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ABSTRACT

The epidermis is primarily composed of keratinocytes, maintain the integrity of skin by carefully
controlling the ratio of differentiation to proliferation. Non-receptor tyrosine kinases known as Src family
kinases (SFKs), which include Src, Fyn, and Yes, are essential for these processes because they affect
tumorigenesis, wound healing, and epidermal maintenance. Through their interactions with receptor
tyrosine kinases like EGFR, SFKs modulate keratinocyte migration, differentiation, and proliferation by
activating downstream Ras-MAPK and PI3K-Akt pathways. Using integrin-mediated focal adhesion
kinase (FAK) activation and cytoskeletal remodeling, SFKs facilitate keratinocyte migration during
wound healing. By altering cell adhesion, modifying the epithelial-mesenchymal transition, and
abnormally activating proliferative drivers like Yes-associated protein (YAP), dysregulation or
overexpression of SFKs disrupts epidermal homeostasis and contributes to carcinogenesis. The
development of cutaneous squamous cell carcinoma may be prevented or lessened by targeted inhibition
of SFKs, which can be achieved with drugs such as dasatinib, bosutinib, AZD-0530, and bioactive
phytochemicals. This review highlights some reported outcomes on the therapeutic approaches targeted
at regaining epidermal function, enhancing wound healing, and slowing the spread of cancer while
outlining present knowledge of SFK-mediated regulation of keratinocyte biology. Obtaining insight into
SFK signaling pathways sets the basis for developing treatments for skin cancers and pathological wound

healing.
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1. INTRODUCTION

The epidermis, the outermost covering of the skin, protects our bodies from external elements and prevents dehydration. It
is composed of stratified epithelial tissue that serves as a barrier against adverse environmental conditions and mainly consist
of keratinocytes [1]. This squamous epithelial tissue is separated into two parts: the interfollicular epidermis (IFE) and
distributed pilosebaceous units, which are termed appendages, such as the follicle that produces hair and the sebaceous
gland that lubricate the skin [2]. These appendages invade the dermis from the IFE, and stem cells, or progenitor cells, make
up nearly all cells in the inner layer of the IFE base. They regenerate themselves continuously. To produce the outer layers,
which include the stratum spinosum (SS), stratum granulosum (SG), and stratum corneum (SC) layers, they move upward
and undergo a highly structured differentiation process. The outermost layer, known as the SC, provides the skin’s primary
barrier function and is made up of corneocytes encased in a lipid matrix that are dead and keratin-filled [3]. SCs are
continuously removed from the tissue under healthy conditions and then replaced by other differentiating layer cells [4].
The three stages of a hair follicle are typically three years long: the anagen, or growth phase; the several-week-long catagen,
or involuting phase; and the several-month-long telogen, or resting phase. The bulge, which is the lowest portion of the
enduring part of the hair follicle, is home to stem cells that are responsible for follicle renewal in hair during anagen. The
transit-amplifying cells of the hair follicle are produced by the bulge stem cells during anagen. These multiply quickly and
transiently before starting seven differentiation programs that eventually result in the adult hair follicle (Figure 1). Hair
growth ceases after the matrix cells have used up all their proliferative potential, and the follicle enters catagen, resulting in
the bulging portion of the follicle remaining intact while the lower two-thirds disintegrate. The lowest portion of the hair
follicle contains the hair bulb. This structure is composed of differentiated offspring of the stem cells of the bulge and sit
atop the dermal papilla. The dermal papilla contains specialized dermal fibroblasts, nerve fibers, and a capillary loop (Figure
1). It is essential for hair follicle growth and adult hair cycle regulation [5].

Complex signaling networks regulate keratinocyte growth and differentiation equilibrium. Among these, Src family kinases
(SFKs), nonreceptor tyrosine kinases, play a crucial role in epidermal homeostasis. The dysregulation of SFKs impairs the
healing process [6, 7], and overexpression promotes carcinogenesis [8]. This study summarizes the functions of Src family
kinases, which control cancer formation, wound recuperation, and epidermal maintenance Complex signaling networks
regulate keratinocyte growth and differentiation equilibrium. Among these, Src family kinases (SFKs), nonreceptor tyrosine
kinases, play a crucial role in epidermal homeostasis. Given their central role in both physiological and pathological
contexts, SFKs represent promising therapeutic targets. Pharmacological inhibitors-including dasatinib, bosutinib, and
AZD-0530—as well as bioactive phytochemicals have shown potential in modulating SFK activity to restore epidermal
function, enhance wound healing [6,7], and limit tumor progression [9]. Understanding the molecular mechanisms by which
SFKs regulate keratinocyte biology can inform the development of targeted therapies for skin disorders.

This mini-review synthesizes current knowledge on SFK-mediated regulation of epidermal maintenance, wound healing,
and tumorigenesis, highlighting therapeutic strategies aimed at optimizing skin repair and preventing malignant

transformation.
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Figure 1. Structure of the epidermis of the skin.

2. OVERVIEW of Src FAMILY KINASES (SFKs)

2.1. Structure of SFKs and Their Activation

SFKs are structurally related to each other and have structural components that are conserved among family members as
shown in Figure 2 which was derived with the modification of literature [10]. These structural components are a short C-
terminal tail, an Src module that contains Src Homology-3 domain (SH3), Src Homology-2 domain (SH2), and a tyrosine
kinase domain, an N-terminal myristoylation site and a palmitoylation site in most members, which oversee cell localization,
and a "unique" domain that differs among family members [11]. The Src module is based on the SH2-kinase linker, which
is connected on one face by the usual ligand-binding pocket of the SH3 domain and forms a polyproline type II helix [11].
The kinase cannot be activated because the other face of this linker is jammed against the N-lobe of the kinase domain. An

exogenous ligand that displaces the SH3 domain can substantially activate Src-family kinases [11].
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Figure 2. Conformational states of Src family kinases (SFKs). In the inactive state (left), SH3 binds the SH2-kinase linker
and SH2 engages phosphorylated Tyr527, locking the kinase in a closed form. In the active state (right), ligand binding to
SH3, Tyr527 dephosphorylation, or Tyr416 phosphorylation disrupts these interactions, producing an open, catalytically

active conformation.

The primary mode of control in Src-family kinases is the interaction of two tyrosine phosphorylation sites: the conserved
positive regulatory phosphorylation site in the activation loop and a negative regulatory site on a short tail at the C-terminus
of the kinase domain. For example, Tyr-416 in chicken c-Src and Tyr-419 in human c-Src phosphorylation in the activation
loop of the kinase domain activates the enzyme; Tyr-527 in chicken c-Src and Tyr-530 in human c-Src phosphorylation in
the C-terminal tail inhibits the enzyme activity [8-12]. Tyr-416 or Tyr-527, but not both, is where the enzyme is
phosphorylated in vivo [11]. The Src module in the inactive structure is stabilized by docking its tyrosine-phosphorylated
tail to the SH2 domain [11]. When SFKs are activated, they induce cell proliferation, differentiation, migration, and
carcinogenesis (Figure 3).

A linker is placed on the pocket of the SH3 domain of the Src module comprising the SH2 and SH3 domains [11,12]. The
N-lobe of the kinase domain is attached to the linker site, which is not attached to the SH2 domain. The interplay of two
tyrosine phosphorylation sites regulates the Src family kinase: a positive regulatory phosphorylation site in the activation
loop and a negative regulatory site on a short tail at the kinase domain C-terminus. When the activation loop is in the
inhibitor helix form and the C-terminus of the kinase domain is attached to the SH2 domain through the tyrosine
phosphorylation site, the Src family kinase is in the inactive form. When the activation loop is extended and the C-terminus

is detached from the SH2 domain, the Src family kinase remains active. The Src family kinase cannot be activated unless
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the N-lobe of the kinase domain is unclogged by the other face of the linker [10]. Indeed, an exogenous ligand that displaces
the SH3 domain can substantially activate SFKs by the autophosphorylation of 416Y of the activation loop [12].

2.2. SFKs In Epidermal Maintenance

Nonreceptor-type PTKs, known as Src family kinases (SFKs), which include Src, Fyn, and Yes, are crucial for controlling
cell proliferation and differentiation, migration, and carcinogenesis [8, 13]. They are believed to activate downstream Ras-
MAPK and PI3K pathways by interacting with RPTKs, such as the EGFR expressed in keratinocytes (Figure 3), and are
thought to be involved in epidermal cell proliferation and differentiation (Table 1) [14]. The members of the Src and Ras
families both promote proliferation, but they induce distinct changes in the terminal differentiation program of keratinocytes.
Cells expressing Src exhibit altered morphology and reduced expression of differentiation markers, whereas Ras affects
differentiation in a different manner [15]. Src kinase can induce epidermal differentiation-like morphological changes in
A431 cells through a novel pathway that is independent of both its SH3 domain and the Ras signaling cascade but potentially
through cytoskeletal or adhesion-related proteins [16]. Activation of epidermal growth factor receptor (EGFR) by its ligand
phosphorylates the tyrosine residue of the Src-activating and signaling molecule (Srcasm). The phosphorylation of Srcasm
activates Src kinase [17]. Calautti et al. reported that the PI3-Akt pathway causes early keratinocyte differentiation through
Src tyrosine kinase and epidermal growth factor receptor [18]. A study showed during early differentiation, c-Src was
activated, and c-Yes kinase was deactivated in human cultured keratinocytes treated with calcium. c-Src kinase was
activated due to the dephosphorylation of tyrosine by phosphatase enzyme [19]. In addition, in a recent study, it has been
reported that in young skin yes associated protein YAP with TAZ maintains proliferation of skin stem cells. With aging,
YAP/TAZ activity decreases, which results in decreased proliferation of basal stem cells [20]. Vitamin D signaling, which
promotes keratinocyte differentiation and barrier function, may intersect with SFK pathways to maintain epidermal integrity

because of its broader role in skin health that could complement SFK-mediated processes [21].

Therefore, it is concluded that SFKs are involved in regulating the proliferation and differentiation of keratinocytes, and
EGF is a critical driver for keratinocyte survival and proliferation. Src facilitates the adhesion and cellular communication

of the epidermal layers.
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Table 1. Summary of some literature review about the functional roles and mechanistic pathways of Src family kinases in

keratinocyte biology.
Function SFKs Mechanism Key findings Ref
involved

Proliferation Src Viral transformation of Src  Fulfills the EGF needs 15

Differentiation Src By modulating cytoskeletal Differentiation, like morphological 16
organization and changes in A431 cells
adhesion-related proteins

Differentiation Src Mediated by activation of Early differentiation of 18
PI3K-Akt pathway keratinocytes

Migration Src Through regulation of Polarization of cells through actin 23,
Integrin and FAK that remodeling which causes 24
regulate Rac1 migration of keratinocytes during

wound healing

Migration Src As a result of Src Activation of MMP-2 and 6

overexpression decreased E-cadherin expression
in keratinocytes

Carcinogenesis Src Through inhibition of PKCd Altering differentiated phenotype 28
in Ras transformed and tight junction formation
keratinocytes

Carcinogenesis Fyn Via activation of signaling Thickened hyperplastic, and scaly 31
molecules, including epidermis in mice
PDK1, STAT-3, and MAPK

Carcinogenesis Yes YAP (Yes-associated Abnormal proliferation of 49-
protein) may become keratinocytes through B-catenin 51

overactivated due to
increased tissue stiffness
or genetic mutations

activity

2.3. SFKs in Wound Recuperation

Src kinase is activated in keratinocytes during the early stage of wound healing [22]. During this process, integrin o341
induces autophosphorylation of FAK at Y397, followed by Src kinase-mediated phosphorylation at Y861 and Y925. This
caused Racl activation, leading to the polarization and migration of keratinocytes (Figure 3) [23]. Detergent-resistant
membranes (DRMs) are a domain of Src kinase that inhibits its function. In wound-induced keratinocytes, type II keratins
6 bind to this domain and inhibit Src kinase, resulting in the inhibition of substrates such as FAKs, P130Cas, and paxillin,
which inhibits cell migration [24]. On the other hand, Wu et al. reported that the extracellular signal-regulated kinase (ERK)
and c-Jun-N-terminal kinase (JNK) pathways induced Src-mediated increased MMP-2 expression and decreased E-cadherin
expression, thereby causing wound healing through migration [6]. This paper also revealed that in vitro, Src overexpression
markedly enhanced cell migration, and in vivo, it accelerated wound healing. On the other hand, both processes were delayed

by silencing Src [6]. Keratinocyte proliferation was not significantly impacted by Src, indicating that its main function is to
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promote migration. All the above reports indicate that SFKs play a crucial role in wound healing by triggering keratinocyte
migration at the wound site through integrin-mediated activation. Additionally, SFKs facilitate tissue remodeling by the

deposition of new extracellular matrix components [6].

2.4. SKFs In Cancer Formation (Tumorigenesis)

The carboxy-terminal Src kinase (CSK) is a PTK that catalyzes the phosphorylation of a COOH-terminal regulating tyrosine
residue, thus blocking the activity of all SFKs [13, 25]. Ablation of CSK showed defective cell adhesion in keratinocytes
with hyperplasia, improper differentiation, and inflammation due to upregulation of RAC1 activity [26]. The activity and
expression of Src family kinases are regulated during the normal hair cycle. Its activity and expression were upregulated in
the anagen phase and in the tumor-inducing model [27]. In the tumor-inducing model, the Src inhibitor AZD0530 reduced
papilloma formation, but AZD0530 did not inhibit subsequent papilloma proliferation, indicating the involvement of Src in
early cancer development [27]. As described in Figure 3, In Ras-transformed mouse keratinocytes, Src caused the
inactivation of PKCS by tyrosine phosphorylation, thereby altering the differentiated phenotype and tight junction
formation, which is responsible for cancer formation [28]. In Ras-transformed keratinocytes, Fyn expression was
upregulated, and inhibition of FYN using siRNA caused Rho GTPase activation that caused polymerization of F-actin [29].
Fyn is an effector molecule of the Ras-PI3-Akt pathway that causes keratinocyte invasion [30]. In 2007, Li et al. reported
that Fyn overexpression causes thickened, hyperplastic, and scaly epidermis through activation of important signaling
molecules, including PDK-1, STAT-3, and p44/42 MAP kinases, that support the growth of epithelial cells in mice [31].
Sarcasm can restore the homeostasis of keratinocytes through downregulation of Fyn [30]. A number of distinct tyrosine
phosphorylation sites in Sarcasm/Srcasm are phosphorylated by activated SFKs [32]. When SFKs are phosphorylated,
Sarcasm/Srcasm binds to them and stops their activity through a lysosomal-dependent mechanism. This works to limit
keratinocyte proliferation and promote keratinocyte differentiation by blocking the activation of PDK1/Akt/mTOR,
MEK/ERK, and STAT3 [17, 31, 32]. Cell growth, survival, and cell cycle advancement are all aided by the
PI3K/AKT/mTOR signaling pathway [33].

On the other hand, the JAK/STAT and Ras/Raf/MEK/ERK pathways induce cell cycle progression and inhibit
apoptosis [34]. In cutaneous squamous cell carcinoma (SCC), Srcasm is downregulated, and Fyn activity is
increased, which causes downregulation of Notchl and P53 [35]. In the epidermis, Notchl acts like a tumor
suppressor gene. Notchl deletion mediated by Cre-recombinase in keratinocytes creates a microenvironment that
induces tumor formation [36]. In addition, P53 loss in vitro and in a mouse model developed skin cancer [37]. On
the other hand, extracellular Ca?* ion induced Fyn/Src activity through G-protein coupled receptors that resulted

in adherens junction formation in keratinocytes.
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Figure 3. The downstream signaling pathways of integrins or growth factor receptors (upper panel) and the

function of Src family kinases (SFKs) in controlling keratinocyte proliferation and differentiation (lower panel).

Activation of Fyn/Src increased intracellular Ca2+ 1ons, thereby resulting in differentiation of keratinocytes [38].
Thus, Fyn shows a contradictory function, resulting in adherens junction formation during keratinocyte
differentiation and adherens junction dissolution in keratinocyte transformation and oncogenesis [39]. Montagner
et al. reported that peroxisome proliferator-activated receptor (PPAR) /6 was increased in mice with ultraviolet
(UV)-induced skin cancer, which led to epithelial mesenchymal transition (EMT) and ultimately cancer. In terms
of mechanism, UV-induced PPARPBP/6 leads to Src overexpression, which in turn triggers the EGFR/Erk1/2
signaling pathway and EMT [40]. The review paper by Ortiz et al. reported that SFKs act as adaptor proteins,
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which cause EMT through cytoskeletal reorganization. The EMT is required for cancer invasion and metastasis
[41], which indicates a role of SFKs in cancer progression. Chronic inflammation is the indicator of UV-mediated
skin cancer [42]. 4-phenylpyridine (4-PP), a natural product, binds to Src and stabilizes it. The stabilized Src
inhibited the phosphorylation of UV-induced EGFR, thus inhibiting inflammation [43], describing a role of Src
in inflammation and cancer formation. From the above literature, it can be summarized that in epidermal cancer,
overexpression of Src leads to increased keratinocyte proliferation, promoting invasive behavior through
cytoskeletal reorganization by bypassing normal growth controls. To understand the role of SFKs in keratinocyte

migration and cancer formation, Figure 4 summarizes the mechanisms.

RTK Integrin
P .
Srcasm —> — FAK

/:; l\\ \Racl

Ras/Raf
2 1 AP/TA ke
i

Paxillin

P30 Cas

1
\\
1 1 1 | )

Cell survival, Proliferation and Cancer formation Cell migration

Figure 4. Summary of the mechanism by which SFKs play crucial role in cell survival, proliferation, migration, and

cancer formation. This figure was drawn on the basis of reference [8].

The Yes-associated protein YAP is located in basal progenitor cells, promoting their proliferation and preventing their
differentiation [44]. The Hippo/Y AP signaling pathway regulates cell proliferation and organ size [45, 46]. As an effector
of the Hippo signaling pathway, overactive YAP causes liver, lung, and colorectal cancer, and mutations in Hippo pathway
components exhibit overgrowth of organs, increased stemness, and decreased cell differentiation [47, 48]. It has recently
been reported that Y AP, a mechanosensory, is activated due to tissue stiffness regardless of Hippo kinase pathway activation
[49, 50]. The above data clearly show that YAP activity must be strictly regulated for epidermal homeostasis and that
abnormal nuclear YAP activity leads to epidermal tumor growth. Akladios et al. reported that overexpression of mutant

Y AP localized in the nucleus causes increased keratinocyte proliferation in mouse skin through activation of B-catenin [51].
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They also reported that YAP also causes the overexpression of Gli2 through B-catenin activity that finally results in basal
cell carcinoma (BCC) [52]. These results indicate that there is a crosstalk between the YAP and Wnt signaling pathways
that drive hyperplasia and BCC.

3. SFKS TARGETING AGENTS IN ¢SCC DEVELOPMENT

Table 2 represents the summary of SFKs targeting agents in ¢cSCC development. The subsequent part discusses the
medications and treatments that target SFKs in order to inhibit tumor growth and restore normal tissue architecture. The
only FDA-approved SFK inhibitor for treatment of Philadelphia chromosome-positive acute lymphocytic leukemia (ALL)
or chronic myeloid leukemia (CML) is dasatinib, also referred to as BMS-354825 [8]. It has been reported that it also acts
as an inhibitor of the c-Src and MAPK pathways in the cSCC cell line. This inhibition induced apoptosis of cSCC cells [53].
Topical application of dasatinib also inhibited cSCC development in the transgenic eK14-Fyn Y528F mice skin cancer
model [54]. In head and neck squamous cell cancer (HNSCC), which is quite similar to cSCC, bosutinib reduced Src and
EGFR phosphorylation. In vivo xenograft studies using cells taken from HNSCC produced comparable outcomes. In both

cell lines and xenografts, it inhibited growth and caused apoptosis [55].

Table 2. Summary of Src family kinase (SFK)-targeting agents with potential relevance to cutaneous squamous cell

carcinoma (cSCC).

Drug/Agent Mechanism Cancer/ Studied Ref.
and evidence Cell type

Dasatinib Induced apoptosis by cSCC In vitro and 53,
inhibiting c-Src and transgenic mice 54
MAPK

Bosutinib Induced apoptosis by HNSCC Cell lines and 55
Inhibiting Src and EGFR (analogous to  xenograft
phosphorylation c¢SCC)

AZD-0530 Inhibited keratinocyte Keratinocyte  Both in vivo 27
migration and (helpful for and vitro

proliferation by blocking cSCC)
Src family kinases

Phytochemical like Inhibited inflammation by  Skin cancer Both in vivo 56
4-phenylpyridine, regulating SFKs (helpful for and vitro
isocitric acid, caffeic c¢SCC)

acid, danshensu etc

Even though the trials were not conducted in ¢SCC specifically, the process suggests that they could be applied there. Abl
and SFKs are both inhibited by the dual tyrosine kinase inhibitor AZD-0530. For solid tumors, AZD-0530 is being used in
several phase II studies [8]. According to reports, it also inhibits keratinocyte migration and proliferation by blocking Src

family kinases [27], which could be helpful in ¢SCC. In addition, pharmaceutical phytochemicals can be utilized to prevent
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skin disorders because it has been reported that 4-phenylpyridine, isocitric acid, caffeic acid, danshensu etc. regulate SFKs,

which are important targets for avoiding environmental stress-induced skin cancer [56].

4. CONCLUSION

Src family kinases (SFKs) are key regulators of epidermal biology, organizing important processes such as keratinocyte
proliferation and differentiation. As discussed in this review, SFKs regulate epidermal homeostasis by balancing stem cell
renewal and terminal differentiation, thereby preserving the stratum corneum and its barrier function. The dysregulation of
SFK activity upsets this balance, contributing to disastrous results. For example, SFK signaling overactivation accelerates
wound healing and causes carcinogenesis, notably in SCC. Understanding the roles of SFKs will be helpful for wound care
and cancer treatment. Future studies should focus on tissue-specific SFK isoforms and their interactions with immune cells
or the extracellular matrix during wound closure and cancer progression. In addition, overexpression of SFKs leads to
cancer; however, it is unknown if SFK mutation results in aberrant keratinocyte proliferation. Researchers can investigate
whether an SFK mutation can result in cancer. We believe that more research on SFKs in keratinocytes is still possible.

Such findings could improve therapeutic techniques, allowing tailored interventions for patients with epidermal disorders.
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