions, enabling HERS extension and signaling to the 

underlying mesenchyme [277]. In dental papilla cells, RhoA regulates odontoblast differentiation by 

orchestrating cytoskeletal remodeling and establishing cell elongation and polarity, which are 

prerequisites for directional secretion of dentin matrix components [241,244]. RhoA also influences 

transcriptional regulation via YAP/TAZ mechanotransduction pathways, allowing cells to respond 

to ECM stiffness and tissue-level forces [61,253].  Furthermore, RhoA interacts with TGF-β and non-

canonical Wnt signaling to fine-tune differentiation cues in the root-forming niche 

[11,230,239,242,244,252]. Genetic disruption of upstream regulators such as Trio (a Rho-GEF) or Din 

results in defective root formation [278,279], further validating the central role of RhoA-GTPase 

signaling in coordinating epithelial-mesenchymal interactions and cytoskeletal dynamics during root 

development. 

Although direct evidence for Rac1’s role in root development is limited, deletion of Trio—the 

upstream regulator of RhoA and Rac1—disrupts root formation, implicating downstream Rho 

GTPases in this process [279]. Given Rac1’s well-established roles in cytoskeletal regulation, cell 

migration, and adhesion, it is likely to contribute to root morphogenesis. Rac1 promotes lamellipodia 

formation and integrin-mediated adhesion, supports the migration and proliferation of mesenchymal 

progenitors, and facilitates cell–matrix interactions essential for root development [9,26,90,280]. 

These findings position Rac1 as a probable, though not yet fully defined, regulator of root-supporting 

structures through its effects on cell behavior and differentiation. 

Compared to Rac1, there is more direct evidence supporting the involvement of Cdc42 in root 

development. Cdc42 plays a functional role in tooth root development by regulating odontogenic 

differentiation and proliferation of dental pulp cells. Specifically, Cdc42 acts downstream of Wnt 

signaling to enhance the expression of root-related genes and differentiation markers. Canonical Wnt 

activation promotes nuclear β-catenin accumulation, where Cdc42 contributes to transcriptional 

responses that drive odontoblast maturation [242]. Additionally, non-canonical Wnt signaling 

through Ror2 regulates Cdc42 activity to control DPC proliferation. In this pathway, Wnt5a or 

related ligands engage Ror2 receptors, triggering intracellular activation of Cdc42 and subsequent 

modulation of the cytoskeleton and cell cycle. This coordination ensures sufficient progenitor 

expansion during the elongation phase of root development [262]. Although its role in HERS remains 

uncharacterized, current evidence supports Cdc42 as a key regulator for proper root formation. 

5. Conclusion and Future Directions 
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Rho GTPases—particularly RhoA, Rac1, and Cdc42—emerge as master regulators of bone and 

tooth development by integrating extracellular signals into cytoskeletal remodeling, cell polarity, 

mechanotransduction, vesicular trafficking, and gene expression. Their dynamic activity governs a 

wide range of cellular processes essential for the differentiation, function, and spatial organization of 

osteoblasts, osteoclasts, ameloblasts, odontoblasts, and stem/progenitor cells across skeletal and 

dental tissues. 

In bone, RhoA signaling promotes osteoblast proliferation and mineralization through the 

ROCK and mDia pathways, and modulates osteoclast function via NF-κB and integrin signaling. 

Cdc42 orchestrates osteoblast polarity and maturation through actin remodeling and regulates 

osteoclast sealing zone formation. Rac1 enhances osteogenic differentiation and matrix production 

by facilitating actin polymerization and Wnt/β-catenin signaling. These GTPases also play 

indispensable roles SSC self-renewal, lineage commitment, and response to mechanical cues, largely 

mediated by pathways such as YAP/TAZ, BMP, TGF-β, and FGF. 

In the context of dental development, Rho GTPases govern epithelial-mesenchymal interactions 

and morphogenesis at multiple stages. RhoA-ROCK signaling is essential for epithelial bending, 

odontoblast polarization, and dentin matrix secretion. Rac1 modulates cell migration, polarity, and 

lamellipodia formation, supporting the organization of both ameloblasts and odontoblasts. While 

Rac1’s role in tooth root development remains indirect, Cdc42 has more definitive evidence of 

involvement. It regulates root elongation and odontogenic differentiation by integrating canonical 

Wnt activation and non-canonical Wnt5a–Ror2 signaling. Cdc42 also controls apical-basal polarity 

via PAR3–PAR6–aPKC complexes and participates in JNK-mediated cytoskeletal remodeling, crucial 

for dentinal tubule pa�erning. Furthermore, recent data show that disruption of upstream regulators 

such as Trio or Din, which modulate RhoA/Cdc42 activity, leads to defective root formation, further 

reinforcing their importance in root morphogenesis. 

Despite these advances, key questions remain. First, the isoform-specific functions and context-

dependent effects of RhoA, Rac1, and Cdc42 in distinct skeletal and dental compartments are still 

incompletely understood. Second, the crosstalk between Rho GTPases and major developmental 

signaling pathways (Wnt, BMP, TGF-β, FGF, Notch, Hippo-YAP/TAZ) requires deeper mechanistic 

dissection. Third, the spatiotemporal dynamics of Rho GTPase activity during in vivo development, 

injury response, and regeneration remain difficult to capture with current genetic and imaging tools. 

Technological advances will be critical for addressing these gaps. Future studies should utilize: 

 Inducible and lineage-specific Cre models to dissect stage- and cell-type-specific functions. 

 Live-cell imaging and biosensors to track Rho GTPase activity in real time. 

 Single-cell transcriptomics and proteomics to uncover cell-state-specific Rho signaling 

networks. 

 3D organoid and explant models, particularly in dental research, to better model tissue 

complexity. 

 Biomechanically tunable materials to study how Rho GTPases interpret physical cues in 

development and repair. 

Therapeutically, targeting Rho GTPase pathways offers promising avenues for bone 

regeneration, periodontal repair, and treatment of craniofacial anomalies. Pharmacologic inhibitors 

of RhoA effectors (e.g., ROCK) are already under investigation for their potential in enhancing 

osteogenesis or limiting pathological bone resorption. However, the challenge of achieving 

spatiotemporal specificity and minimizing systemic toxicity remains. Therefore, strategies such as 

localized drug delivery, biomimetic scaffolds, and gene-editing technologies may be needed to 

harness the full therapeutic potential of Rho GTPase modulation. 

In conclusion, Rho GTPases function as central molecular hubs that integrate mechanical and 

chemical cues during bone and tooth development. A more refined understanding of their regulatory 

logic will not only elucidate fundamental mechanisms of craniofacial and skeletal biology but also 

facilitate the development of targeted therapies for musculoskeletal and dental disorders. 
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Table 1. Roles of Rho GTPases in Bone Biology. 

Feature / Process RhoA Rac1 Cdc42 

Actin Cytoskeletal 

Structures 

Stress fibers, focal 

adhesions via 

ROCK/mDia-mediated 

contractility [55,58] 

Lamellipodia, 

membrane ruffles via 

actin polymerization 

[80–83] 

Filopodia, polarity 

complexes, Golgi 

positioning, vesicle 

trafficking [32,33] 

Osteoblast 

Differentiation 

ROCK–YAP/TAZ and 

MRTF-A 

mechanotransduction; 

context-dependent [59–

63] 

PAK–MAPK/ERK–

Runx2 and Wnt/β-

catenin pathways [80–

88] 

Polarity regulation and 

ERK/Smad, PAK signaling 

→ Runx2 [49,50] 

Osteoclast 

Differentiation 

Sealing zone formation 

via ROCK; NF-

κB/NFATc1 regulation 

[127–129] 

Podosome formation; 

RANKL–NF-κB 

signaling [124,125] 

Regulates proliferation, 

polarity, MITF/NFATc1 

[115,126] 

Bone Resorption Sealing zone, 

actomyosin 

contractility (ROCK–

MLC axis) [127,135] 

Ruffled border 

formation, vesicle 

trafficking, enzyme 

secretion [122,164] 

Vesicle delivery and 

cytoskeletal coordination 

[121,182] 

Migration (SSCs and 

Osteoclasts) 

Contractility and 

retraction via ROCK-

mediated tension 

[55,58] 

Lamellipodia-driven 

migration and 

spreading [90,91] 

Directional migration via 

Par3/Par6/aPKC complex 

[115] 

ECM Interaction & 

Mechanotransduction 

ECM–integrin–FAK–

Src–GEF–RhoA axis; 

YAP/TAZ and MRTF-

A activation [40,61,64] 

Integrin-mediated 

actin remodeling; 

PAK/MAPK and 

Wnt/β-catenin 

signaling [87,106] 

ECM-regulated polarity; 

PAK–LIMK1 and ERK/Smad 

pathways [39,52] 

SSC Proliferation & 

Expansion 

Adhesion-dependent 

signaling and 

cytoskeletal tension 

[55,58] 

PAK–PI3K/AKT and 

growth factor signaling 

(PDGF, IGF-1, FGF2) 

[95–100] 

Cell cycle progression and 

spindle orientation [51] 

SSC Osteogenic Fate Rheostat control of 

osteogenesis [55–57] 

Runx2 and β-catenin 

activation [86,88] 

Polarity and niche 

interaction-dependent 

osteogenesis [39,51] 

Pathological Role Hyperactivation 

suppresses Wnt/β-

catenin; impairs 

osteogenesis [44,45] 

Dysregulation leads to 

fragility or 

pathological 

ossification [48,102] 

Dysregulation contributes to 

aging and osteoarthritis 

[52,119] 
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Therapeutic 

Implication 

Requires precise 

modulation (not 

simple 

inhibition/activation) 

[40,61] 

Context-dependent 

targeting [101,107] 

Requires cell-specific 

targeting [134,184] 

Table 2. Roles of Rho GTPases in Odontogenesis. 

Feature / Process RhoA Rac1 Cdc42 

Early Tooth 

Morphogenesis 

Epithelial bending, 

invagination, basal 

constriction via ROCK-

mediated actomyosin; 

disruption impairs bud 

formation [218–222] 

Actin polymerization, 

epithelial 

rearrangement, 

invagination; maintains 

epithelial integrity 

[216,235] 

Epithelial organization 

and polarity in enamel 

organ [213] 

Epithelial–Mesenchymal 

Interaction & 

Mesenchymal Behavior 

Mesenchymal migration, 

adhesion, condensation 

via integrin and stress 

fibers; stabilizes 

epithelial–mesenchymal 

interface [223–225] 

Coordinates epithelial 

migration, cytoskeletal 

regulation, integrin-

mediated adhesion 

[236,237] 

Maintains polarity-

dependent epithelial 

organization for 

signaling [213] 

Signaling Integration 

(Early Stage) 

Interacts with Wnt/β-

catenin, BMP, FGF; 

regulates YAP/TAZ via 

cytoskeletal tension 

[11,61,230] 

Interacts with Wnt/β-

catenin and integrin 

signaling [86,237] 

Primarily regulates 

polarity; limited direct 

signaling described [213] 

Dentinogenesis – 

Odontoblast 

Differentiation 

Odontoblast elongation, 

alignment, polarization 

via ROCK-mediated 

cytoskeletal remodeling 

[239,240] 

Odontoblast polarity, 

alignment, morphology 

via actin dynamics 

[214,239] 

Apical–basal polarity 

and cytoskeletal 

organization [239,241] 

Dentinogenesis – Matrix 

Secretion 

Polarized secretion of 

collagen, DSPP, DMP1 

via 

cytoskeletal/microtubule 

coordination [241,244] 

Vesicular transport and 

secretion of dentin 

matrix proteins; 

disruption causes 

defects [214,258] 

Golgi positioning, 

vesicle trafficking, 

directional secretion 

[241] 

Dentinogenesis – 

Signaling Pathways 

YAP/TAZ; BMP, TGF-β, 

Wnt; enhances SMAD 

signaling [239,244,251–

253] 

Wnt/β-catenin, MAPK, 

TGF-β signaling [86,260] 

Wnt5a–Ror2–Cdc42–

JNK; PAR polarity 

complex [260,261] 

Amelogenesis – Early 

Stage 

Ameloblast elongation, 

cytoskeleton, polarity 

via ROCK [17,263,265] 

Epithelial polarity, 

spreading, laminin–

integrin interactions 

[17,275] 

Polarity, cytoskeleton, 

cell–cell adhesion; 

enamel organ integrity 

[213] 

Amelogenesis – 

Secretory Stage 

Tomes’ process 

integrity; actin 

organization, vesicle 

trafficking; junction 

maintenance [270,271] 

Required for enamel 

matrix secretion; loss 

causes enamel defects 

[216] 

Planar polarity, junction 

integrity, synchronized 

secretion [264] 

Amelogenesis – 

Maturation Stage 

Cytoskeletal 

remodeling, actomyosin 

contractility during 

mineralization [273] 

Not specifically detailed Enamel protein 

resorption, 

mineralization, 

metabolism [276] 
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Root Development HERS polarity, 

cytoskeleton via ROCK; 

odontoblast 

differentiation; 

YAP/TAZ; TGF-β/Wnt 

[241,253] 

Indirect via Trio; 

migration, adhesion, 

proliferation [279] 

Dental pulp 

proliferation and 

differentiation via 

Wnt/β-catenin and Ror2 

[262] 

Functional 

Consequences of 

Dysregulation 

Impaired invagination, 

defective dentin, 

disrupted polarity, 

enamel abnormalities 

[240,241] 

Defective epithelial 

organization, impaired 

dentinogenesis, enamel 

defects [214,216] 

Loss of polarity, enamel 

defects, oxidative stress, 

abnormal root 

development [18,213] 
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