Pham et al. Molecular Cancer (2025) 24:147 MO'QCU Iar Cancer
https://doi.org/10.1186/s12943-025-02289-8

, , .. : ®
Double-sided niche regulation in skin s

stem cell and cancer: mechanisms and clinical
applications

Trang Thao Quoc Pham', Yung-Che Kuo?!, Wei-Ling Chang'", Hao-Jui Weng'***" and Yen-Hua Huang'*®"#"

Abstract

The niche microenvironment plays a crucial role in regulating the fate of normal skin stem cells (55Cs) and cancer
stem cells (CSCs). Therapeutically targeting the CSC niche holds promise as an effective strategy; however, the dual
effects of shared SSC niche signaling in CSCs have contributed to the aggressive characteristics of tumors and poor
survival rates in skin cancer patients. The lack of a clear underlying mechanism has significantly hindered drug devel-
opment for effective treatment. This article explores recent advances in understanding how niche factors regulate
cell fate determination between skin stem cells and skin CSCs, along with their clinical implications. The dual roles
of key components of the adhesive niche, including the dermo-epidermal junction and adherens junction, various
cell types—especially immune cells and fibroblasts—as well as major signaling pathways such as Sonic hedgehog
(Shh), Wingless-related integration site (Wnt)/-catenin, YAP (Yes-associated protein)/TAZ (transcriptional coactivator
with PDZ-binding motif), and Notch, are highlighted. Additionally, recent advances in clinical trials and drug devel-
opment targeting these pathways are discussed. Overall, this review provides valuable insights into the complex
interactions between skin cancer stem cells and their microenvironment, laying the groundwork for future research
and clinical strategies.
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Introduction

The epidermis is a mechanically responsive tissue that
possesses continuous regenerative potential, serving as
a dynamic barrier against environmental challenges [1].
The integrity of the epidermis is sustained by the ongo-
ing self-renewal of long-lived basal-layer skin stem cells
(SSCs). Additionally, short-lived transient-amplifying
cells (TACs), arising from the mitotic division of stem
cells (SCs), detach from the basal layer and undergo ter-
minal differentiation as they move toward the outermost
surface. Maintaining a balanced epidermal development
is crucial for preserving the protective barrier function
and preventing excessive hyperproliferative disorders or
skin neoplasms.

The global incidence of skin cancer, including both
cutaneous melanoma and nonmelanoma skin cancer
(NMSCs), is on the rise [2, 3]. Among these, melanoma is
the most lethal, accounting for approximately 75% of skin
cancer-related deaths [3] and ranked as the 22nd lead-
ing cause of cancer-related deaths worldwide, according
to GLOBOCAN 2022 [4]. Melanoma is characterized
by a high tendency for metastasis, treatment resistance,
and genetic instability. Late-stage melanoma patients
exhibit a poor chemotherapy response, with the 5-year
survival rate for stage IV melanoma at just 22.5% [5]. In
2022, melanoma ranked as the 17th most common can-
cer worldwide, with approximately 331,722 new diagno-
ses and 58,667 fatalities [6]. By 2040, the global incidence
of melanoma is projected to increase by 50%, with new
cases reaching 510,000 and deaths rising by 68% to
96,000, compared to 2020 [7]. Notably, a significant pro-
portion of melanoma cases (85.6%) and related deaths
(67.2%) occurs in countries with a very high human
development index [7].

Nonmelanoma skin cancers (NMSCs) primarily con-
sist of two major types: basal cell carcinoma (BCC) and
squamous cell carcinoma (SCC). BCC is the most com-
mon type, accounting for approximately 70% of cases,
while SCC represents about 25% [8]. NMSCs continue
to be a significant public health concern, with data indi-
cating that the incidence of BCC has increased by 20% to
80%, and SCC incidence has risen by 3% to 10% annually
over the past 30 years [9]. As of 2022, NMSCs accounted
for 1,234,533 cancer cases and 69,416 fatalities, accord-
ing to the GLOBOCAN report [6]. Skin SCC is a highly
aggressive form of NMSC that contributed to 56,000
deaths in 2019, according to a global survey [2]. Invasive
skin SCC can progress to advanced stages, with a dismal
10-year survival rate of less than 20% [10]. In 2019, there
were 2,402,221 global cases of cutaneous SCC, and the
death rate increased by 6.1% between 1990 and 2019 [11].
Projections for 2035 estimate an incidence of 3,637,626
cases, reflecting a 51.4% increase from 2019 [11].
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The persistent self-renewal and expansion of can-
cer stem cells (CSCs) in aggressive skin cancer contrib-
ute to poor prognosis, significant treatment resistance,
and advanced invasion, posing a major challenge in
skin cancer treatment [12, 13]. Research has shown that
variations in chemoresistance and virulence of mela-
noma are attributed to the presence of CSCs in tumors,
including CD133 (Cluster of differentiation 133) [13],
ABCB5 (ATP-binding cassette sub-family B member 5)
[14], ALDH (Aldehyde dehydrogenase) [15], CD20 [16],
CD271 [17], and SOX10 (SRY-Box transcription factor)
[18]. Subpopulations of cells exhibiting CSC properties in
SCCs and BCCs are implicated in tumor initiation, pro-
gression, and resistance [12, 19, 20].

The fate of both normal skin SSCs and CSCs is pre-
dominantly determined by the regulatory influence of
the niche microenvironment [21-23]. Notably, certain
components of the SSC niche, including core signaling
pathways, contribute to the formation and maintenance
of the CSC niche. In the normal SSC niche, pathways
such as Sonic Hedgehog (Shh), Wingless-related inte-
gration site (Wnt)/p-catenin, Notch, and YAP (Yes-
associated protein)/TAZ (Transcriptional co-activator
with PDZ-binding motif) are vital for maintaining the
self-renewal and differentiation of SSCs within tissues
[24]. Regulated signaling, in conjunction with other niche
components like the adhesion niche, dermal-epidermal
interface, and cellular compartments, is essential for
preserving SSC homeostasis by preventing uncontrolled
proliferation and excessive differentiation [24-26]. In
contrast, signaling dysregulation, in collaboration with
oncogenic pathways such as phosphoinositide 3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR)
and Janus kinase (JAK)/ signal transducer and activator
of transcription 3 (STAT3), characterizes the CSC niche,
particularly in refractory skin cancers [25, 27-29]. The
aberrant activation of key signaling pathways or their
specific components has been shown to sustain the CSC
population and contribute to alternative mechanisms of
cancer resistance. In addition to the intrinsic resistance
developed by CSCs, these factors complicate the effective
elimination of skin cancers.

Patients with aggressive skin tumors often face a poor
prognosis, marked by significant treatment resistance
and advanced invasion. However, the development of
effective therapies for these tumors remains challeng-
ing. Targeting the CSC niche offers a promising strat-
egy, particularly for refractory skin cancers. This review
provides an overview of the latest updates on the niche
regulation of skin SSCs (Figs. 1 and 2) and skin CSCs
(Figs. 1 and 3), focusing on the underlying mechanisms
and current clinical trials that target CSC niche signaling
for the treatment of skin cancers, including SCCs, BCCs,
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and melanoma (Fig. 4 and Tables 1 and 2). The insights
presented in this review will facilitate future research and
advance clinical strategies, carrying significant implica-
tions for the treatment of skin cancer.

The dermal-epidermal niche in SSC and CSC
maintenance

SSCs, which primarily include interfollicular epider-
mal stem cells (IFESCs), hair follicle stem cells (HFSCs),
and melanocyte stem cells (MSCs), are widely recog-
nized for their roles in maintaining the skin epidermis
through self-regeneration and terminal differentiation
[1]. In the epidermal basal layer, IFESCs are located and
function in regulating the regeneration of the interfol-
licular epidermis (IFE) [30]. HFSCs are crucial for driv-
ing HF growth and are predominantly found in the hair
follicle (HF) bulge region. During the physiological ana-
gen phase, the outer root sheath and sebaceous ducts are
formed by differentiated keratinocytes originating from
HEFSCs. In wound healing, however, HFSCs contribute

(See figure on next page.)
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to maintaining the IFESC population [31-33]. Skin pig-
mentation is regulated by melanin, synthesized by mel-
anocytes originating from MSCs in the IFE. MSCs in the
lower bulge of the HF generate melanocytes, which are
essential for hair shaft pigmentation [34]. Hair pigmenta-
tion is continuously maintained through the cyclical acti-
vation of HFSCs, which is regulated by paracrine signals
from the bulge and dermal papilla (DP). This process is
closely synchronized with the activation of MSCs [35].

It has been demonstrated that the survival of SSCs
relies heavily on the niche environment, which com-
prises the dermal-epidermal basement membrane (der-
mal-epidermal BM), cell-cell adhesive contacts, cellular
compartments, and signaling pathways. Considering the
critical roles of IFESCs and HFSCs in maintaining epider-
mal homeostasis and their involvement as key sources of
common nonmelanoma skin cancers (SCC and BCC) [36,
37], as well as their regulation of melanoma cell origins
in the normal SSC niche [35], this review will primarily
focus on the IFESC and HFSC populations of SSCs. The

Fig. 1 The niche for normal and cancer skin stem cells. The illustration delineates the distinguishing characteristics between niche factors
supporting normal SSC and skin CSC. The intricate and heterogeneous nature of the skin CSC niche is depicted through five primary features.

1 Epidermal homeostasis is disrupted by the redistribution of integrins (a634 and a3{31), resulting in elevated suprabasal integrin levels,

and dysregulated maturation of LM332, which presents as unprocessed LM332, remaining the LG4-5 domain and full length of the 33 chain, or its
subunit y2 fragments. The Notch signaling pathway can become dysfunctional, in which Notch is downregulated, leading to the release of its
inhibitory effects on stem cell proliferation, thereby inducing skin tumorigenesis. However, Notch1 and its ligands, DLLT and JAG1/2, are highly
expressed in tumor cells during skin cancer metastasis. These opposing functions of Notch signaling may be associated with the ectopic presence
of DLL1 in tumor cells, which are typically confined to the SSCs of the epidermal basal layer, and increased expression of JAG1/2. Additionally,
alterations in the affinity of Notch1 receptor for its ligands could further contribute to this complexity. This may result from reduced LFNG
expression, which reinforces DLL1-Notch cis-inhibition (indicated by the light grey arrow) and inhibits JAG-Notch cis-inhibition in the physiological
SSC niche (indicated by the light grey line), in progressive tumors. 2 Disruption of basement membrane integrity occurs through uncoupling

of integrin from unprocessed LM332, breakdown of cadherin-mediated adhesion during EMT, and impairment of collagen IV, possibly induced
by MMPs or miRNA-135b. Elevated MMP activity is sustained by CSCs, dysfunctional ECM proteins, and malignant cellular compartments,
including CAFs, TAMs and TANs. The enhanced stiffness of the dermal matrix prompts the aberrant expression of integrins, which contribute

to sustaining the stemness of CSCs. 3 Factors secreted by CSCs and tumor-associated cells, particularly CAFs, TANs, and TAMs, include molecules
like VEGF and MMPs, which promote angiogenesis. 4 The continuous conversion of fibroblasts, monocytes, and neutrophils into CAFs, TAMs,
and TANs, respectively, is imperative for maintaining the CSC niche. Concurrently, factors secreted by CSCs, fibrous ECM, and hypoxic conditions
perpetuate the malignant traits of fibroblasts, macrophages, and neutrophils. Additionally, the transition from E-cadherin to N-cadherin

in adherens junctions, driven by the increased expression of SNAIL, SLUG, TWIST1, ZEB1/2, SIP1, and TCF3, as well as secreted factors from CSCs

or tumor-associated cells like TGF-3, promotes metastasis and facilitates the recruitment of CAFs into the CSC niche. 5 The CSC niche sustains
the survival of CSCs and tumor cells through multiple mechanisms. Cellular constituents within the CSC niche, including CAFs, TAMs, TANs,

and Tregs, orchestrate an immunosuppressive TME, thereby inhibiting cytotoxic T cell function. Notably, soluble factors secreted by these
immunosuppressive cells and CSCs, such as IL-10, CCL12, CXCR2 and IL-1(3, promote Treg accumulation within the CSC niche and upregulate

the expression of PD-1 and PD-L1 in both CSCs and tumor cells. CAFs can impair T cell function and increase T cell apoptosis by binding their FASL
and PD-L1/2 to FAS and PD-1 receptors on T cells. CSCs further contribute to immune evasion by elevating PD-1 expression and downregulating
MHC I/Il expression on their surfaces. Endothelial cells (ECs) not only facilitate angiogenesis to nourish the CSC niche but also promote skin

cancer metastasis through interactions with adhesive proteins on CSCs. SC, Stem cell; TA, Transamplifying cell; KC, Keratinocytes; CSC-TA, Cancer

stem cell-transamplifying cell; CA; Cancer cell; SSC, skin stem cell; CSC, cancer stem cell; LM332, Laminin 332; LG4-5, Laminin globular 4-5; DLL1, Delta-like
ligand 1, JAG1/2, Jagged1/2; LFNG, Lunatic Fringe; EMT, Epithelial-mesenchymal transition; MMP, Matrix metalloproteinase, ECM, Extracellular matrix; CAF,
Cancer-associated Fibroblast; TAMs, Tumor-associated Macrophage; TANs, Tumor-associated Neutrophil; VEGF, Vascular Endothelial Growth Factor; SNAIL,
Snail Family Transcriptional Repressor 1; SLUG, Snail Family Transcriptional Repressor 2; TWIST1, Twist family bHLH transcription factor 1; ZEB1/2, Zinc finger
E-box binding homeobox 1/2; SIP1, Smad interacting protein 1, TCF3, Transcription factor 3, EC, Endothelial cell; Treg, Regulatory T cells; FAS, Fas cell surface
death receptor, FASL, FAS ligand; MHC I, Major Histocompatibility Complex 1; PD-1, Programmed Cell Death Protein 1; PD-L1, Programmed cell death ligand
1;IL-10, Interleukin 10; CCL12, C—C Motif Chemokine Ligand 12; CXCR2, C-X-C Motif Chemokine Receptor 2; VCAM, Vascular Cell Adhesion Molecule; E-cad,
E-cadherin; N-cad, N-cadherin. Some figure components were created in BioRender. Pham, Q. (2025) https://BioRender.com/z83f047
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term “SSCs” will be discussed in relation to these specific
stem cell populations throughout the review.

Dermal-epidermal basement membrane
(Dermal-epidermal BM)

To maintain a balance in epidermal development during
regeneration, the connection between the dermis and
epidermis, known as the dermal-epidermal BM, provides
an adhesive scaffold and mechanical forces to stem cells
or facilitates important signaling processes involving
growth factors and extracellular matrix (ECM) proteins
[38]. In the skin’s structure, the dermal-epidermal BM
contains a wealth of ECM and various molecules that
promote communication and separation between the
epidermis and dermis [38]. Key ECM proteins in the BM,
such as laminin (LM) and collagen IV, bind to integrin
receptors on basal SSCs, forming anchoring complexes
that orchestrate the coordination of actin and microtu-
bule networks within these cells [38]. This interaction
influences the behavior of both normal SSCs and CSCs.

Laminin-integrin interaction in SSC and CSC regulation

a. Laminin-integrin interaction in SSC niche

Laminin 332 (LM332) and laminin 511 (LM511), and
their integrin receptors Laminins (LMs) are multifunc-
tional non-collagenous components of BM which mainly
contribute to the skin anchorage structure and main-
tain SSC homeostasis. LM332 and LM511 are the most
abundant laminins in the BM. LM332 is primarily located
beneath IFESCs and less abundant in the upper HF [39],
playing a key role in regulating epidermal differentia-
tion [40]. In contrast, LM511 is predominantly found in
deeper regions of the HF, with lower presence around
basal IFESCs. It is integral to sustaining HFSCs and facili-
tating the progression of HF development [39].

(See figure on next page.)
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LM332 and LM511 differ in their structure, distribu-
tion, and interaction with integrin receptors, resulting
in their distinct roles in maintaining skin homeostasis.
LM332 and LM511 share similar primary integrin recep-
tors (a6p4 and a3p1) [40]. The skin integrins a6p4 and
a3pB1 serve as the main cell surface receptors on SSCs,
interacting with LMs in the BM to enhance prolifera-
tion and maintain the quiescence of SSCs [41]. These
transmembrane receptors are dual-direction signal
transmitters, conveying information between the exter-
nal environment and cell interior [42]. To ensure stable
connections between SSCs and the ECM, they aggre-
gate with intracellular adaptor proteins that bind to the
cytoskeleton or actin filaments in SSCs [42]. In intact
skin, the interaction of LM332 with the a6p4 integrin is
more prominent than its binding to a3fp1 integrin [43].
Conversely, the interaction between LM511 and a3p1 is
regarded as dominant [44].

Integrin a6P4 and o3Pl receptors have distinct dis-
tribution patterns on the SSC membrane, facilitating
their interaction with LMs to maintain SSC quiescence.
a3l integrin, present on both the basolateral and api-
cal surfaces of basal SSCs [43], interacts with LM332 and
LM511 to constitute focal adhesions (FAs) [44]. In con-
trast, a64 is concentrated on the membrane surface of
SSCs adjacent to the BM [43]. This arrangement enables
a6pB4 integrin to effectively bind to processed LM332,
stabilizing basal SSCs in the BM through hemidesmo-
some formation [43]. Moreover, the expression of a6p4
and a3p1 is confined to the basal epidermal layer, where
SSCs show high levels of these integrins, whereas TACs
exhibit considerably lower levels [45, 46].

LM332 and a6f4 integrin: SSC population mainte-
nance LM332 and its primary receptor, a6p4 integrin,
help maintain the SSC pool by preserving the integrity
of the epidermal-dermal junction [40]. To perform its
functions, LM332, unlike LM511, is secreted by keratino-
cytes as a precursor containing full-length a3, B3, and
Y2 chains. It undergoes extensive proteolytic processing

Fig. 2 Core signaling pathways in skin stem cell niche. The schematic diagram emphasizes the core signaling pathways, demonstrating their role
in orchestrating the physiological development of skin stem cells. Notably, Notch signaling promotes epidermal differentiation while also exerting
negative control on Wnt and Shh signaling pathways to prevent unregulated epidermal proliferation. Under normal circumstances, the activity

of YAP/TAZ is constrained by the Hippo pathway, accompanied by adherens junctions, which enhance the formation of the 14-3-3-YAP complex,
leading to proteasomal degradation of YAP. Furthermore, a-catenin in adherens junctions binds to 3-catenin, impeding its nuclear translocation
of -catenin, consequently inhibiting skin stem cell differentiation and maintaining the skin stem cell compartment. SMO, smoothened; PTCH,
Patched; Gli, Glioma-associated oncogene homolog; NICD, Notch intracellular domain; TCF/LEF, T-cell factor/lymphoid enhancer-binding factor; LATS1/2,
Large tumor suppressor 1 and 2; MST1/2, Mammalian sterile20-like 1 and 2; YAP/TAZ, Yes-associated protein/Transcriptional coactivator with PDZ-binding
motif; TEAD, TEA domain transcription factor; FAK, Focal adhesion kinase; ECM, Extracellular matrix; PI3K/AKT/mTOR, Phosphoinositide 3-kinase/AKT/
Mammalian target of rapamycin; JAK/STAT3, Signal transducer and activator of transcription 3. Some figure components were created in BioRender.

Pham, Q. (2025) https://BioRender.com/z83f047
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after secretion and deposition, which is required for its
interactions with surface receptors and other ECM com-
ponents [47]. The matured or processed LM332, resulting
from these maturation events, is the primary form found
in the BM of normal skin [47]. The laminin globular
(LG)4-5 fragment is released when the 190-200 kDa o3
subunit is cleaved within the C-terminal region between
the LG3 and LG4 subdomains. Meanwhile, a 105 kDa
subunit is generated following cleavage of the 160 kDa y2
subunit at its N-terminus [48, 49]. Following the initial
partial proteolytic cleavage, LM332 self-organizes into
polymer networks in the BM by indirectly connecting to
the keratin intermediate filaments of basal SSCs through
its a6p4 integrin receptors and to anchoring fibrils in the
dermis via collagen VII, thereby forming stable hemides-
mosomes [50, 51]. Therefore, hemidesmosomes act as
a bridge to stabilize SSC-matrix adhesion and maintain
BM assembly [49, 52]. The interaction between a6p4
integrin and processed LM332, embedded in stable
hemidesmosome complexes, primarily restricts migra-
tion by ensuring basal SSC adhesion in the BM niche
[52]. During epidermal regeneration, the dissociation
of hemidesmosomes facilitates the detachment of basal
keratinocytes from the BM, thereby promoting their dif-
ferentiation. The y2 subunit of LM332 may undergo fur-
ther N-terminal cleavage by MMPs (Matrix metallopro-
teinases) during epidermal differentiation, resulting in a
smaller protein EGF-like segment [53, 54]. EGFR (Epider-
mal growth factor receptor)-induced serine phosphoryla-
tion of the intracellular B4 tail is initiated by the EGF-like
fragment [55, 56]. As a result, the interaction between

(See figure on next page.)
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a6pB4 integrin and its adaptor protein plectin is disrupted,
potentially destabilizing hemidesmosomes and enhanc-
ing cell migration [55, 57].

LM332 not only serves a structural role in stable
hemidesmosomes but also modulates SSC behavior
by participating in signaling through a6p4 integrins in
hemidesmosomes and a3f1 integrins in FAs [52]. Tyros-
ine phosphorylation of B4 integrin in its intracellular
tail occurs when a634 binds to the mature extracellular
LM332 ligand [58]. This phosphorylated form of B4 can
sequentially recruit and attach to the Src homology 2
domain containing (SHC) adaptor protein, and growth
factor receptor-bound protein 2 (GRB2) [58-60]. The
association of a6p4 with these adaptor proteins poten-
tially links a6p4 to RAS (Rat sarcoma virus) and activates
two distinct MAPK (Mitogen-activated protein kinase)
signaling pathways, both RAS/ERK (Extracellular signal-
regulated kinase) and RAC (Ras-related C3 botulinum
toxin substrate)/JNK (c-Jun NH2-terminal kinase) signal-
ing pathways, which control cell division in response to
mitogens [59, 60]. Concurrently, a634 integrin-mediated
quiescent SSCs may be reinforced by RAC1 (Rac fam-
ily small GTPase 1), which exerts a negative regulatory
effect on ¢-MYC stability [61]. Furthermore, c-MYC
activation in keratinocytes causes a marked reduc-
tion in a6P4 integrin localization at the cell surface and
hemidesmosomal junctions, impairing hemidesmosome
assembly [62]. Overexpression of c-MYC transcription-
ally results in the downregulation of integrin genes a6
(ITGA6), P1 (ITGB1), and P4 (ITGB4), causing stem cells

Fig. 3 Signaling network in skin cancer stem cell niche. Overactivation of core signaling pathways, encompassing Shh, Wnt, YAP/ TAZ, and Notch,
augments the expression of molecules associated with proliferation, thereby fostering the expansion and persistence of CSCs. Dysregulated
expression of E-cadherin and a-catenin disrupts the cytoplasmic sequestration of 3-catenin, potentiating Wnt signaling, while concurrently
diminishing the association between 14-3-3 and YAP, thereby attenuating YAP proteasomal degradation. Stimulation of integrin-SRC signaling

by stiff ECM promotes CSC proliferation by upregulating the PI3K/AKT/mTOR and JAK/STAT3 signaling pathways. Subsequently, these pathways
facilitate the upregulation of YAP/TAZ and cell-cycle gene expression, disrupt adherens junctions, and prevent apoptosis in tumor cells. Within
the CSC niche, modulation of inflammation, attenuation of Hippo signaling, and stimulation of Notch and JAK/STAT3 pathways potentiate

the activity of YAP/TAZ. Hyperactivation of YAP/TAZ signaling induces cis-inhibition of Notch signaling, thereby impeding CSC differentiation.

The maintenance of CSC quiescence by Notch signaling is reinforced by HIF-1q, which is stabilized within the hypoxic tumor microenvironment,
along with regulatory crosstalk involving the Wnt/B-catenin, Shh, and YAP/TAZ signaling pathways. The migration and metastasis of skin cancers
are facilitated by EMT, which is initiated by the switch from E-cadherin to N-cadherin. This shift is enhanced by factors secreted from CSCs

and cellular compartments within the ECM, alongside the hyperactivation of key signaling pathways in the CSC niche. Notable pathways involved
include Wnt/B3-catenin, Notch, Shh/GLI, PTEN/PI3K, and JAK/STAT3 pathways. These pathways contribute to the upregulation of mesenchymal
phenotype markers, such as SNAIL, SLUG, TWIST1, ZEB1/2, SIP1, and TCF3, facilitating the transition to a more invasive phenotype of skin tumors.
CSC, cancer stem cell; SMO, smoothened; PTCH, Patched; Gli, Glioma-associated oncogene homolog; NICD, Notch intracellular domain; TCF/LEF, T-cell
factor/lymphoid enhancer-binding factor; LATS1/2, Large tumor suppressor 1 and 2; MST1/2, Mammalian sterile20-like 1 and 2; YAP/TAZ, Yes-associated
protein/Transcriptional coactivator with PDZ-binding motif; TEAD, TEA domain transcription factor, FAK, Focal adhesion kinase; ECM, Extracellular matrix;
PI3K/AKT/mTOR, Phosphoinositide 3-kinase/AKT/Mammalian target of rapamycin; JAK/STAT3, Signal transducer and activator of transcription 3; HIF,
hypoxia-inducible factor; EMT, Epithelial-mesenchymal transition; SNAIL, Snail Family Transcriptional Repressor 1, SLUG, Snail Family Transcriptional
Repressor 2; TWISTI, Twist family bHLH transcription factor 1; ZEB1/2, Zinc finger E-box binding homeobox 1/2; SIP1, Smad interacting protein 1; TCF3,
Transcription factor 3; NF-kB, Nuclear factor-kappa B; MITF, Microphthalmia-associated transcription factor; PAX3, Paired box gene 3. Some figure
components were created in BioRender. Pham, Q. (2025) https://BioRender.com/z83f047


https://BioRender.com/z83f047

Pham et al. Molecular Cancer ~ (2025) 24:147 Page 8 of 61

1 Nucleus /
/
4
A7
— - 1
[ |
[ |
[ |
[ |
(P)
APITAZ NICD

14-3-3

Cytosol

THIF-10LT

Hypoxia ==

a-catenin

Cytosol

SNAIL, SLUG,

|

|

]
SIP1, TCF3 v

i TWIST1, ZEB1/2,

:

] -

v - — | v * i =~ .

- Notch ¥ MITF™ ~

/ ' Signaling stimulation/ ﬂ Integrin with unprocessed \
target gene expression LM332, y2 LM332, no ligand
_} Downregulation of Cytokine/ growth factor
signaling stimulation receptor and its ligand
_l Signaling inhibition ~——— Fibrous ECM
Downregulation of & .
%H signaling inhibition S Proteosome degradation
Sl P> Nuclear translocation mll™  Adherens junction )

Fig. 3 (Seelegend on previous page.)



Pham et al. Molecular Cancer (2025) 24:147

to exit their BM niche and undergo premature terminal
differentiation [63]. These findings point to the critical
involvement of LM332 and integrin a6B4 in sustaining
SSC populations.

LM332 and a3f1 integrin: SSC quiescence and migra-
tion ‘The interaction between LM332 and integrin a3f1
contributes to the dynamic dimensions of FAs, which are
crucial for preserving quiescent SSCs. FAs in the basal
epidermal layer not only transmit cytoskeletal forces but
also act as key hubs for converting external signals into
intracellular pathways [64]. FAs are initiated through the
linkage of a3p1 integrins to LM332, with adaptor pro-
teins such as talin, vinculin, and integrin-linked kinase
(ILK) providing structural connections between the
cytoplasmic f1 domain and the actin cytoskeleton [65].
The a3p1-LM332 interaction activates the MAPK path-
way, essential for SSC proliferation, while also trigger-
ing focal adhesion kinase (FAK)/SRC/RACI signaling,
which facilitates SSC differentiation and migration [66,
67]. Notably, MAPK is downstream of LM332-a6[34 inte-
grin in hemidesmosomes and LM332-a3p1 integrin in
FAs. However, the activation of MAPK by a3p1-LM332
occurs independently of RAS/SHC, as evidenced in stud-
ies involving a6p4-LM332 [59, 67]. MAPK activation via
RAS, induced by a6p4-mediated anchorage, promotes
cell cycle progression in response to mitogenic signals
[59]. Conversely, the MAPK cascade, downstream of
a3pl-mediated adhesion, plays a critical role in pre-
serving the SSC pool [66, 68]. Moreover, the capacity of
a3pB1-LM332 to sustain the SSC compartment through
MAPK activation may be associated with its down-
stream target gene, p53, which preserves the prolifera-
tive potential of SSCs and interrupts the cell cycle [69].
The p53 homolog p51/p63 enhances the transcription of
a3p1 and a6P4 integrins in SSCs, supporting SC preser-
vation by ensuring proper BM attachment and inhibiting
Notchl activity [70, 71]. Nonetheless, it is still uncertain
whether MAPK activation by a31-LM332 plays a role

(See figure on next page.)
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in sustaining SSC immaturity via p53 or through other
distinct downstream effectors. Interestingly, the activity
of a3pB1 integrin can be negatively modulated by MAPK
signaling triggered by EGF or by a6p4 integrin [72]. This
negative regulatory mechanism may be essential for pre-
venting SSC hyperproliferation.

The interaction between LM332 and o3f1 integrin at
FA sites promotes SSC migration. FAs regulate cell move-
ment by anchoring to the actin cytoskeleton, enabling
dynamic interactions essential for motility [52]. The bind-
ing of LM332 to a3p1 integrin activates FAK autophos-
phorylation, which then facilitates its interaction with the
Src-homology 2 (SH2) domain of SRC [73]. The recruited
SRC phosphorylates other tyrosine residues on FAK, acti-
vating the RAC1 downstream pathway, which drives cel-
lular polarization and initiates cell spreading [67, 74]. The
engagement of LM332 with a3p1 integrin induces actin
cytoskeleton rearrangement and enhances cell move-
ment by preferentially activating RAC1 and CDC42 (Cell
division cycle 42), while concurrently weakening RAS
homolog family member A (RHOA)/ Rho-associated
protein kinase (ROCK) [75, 76]. In addition, inhibition
of RHOA and ROCK activity correlates with reduced
assembly and stabilization of FAs, reducing cell-matrix
attachment and facilitating cell motility [77].

LM332 and LMS511: antagonistic roles during HF
cycle LM511 is well recognized for its primary role
in hair growth and maintenance of HFSC populations,
although its functions in IFESCs have been less explored.
During the normal HF cycle, LM332 antagonizes LM511-
driven hair growth. LM511 encourages the prolifera-
tion of HFSCs stimulated by transforming growth factor
(TGF)-p2, whereas LM332 inhibits the Wingless-related
integration site (Wnt)/p-catenin pathway-induced dif-
ferentiation of HFSCs [39]. Epidermal progenitor cell
(EPC) adhesion to LM511 triggers SMAD2 (SMAD fam-
ily member 2) phosphorylation, upregulating TGF-$

Fig. 4 Drug targeting on skin cancer stem cell niche. The figure depicts the principal signaling pathways involved in the regulation of the skin
cancer stem cell niche, alongside an overview of FDA-approved drugs and those currently undergoing clinical trials for the treatment of skin cancer.
These therapeutic agents encompass: A inhibitors targeting SMO and GLI expression within the Shh signaling pathway; B suppressors of porcupine
and promoters of (3-catenin degradation complex activity within the Wnt/B-catenin signaling cascade; C inhibitors targeting YAP/TAZ signaling
activity; D y-secretase inhibitors targeting Notch signaling; and E inhibitors blocking integrin-related signaling pathways, such as FAK/Src, PI3K/
AKT/mTOR and JAK/STAT3 signaling pathways, and those targeting integrins, which are typically absent in the skin stem cell niche. FDA, Food and
Drug Administration; SMO, Smoothened; PTCH, Patched; Gli, Glioma-associated oncogene homolog; NICD, Notch intracellular domain; TCF/LEF, T-cell
factor/lymphoid enhancer-binding factor; HIF, hypoxia-inducible factor; YAP/TAZ, Yes-associated protein/Transcriptional coactivator with PDZ-binding
motif; TEAD, TEA domain transcription factor; ECM, Extracellular matrix; FAK, Focal adhesion kinase; PI3K/AKT/mTOR, Phosphoinositide 3-kinase/AKT/
Mammalian target of rapamycin; JAK/STAT3, Signal transducer and activator of transcription 3; NF-kB, Nuclear factor-kappa B; PAX3, Paired Box 3; MITF,
Microphthalmia-Associated Transcription Factor. Some figure components were created in BioRender. Pham, Q. (2025) https://BioRender.com/z83f0

47


https://BioRender.com/z83f047
https://BioRender.com/z83f047

Pham et al. Molecular Cancer ~ (2025) 24:147 Page 10 of 61

FDA 2012: Vismodegib/
Erivedge

A Shh signaling Soniaoat oames 2 |B Wnt/B-catenin signaling

IP1-926 Phase L/l
Itraconazole Phase I/l
BMS-833923 Phase | Wnte——
Taladegib Phase |
LEQ506 Phase |
Calcitriol Phase VI LRP

ZSP1602 Phase | Aspirin Phase Il
TAK-441 Phase | Sulindac Phase Il
ATO Phase Ul E7449 Phase VIl

Nicotinamide Phase I/l
CX-4945 Phase |

|

WNT974 Phase |

D Notch signaling

| Notch
=
. :
.r L Proteasomal ADAM i
- - degradation y—secretase
( Vorinostat Phase Ul | @ T ; .
[Pazopanib Phase I/II) (R04929097 Ehase VID
S :
’I’—‘ Vv Notch ~~s\

’ ~

Wnt
’ ~
. MITF Gli N
4 \
4 A}
1

Dasatinib Phase l/ll
Nilotinib Phase I/l
Saracatinib Phase Il
Voxtalisib Phase |
Buparlisib Phase l/ll
Pictilisib Phase |
Alpelisib Phase |
GSK2636771 Phase I/lI
Eganelisib Phase |
Uprosertib Phase I/ll
MK-2206 Phase |
Ipatasertib Phase /Il

Vi . . -
I Signaling activation/
! target gene expression

] Signaling suppression =3¢ Signaling inhibition

s FDA-approved inhibitors Cytokine/ growth factor |
receptor and its ligand

= = P Translocation

_— = = -

| Afuresertib Phase | - e —_—

-- -| Inhibitors for clinical trials U Integrin

Temsirolimus Phase /|| (mTOR) i [TTI-101 Phase |
Everolimus Phase Il H i | OPB-31121 Phase | 1
’ v ~ I
4 .
NFkB (STATS) \ep . S )
’ w *\ = = | Stabilizers for clinical trials ——  Fibrous ECM !
’ ONONONONONDTDNEING A \ !

1 1 /7

. . - e e o e o o = = = = = = e -_—

Fig. 4 (Seelegend on previous page.)



Page 11 of 61

(2025) 24:147

Pham et al. Molecular Cancer

D0Dg uad

80%9¢¥C0LON Al 9seyd -INJ3J 10 PadURAPE A||BD0T -

BB (lougiyul

876069C01LON II/1 95eyd 9|qe1>9saJUN IO DNEISEISIN L-Ad) qeuwnzijoiquisd

(uabe djuabolb

-UBIUB) gPWINZIDRASY pUR

(Dowaquyur 1doL] uedsiou

-UI pue ‘[311j0Ge19W-11ue]

[IDBINOION| ‘[ULIOAODNIY]

PI2e DIUI|04) 144704 ‘([XO]

upe|dijexo pue ‘[syjogeiaw

JDg padueape -1lue] |1oeInoJoN| ‘[ULIOAOD

£¥79656001ON Ajje20] 0 dneIseI -N3|] pIoe d1uljof) XO4104

(syusbe

Buiziisuasoioyd) 90z pioe

600955 L0LDON sODg 9|dnniy djulnAsjoulue esido

9795€8101DN DDg padueApe A|[e207] -
JDg padueApe A||ed0o) 1o

670004 L0LON snoipidsns Ajjediuld -
D9 padueape

§99/9€101ON A|[ed0] Jo dneiseIay -

0¥8S18L0LDON sODg o/ diny .
DlJog

¥£5/99C01DN 'y obeis A196ins yum DDg -
D4 9|gr129sal

8815€0€0LON Jua1INd31 Jo/pue abie -
DDg Jejnpou (paiealy Alsno

G1610C10LON -1A31d JO 1Ua1INJ3J 10U) MN| -
D9 padueApe

£1¥€E800LON A||e20] 10 dnelseIsiy -

18SEFSLOLON Il 9seyd J0g 3|qe10353Y B
D9 padueApe

¥T£L09001DN Al|e20] Jo dneiselsiy -

L1L16€9C0LON sODg 9|dnniy Adelay1 d1ueuApoioyd

D9 (Adesayiowayd [44
13410 pa|ie) JO ‘JUa1INdal) va4 Aq panroiddy (9bpanii3g
LEELEILOLON | 95eYd P318311 10 ‘3|qr1D353Y - JougIyul OWS /qibapowssin) 6770-009  Aemyzed 6oyabpaH d1uos
JaquinN DN 9seyd jesy esiul)d suonipuod jJudwWeal) pauiquo) uollde JO WisiueyYdd b6niqg Aemyred

S||92 WSS JadURD UPS Yim paieldosse skemyied bujjeubis bupsbie) | ajqeL



(2025) 24:147 Page 12 of 61

Pham et al. Molecular Cancer

6810/9001ON
760801 LOLON
£/90C1C01ON
01l€€0/E0LON
¥80¢9/C01DON
L 118¢8C0LON

96919/001ON

6/1609101ON

Y¥//0070LON

0S¥6¢S10LON
GLLOSELOLON
968196001ON
LY67ESE0LON

€50£C€10LDON
80€08800LON

1€880C101DN

7798E¥C0LON
600%7/9¢01ON
68¢18/C0LON
£961/ECOLON

0SCO9LLOLDON

| 9seyd  DDg dl1eISeIaW IO PadURAPY
Il °seyd
| oseyd Ajieg D9

I19S_Yd  SWOIPUAS SNASU ||2D |eseg
$DDg 2(qbij Ajea1bins

Il 9s_yd DDg Jejnpou djpeiods

20D0d
| 9Seyd  DI1eISEIaW JI0/pUR PIDUBAPY

- BBk

JOSA
261 pUR PUIOUR|DW D13RIS
| 9seyd -B1aU IO 3|qPID3SAIUN

(tongiyur

OWS §zZ3dT-Uou B paniadal
Ajsnoiaaid) Dg dnels

- -B13W JO padURApPE A||ed0]

sODg ldiniy
sODg 9|dnny
DDg 2AISeAUL pUR 3](R1D3saY

oDgoneis
[|9S_Ud  -BloW pue padueApe A||edoT]

D9 podueApY

| aseyd 208 paduepy

DDg padueApe
A||e20| 10 D13eISeIBN

DDg PadurApe A||ed0T]
DD padueApe A|[ed07

DDg podueApy

D24 pasueape
- A||edo] 1o deIseIa

(Jouqiyur
1-Ad) qewnzijoiquiad

poulnbiwi|

JoNgiyul ONS

JoNgiyul ONS

JoNqIYUl ONS

JoNqIyUl ONS

(6€17TX) €COHEES-SING

9|0zeuodel|

(qibaopned
/q163pues) 9z6-d|

5107 Va4 Agq panoiddy
AONEOUO \Q_@wU_COw
/qibapowsiil) Gzz3at

1squinN 15N

aseyd |eu [ed1ud Suolpuod

jusWIeaI) PauUIqWo)

uol}de Jo Wsiueydd

bnig Aemyred

(panunuod) L ajqey



Page 13 of 61

(2025) 24:147

(1ougiyul dnoyw)
|9xe112ed pue (1uabe bul
-1e|A[e) unejdoqued F.1o

euloue;pwW (usbe

9€1819101DON II/1 °seyd dieIseIdW IO padueApY  Bunejy|e) spiwojozows| F uonezijigels uixy 6vv/3

euloueauU d13e1s
€0LLSELOIDON |9seld  -I9W JO PadueApe A|[ed0T] (ouquyur 1-ad) LooHAd Jougiyur suidniod (PLE6INM) VL6 Kemyzed Jum

(v
GZi718S001ON -uonuy) gz-eyde uosapiauj
9G/¥1€00LDON -
GSS#0C001DN Al 9seyd -
6%7SCLCL01DN K19BInsoAID
90€68100LON -
L#¢681001ON B
6156ZL00LON -
£8990001ON Il 3seyd -

Y00 ¥a4 Aq

29GZ1Z10IDN - DDgJeinpou pue [epysadng K19BinsokiD panoiddy powinbiu

JDg padueApe (qraseyu|is

9€0£68€01ON | °seyd Aj[e20] 10 DDg dleiseIs |y - “oNgiyul ZD) SEER-XD
G/85¢9000C L9C INYLDOV Il 9seyd -

G8C69/€01DN Il °seyd 229 D08 - SpIWeUnodIN

76816/ L0LDON 171 °seyd 0D0d - Jougiyur s SPIXOL JlULsIY

€/0¥0C101DN | °seyd 0D0d pasueApy - Jogiyul ONS L -MVL

€L6vELEOLDN | 9seyd DDg posueApy - c091dSz
S¥08SELOLON Il °seyd D4 [ePYIadns 10 1ejNpoN (@IVSN) 2eusjopiq
(uabe

£9010€001DON I1/1 °5e4d ewouejawl Jueubijepy Bunefy|e) spiuojozous| (]oud[ed) £ UlwellA

DDg padueape
805901 LOLDON | 9seyd Ajje20] 10 dneIseIsy - Jo)giyul ONS 905071
S8¥9CCL01ON [ 9SBYd DD dhelselsw Jo psdueApy - Jougiyul ONWS (0890%6CAT) qibapefel
JquinN DN 9seyd jew jeswurd suonpuod JudWleaI) paUIquIo) uol1de JO WisiueyYdI bnig Aemyred

Pham et al. Molecular Cancer

(panunuod) L ajqey



(2025) 24:147 Page 14 of 61

Pham et al. Molecular Cancer

uon

-eINW |[3-D YHm ewioue|aul

JljeiselsW IO padueApe

LZLS6ELOLON A||BD0] 3|qe1d3S3IUN -
G//88/001DN Il 9seyd ewioue|aU DleIseIaly -
uswibal
IMIN/HvHE Aue uo aseasip
9|ge1s 9ARY IO P3|iey pue (ougyu
uonenw 009A 4v4d Yum M) Glunswel] pue (10}
611€06¥0LON | 95eyd BWOUE|SW 9|qe1o9saluN -IGI4ul 4vHg) qiusjeigeq QIUROIIN
208
06¢€9500LON [[9SeYd  DhelseIsll JO 9|qerdesaiun -
ewloueRW D/g||| 96e1s
Z179/8101DN 9|ge129531un JO A| 9be1S SOUIDDEA |93 J1IpUS(Q
ewoue|aw
11PISPISUI IO PIDURADE
S099€F00LON Il 9seyd Alledo] aqe1dasaiun -
ewouraW
J11e15B13W JO PadURAPE
78800£001DN | 95eyd A|[eD0]| 9|ge12952IUN -
euouepW ||| abe1s (ausbe
8€0/650010ON I/1 9seyd 3]gP103saIUN IO Al bE1S Bune|Aye) suizeqiedeq J1011g1yul 2IS qiuneseq
ewoue|aW
GTTLZL00LDN [|9Seyd  9|qrID9SSIUN JO DIRISPISN -
SIOUQIYUIMIN PUE JvYdg JO
UO[IRUIQIOD P 10 I4yYg YaIMm
1USUIIBI) UO 3|IYM ‘9589
-SIp Jo uoissaiboid pue
uonReINW 009/ 4v4dd Yim
8¥59€8C0LON I/ 95eYd BlUOUR|SW PadURADY -
(dnoignue
$S61E€€001ON | 9seyd ewiouea|y JIx0101AD) upignioxoq  Jossaiddns uondudsuen gy4  (Jougiyul DYJH) 1BISOULIOA Kemyred zv1/dVA
(xusbe bul
-1e|A|e) 9PILIO|0ZOW] pUB
ewourpW  ‘(1usbe piojey|e) sunse|quIA
91961 10LON I/ 9seyd onelselsul 1o uainday - ‘quabe buneydyje) uneidsd 10)qIyu! 35812.1095-A £60676¥0Y Kemysed yojoN
ewour|aU (onoig
9/655/00LON Il 95eyd Jueubijew dnelsed |y -Ue JIX010143) udIgnIId] Sepulins
(ongiyul -y 112) geNso Jo uon
ewoue;pu gewnuwi|id| pue (Jougiyur  -ejfioydsoyd buiseanur Aq
75696E£€01 DN [|9SeYd  9|ge1d3S2IUN IO DNIPISEISN L-Qd) gewNzI|oIquiad uolepelbap ulus1ed-g uLidsy
JaquinN 1DN aseyd jeus [eduld suonIpuod juswieal) pauiquo) uol1de Jo wsiueydd b6nig Aemyleq

(PanuNUOd) | djqey



(2025) 24:147 Page 15 of 61

Pham et al. Molecular Cancer

LGEVLIOLOLON

euloue;pw
Al 9be1s ‘s|ge1dasaiun

soseiselaw Yim ewdoueowl
1US1IND3J JO ‘ewloue|aW

(ausbe
Bune|fyje) unejdoque) pue
(I0UQIyuI 2n0NW) [SXe|DRd

(1uabe djusb

¥€/16S001ON Il °seyd Al 9Beis ojqeidasalun -olbuenue) gewnzioeasg (100Avy) snwijoang
¥9¥CC0001DN Il 9seyd ewioueaW dlIeISeIBN -
euloue;pauw
LE8606001ON | 9seyd oneseaw ‘Aioeysy - (Jouqiyul Abeydoine) OOH Jouqiyul yoLw (6££-12D) snuijoliswa)
euloue;pw
1€5/€9C01DON | 9SeYd  DNISeIaU JO/PUe PIOUBAPY  (10)GIYUl |-Jd) GRWN|OAIN louqiyut Ayeld (675-1dI) oueb3
el
N3Ld YlM PWOURDW D[11S
-p1oW A| 96€1S JO ||| 9be1S (Jouqiyut
8061€LE0LON II/I oseyd 3|ge1dasaiun ‘Kioioesay L-dd) qewnz|joiquiad louqiyut gyield LLL9E9TAHSD
(10UgIYUI ¥IN)
8506t%710LON | 9seyd ewoueoW padueApY [AIVEN Jonqgiyul oyeld (61£1A9) qistipdly
ewoUe|SW D11elS
CC19/8001DN |9seyd  -BIaW JO PadURApE A|ed0T] - Jonqryureld (L¥60-209) gisiin2ld
uoneInw 009A 4v4dg yim
BUIOUR|DU D1IRISEIDWI JO  (JOXGIYUl YIW) 29 LYTW pue
990651 ¢01ON [ 9seyd IIl 96e1s ajgedasaiun (Jougiyur 4vyg) 818X
euloue;pw
CECE9ELOIDN | 9seyd 9|ge1o95alun pasUeApY (1o1gIyuI YIN) COLYIN
uoneInw 3/3009A4vdg Yim
eulouepW A| abeis pue (10)
LSCCLSLOLON I1/1 °seyd 11l 96e3s 3|geIdasaIuN -1g1yul 4vyg) qiusjeinuis lonqiyu yeld-ued (0ZLINMg) qistiedng
eUWOURDUI D3RS 10gIYuUl YO LW
81806€L0LON |9seUd  -BI9W JO PadURADE A|ed0T] (I0NQIYUI HIN) glSsewld Seld-ued (607STyys) gisiieixopn  Aemyied YOLW /INV/NEID
eulougpul ||| 2be1S
G99/01 LOLDON 9|qeIdasaiun 4o Aj9be1S  (JONGIYUI DIIONW) [9Xel|Ded
eulouepw
€16198001ON Il 9seyd Jueubijew a|qeldssaun -
uopepelbHap [ewoseslold
Budueyua Ag uonedo|suRll
LL66€9L0LDON | 9seyd ewioue|pW pasueApy (I0UqIyul YYYNY) gisslly dVA 1e3]2nu JO uoniqiyui qiuedozeq
6106990010ON Il °seyd PWOUE[DU DIIRISeIDIN - qiuieseies
uon
-BINW | -2 YIM euOUe|DW (ausbe
7TT8TOL0ION D11BISPISW IO 9|grIIISAIUN Bulre|Ay|e) auizegledeq
JquinN DN 9seyd jew jeswurd suonpuod JudWleaI) paUIquIo) uol1de JO WisiueyYdI bnig

(panunuod) L ajqey



(2025) 24:147 Page 16 of 61

Pham et al. Molecular Cancer

ewouepu ||| abeis

(auabe

0/6660001DON || 95eyd 3|qe123salun Jo Al 9beis BulieAy|e) aujzegledeq Jouqiyul | geo qewIxID0|OA
ewouUBDW D13els (uabe
961990001DN || 9seyd -e1aw Al abeis ‘s|qeidasalun Bulie|fy|e) auizeqledeq F
eujoueaul
Jueubijew 1Ua1Ndal 1o (UIXe1IA 4O ‘'Unbaqy
9691 L LOOLDN | 9seyd Al 9be1s ‘ajge1dasalun - louquyut uubaaur egao ‘gewnzideleld) 7zs-Ia3an unbaju)
9/1/59001DN euioue[aW padueApy - LZL1E-9d0O
ewouelsw
\COU@E_ juswiieall IO
/pue dieiselsw d_Qm
669561 £0LON |aseyd  -sodoul ‘padueApe A|jedoT - J0NGIYUI €1V1S LOL-ILL Kemyzed €1v1S/Mvr
(JouqIyul M3
LE19/%101DN | 9seyd ewouUBBI qlunawel|, (€8101LTHSD) qrusainyy
sJonqIyul
1uI0dyd9y-auNUWW| Uo (Jougiyur 17-ad)
£8/€/9€01DN ll/1eseyd  uoissaiboid 1sod ewouepy gewnzi|ozaly (8900-D0D) quaseled|
¥S1087LOLON euiouepW padueApy  (lonqiyul Abeydoine) DDH
(Jouquyul Y493) glunopg lo
(103
-IgIYul D11011W) [9Xe1920( IO
(fouqryut dnoNw)
ewjoue|aul d1ie1s |9xex|oed pue (quabe
81/878001DN |9seyd  -eI3W JO padueApE A|[e30T Bunejfyje) uneidogied 90TTHIN
(fouaIyul 4vyg)
qglusjeiged
(IongIyul HIN)
€/1206101DN I1/1 9seyd ewiouepw Al-D|Il 9be1s qlunauel|
BWIOUR[DW Al 9DE1S 1O (Jouqryut HIN)
£T61¥610LON Il oseyd II o6e3s ajgedssaiun qlunauel|
(Iougiyut yIN)
G808E L LOLON |aseyd  ewouepw adA-piim Jyyg Z1Z071INSD 0UQIYUIRY  (S6/LY LT YMSD) qrissoidn
ewouelsw
Dl1eISeIaW 9|ge1dasalun pue (uabe
L00LZS00LDN ewouepw Al9be1s  Bunejhyje) opiwiojozows),
£5586000.LON Il 9seyd ewouepwW Al 36e1s -
(xuabe djusboibueue)
gewnzioeAsg pue ‘(1o)giyul
eujouepul J1101IW) [9XeM|Ded ‘Qusbe
€/59/6001ON Al 9Bels ‘ajqe1dasaiun Bunejfyie) uneidogied ¥
JquinN DN 9seyd jew jeswurd suonipuod juswijeal) pauiquio) uoljde Jo wsiueydapy bnig Aemyred

(PanuNUOd) | djqey



(2025) 24:147 Page 17 of 61

Pham et al. Molecular Cancer

| aspsawosiodo] | 4O ‘Bniq A101pWwWbyU[-IUY [DPI0IdIS-UON GIYSN ‘Y dSpuly bioiny
V)YNY ‘aSpuLy aspbuly UIa10id paIpAIY-usboy YW & uabiauy a1f20ydwiAT-1 2101014 b-y 11 ‘I UIBI0Id YIpad ||3D pawwpibold [-(d “103daay 101204 YIMOID) [puLIdpId3 Y453 ‘auinboiojysAx0IpAH DIH ‘dSbuiy uidspd x>

¢109%C001ON Il/I 9seyd

ewouepW ||| abeis
3]ge129531Un 10 A 96RIS

(uabe
Bulye|Ay|e) auizeqiedeq F

J103gIyul ubaUl AD

(Nd1DV)

Jaguinu Ansibal sjels [esuld
puejeaz MaN Ueljensny
JVYHINO Yim nebioiidzue
"MMM//:sA1Y pue (Jaquinu
1DN) Joaquinu el [esjuld
[eUOIEN Y} YiMm AoB's|el
1[ea1ul//sdny ‘Aobsiply
-p21UlD UIIP3IA JO A1eiqr]
[BUOIIEN S 1B PSSR SEM
UOIIRLIOJUI (B [eDIUl]D YL

gewnuiniaiu|

JquinN DN 9seyd jers jed

D

suonpuod

juUdWIeaI} PaUIqWOD)

uoi}de Jo WsiueydAY

B6niqg Aemyred

(penunuod) | 3|qeL


https://clinicaltrials.gov
https://clinicaltrials.gov
https://www.anzctr.org.au
https://www.anzctr.org.au

Pham et al. Molecular Cancer (2025) 24:147 Page 18 of 61
Table 2 The dual roles of core signaling pathway in SSC and CSC niche
SSC CSC
SSC SSC CSC SSC
Differentiation maintenance Differentiation maintenance
Proliferation | Quiescence Proliferation Quiescence
Core Signaling Pathway
Shh \ T t ™ ™ ™
Wht T T T ™ ™ ™
YAP/TAZ { ) ) ™ ™ ™
Notch T \ \ ™ N ™
PI3K/AKT/mTOR 0 J J ™ ™ ™
JAK/STAT3 ? y ? X M X
LM332-integrin interaction-mediated signaling pathways
LM332-06B4 integrin I T T ™ ™ ™
LM332-0.3B1 integrin 0 0 0 ™ ™ ™

Key signaling pathways that regulate SSC differentiation, proliferation and stemness are essential for the maintenance and expansion of CSCs. Dysregulation and
imbalance of these pathways are observed in the CSC niche, promoting cancer metastasis while sustaining the CSC population. Positive regulation of signaling
pathways is represented by an upward-pointing arrow, while inhibition of these pathways, affecting SSC and CSC differentiation, proliferation or quiescence, is
indicated by a downward-pointing arrow. A green arrow indicates the altered function of a signaling pathway in the SSC and CSC niche. A red arrow denotes the dual
function of the signaling pathway, which can either activate or inhibit cellular processes

expression without affecting [-catenin stability or Wnt
target gene expression [39]. In contrast, adhesion of EPCs
to LM332 suppresses [-catenin levels and downregulates
Wnt target gene expression, without affecting TGF-p
signaling [39]. Normally, a balanced gradient of LM332
and LM511 expression is maintained, with lower LM332
and higher LM511 levels around the bulge niche and hair
germ, and the reverse around the basal IFE. This gradi-
ent is crucial for sustaining HFSC and IFSC homeostasis.
Indeed, reduced levels of LM332 and elevated expression
of LM511 enhance EPC assembly into LM511, accompa-
nied by the unrestrained upregulation of Wnt and TGEF-f
signaling in EPCs [39]. This imbalance in the LM332/
LM511 ratio occurs in the absence of actin-binding regu-
latory protein ILK, which is crucial for laminin-integrin
interactions in FA complexes [78]. Accordingly, ILK-
depleted mice exhibit hyperproliferation and elevated
Wnt gene expression in IFESCs, increasing the risk of
carcinogenesis and leading to a loss of quiescent SCs
[39]. However, the exact contribution of ILK in modu-
lating the deposition of LM332 and LM511, as well as
its interaction with related signaling pathways during
HF cycles, remains unclear. Furthermore, LM511 inhib-
its the proliferation and motility of basal keratinocytes,
without significantly affecting their differentiation [79].
The absence of LM511 in the epidermal BM leads to a

hyperproliferative phenotype in basal keratinocytes [79].
Moreover, LM511 supports basal cells by sustaining stem
and progenitor cells, including melanoma-associated
chondroitin sulphate proteoglycan (MCSP) and keratin
15 (K15)-positive cells [80].

b. Laminin-integrin interaction in skin CSC niche

While LMs and integrins are crucial for maintaining
the SSC niche, they have also been implicated in tumori-
genesis and invasiveness of skin cancers. LM332 overex-
pression at the invasive edges of SCCs is associated with
poor prognosis [81, 82]. Numerous studies demonstrate
that a3p1 or a6fB4 integrins are indispensable for the
tumorigenesis and invasiveness of SCC, BCC, and mela-
noma [83-88]. Depletion of a3p1 [87-89] or a6p4 inte-
grin [84] in the epidermis reduces both cutaneous SCC
size and incidence, whereas its overexpression is associ-
ated with poor prognosis [86, 87]. These observations
may be attributed to the abnormal forms and localization
of LM332 and its integrin receptors in the CSC niche.

LM332 maturation disorder: abnormal variants and
malignant behavior The promotive role of LM332 and
integrins in the CSC niche is attributed to disruptions
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in the proteolytic processing of LM332. Disorders in the
maturation process of the LM332 precursor induce dys-
functional variants and malignant behavior in LM332-
integrin interactions [90, 91]. Physiologically, LM332
undergoes maturation, during which smaller 3 LG4-5
and y2 EGF-like fragments are released and removed
from the ECM in the BM [47]. However, LM332 appears
as an independent biologically active a3 LG4-5 or y2
EGEF-like fragment, or contains full-length a3 in the BM,
as reported in the microenvironment of aggressive forms
of melanoma, SCC, and BCC [92-94]. These abnormal
LM332 patterns do not attach well to the ECM, result-
ing in the breakdown of the BM assembly by destabilizing
hemidesmosomes [93].

Abnormal variants of LM332 impair normal function
in SSC development, promoting malignant cell behav-
ior. The cleaved component LM332-y2, comprising
EGF-like fragments, is a distinctive marker of metastatic
potential of tumors. This recognition is attributed to its
prominent expression as a monomer at invasive tumor
borders and its increased prevalence in more aggressive
subtypes of BCC, SCC, and melanoma [92-96]. Over-
expression of LM332-y2 fragments in skin cancer has
been associated with several MMPs, including MMP-2
[94], MMP-7 [97, 98], MMP-13 [99], MMP-19 [100], and
membrane-type 1 (MT1)-MMP [94]. Additionally, sig-
nificant co-localization of these MMPs with LM332-y2
chains was observed at the invasive margins of skin
tumor cells [98, 100]. Approximately 96.2% of BCC cases
(50 out of 52) were positive for LM332-y2, exhibiting a
prominently diffuse pattern in the cytoplasm of infiltrat-
ing tumor cells. Furthermore, aggressive BCC demon-
strated significantly higher levels of LM332-y2 compared
to non-aggressive BCC [96]. In addition, the inhibi-
tion of LM332-y2 substantially decreased the migratory
potential of SCC cells in vitro [92]. The supportive role
of monomeric LM332-y2 in skin cancer may be attrib-
uted to its EGF-like chain, which activates EGF/MAPK/
ERK signaling pathways upon interacting with EGFR in
cancer cells [55]. The resultant disassembly of hemides-
mosomes, induced by tyrosine/serine phosphorylation
of the P4 tail, facilitates the migration and scattering of
tumor cells [56, 57]. Hyperactivation of oncogenic RAS,
stimulated by the a6P4 integrin-LM332 in an EGFR-
dependent manner, is observed in SCC progression and
invasion [84]. Additional proteolytic cleavage of the y2
domain has been proposed to inhibit the deposition and
integration of LM332 into the ECM of the BM [51]. How-
ever, further research is required to fully understand the
nature of this association.

A distinct abnormal form of LM332, either a full-length
a3 chain or a monomeric LG4-5 chain, is proposed to
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contribute to skin cancer invasion. The LG4-5 segment,
cleaved from the LM332 precursor on the a3 subu-
nit and absent in the normal epidermis, is exclusively
found in tumor tissue and facilitates the formation and
progression of SCC [101]. Moderate to strong levels of
a3 LG4-5 segments were found in 75% of 75 cutaneous
SCC tumors and 56 non-cutaneous SCC tumors [101].
The LM332 harboring the full-length a3 chain exhibits a
higher affinity for FA components, such as a3p1 integrin
and syndecan-1, compared to a6p4 [102, 103]. Conse-
quently, a transition in the main adhesion structure for
the attachment of basal epidermal cells to the BM niche,
evolving from reliance on hemidesmosome-dependent
regulation to FA-dependent mediation, is observed [102].
Moreover, the activation of the MAPK/ERK/IL-1p path-
way by a3 LG4 interaction with syndecan promotes the
expression of MMP-1 [104] and MMP-9 [105]. MMP-1
and MMP-9 activity in invasive SCC, mediated by MAPK
and PI3K pathways, necessitates the presence of LM332
containing a3 LG4-5 [101]. Notably, these MMPs are
capable of cleaving LM332, releasing the LM332-y2 frag-
ment, which contributes to the progression of BCC, SCC,
and melanoma [94-96]. As a result, LM332 «3 LG4-5
may facilitate and amplify the release of LM332-y2, fur-
ther driving tumor growth. However, the direct interac-
tions of these altered LM332 fragments in the skin CSC
niche are yet to be fully investigated. Future investigation
into these interactions may offer critical understanding of
the mechanisms underlying skin CSC resistance.

Abnormal interactions of aberrant LM332 variants
with integrins 'The aberrant variants of LM332 inter-
fere with the interaction between LM332 and integrins.
Unprocessed LM332 preferentially attaches to integrin
a3Bl over a6f4, which triggers FAK phosphorylation
and activates the RAS/MAPK pathway. This cascade
subsequently enhances RAC1- and CDC42-mediated
cell migration [103, 106]. The clustering of unprocessed
LM332 is predominantly localized at the FA sites on
the cell membrane, potentially enhancing FA formation
through efficient binding to a3p1 [102]. This contrasts
with the typical form of LM332, which is predominantly
recruited to a6p4 sites. The atypical interaction redefines
the role of LM and integrin, shifting from the mainte-
nance of cell-matrix adhesion to acting as a cell signaling
hub in the skin CSC niche, which facilitates BM disrup-
tion and accelerates cell migration. Furthermore, SCC
tumors exhibit extensive cell death, along with markedly
impaired proliferation and invasion, in the absence of
LM332 a3 LG4-5. These defects are attributed to inac-
tive PIBK/AKT signaling and reduced levels of MMPs,
such as MMP-1 and MMP-9, following specific inhibition
of the a3 LG4—5 domain [101].
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Integrin a6p4 and integrin a3p1, which exhibit ectopic
expression in the epidermis, can contribute to dysregu-
lated signaling in skin cancer progression, independ-
ent of their LM ligands. Rudimentary hemidesmosomes
are critical early factors that promote skin tumor cell
movement and invasion [102]. Disruption of integrin-
hemidesmosome interactions subsequently promotes
malignant transformation within the SSC niche. Integrin
a6p4 shifts from primarily facilitating cell-matrix adhe-
sion to interacting with signaling proteins when not con-
fined to hemidesmosomes. Altered integrin expression,
characterized by abnormal basal or suprabasal expression
instead of its typical restriction to the epidermal basal
layer, contributes to the progression and invasion of skin
cancers [107-110]. Suprabasal integrin a6p4 expression
increases throughout SCC progression, with elevated
levels associated with early relapse [109, 111]. Addition-
ally, a6p4 integrin receptors redistribute diffusely on cell
membranes in BCC and SCC, contrasting with their typi-
cal localization in the basal epidermal cells [108, 112]. In
the normal epidermis, integrin a3p1 is primarily local-
ized to the lateral membranes of basal SSCs. In contrast,
integrin a3p1 is aberrantly expressed throughout the
epidermis in SCC and BCC tumors, with a higher con-
centration on the basal membrane of basal keratinocytes
[112, 113]. Notably, epithelial (E)-cadherin-mediated
adhesion and PI3K activity are essential for the supraba-
sal activity of a6p4 integrin in SCC formation, thereby
facilitating TGF-pB-mediated epidermal hyperprolifera-
tion [114]. Additionally, the inflammatory milieu estab-
lished by suprabasal a3p1 integrin through the MAPK/
ERK pathway induces the unrestrained hyperprolifera-
tion of keratinocytes [115, 116].

Moreover, non-ligand-bound integrins can initiate
oncogenic signaling pathways in the CSC niche. Signal-
ing initiated by non-ligand integrins is contingent on
their activation mechanism and the interacting mole-
cules involved, which can generate distinct responses in
SSCs and CSCs. Integrin a3p1, independent of its binding
to LM332, engages FAK/SRC signaling and activates the
downstream AKT/STAT3 cascade in basal keratinocytes,
mediated through its membrane-associated protein,
CD151 [117-119]. This mechanistic pathway enhances
basal cell proliferation mediated by cyclin D [120, 121].
Simultaneously, the integrin a3p1-CD151 interaction at
the cell-cell junctions of suprabasal keratinocytes acti-
vates AKT and STAT3 signaling, conferencing protec-
tion to differentiating cells by preventing apoptosis [117].
Subsequently, the retention of proliferating and differ-
entiating cells due to impaired terminal differentiation
facilitates tumor outgrowth and skin carcinogenesis. In
contrast, the absence of integrin a3p1 diminishes FAK/
SRC activation and attenuates STAT3/AKT signaling,
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which in turn expedites the depletion of slow-cycling
stem cells and the terminal differentiation of suprabasal
keratinocytes, ultimately preventing skin tumorigen-
esis [117, 122]. On the other hand, in the absence of its
LM332 ligand, the interaction between a6p4 integrin and
its co-receptor syndecan-1 facilitates the self-association
of B4 cytoplasmic tails. Phosphorylated 4 engages Erb-
B2 receptor tyrosine kinase 2 (ErbB2), a member of the
EGER kinase family [123]. This process initiates a cascade
of Fyn-dependent phosphorylation of p4, which is asso-
ciated with the disruption of hemidesmosomes and the
subsequent activation of downstream PI3K/AKT signal-
ing pathways [123]. The resulting PI3K/AKT signaling
cascade elicits actin reorganization, facilitating tumor
cell migration [124]. Although certain factors associ-
ated with the emergence of unconventional integrins
have been identified, the precise mechanisms governing
the interaction between ectopic integrin expression and
signaling pathways in skin tumorigenesis warrant further
investigation.

The activation of integrins a6p4 and a3fp1 is essen-
tial for the tumorigenic properties of CSCs. a6p4 integ-
rin expression is upregulated in CSCs that also express
Transglutaminase 2 (TG2), a multifunctional protein
essential for CSC survival in SCC tumors [125]. Bind-
ing of integrin a6P4 to TG2 activates FAK/SRC/PI3K,
which subsequently triggers phosphoinositide-depend-
ent kinase 1 (PDK1) signaling [126]. PDK1, by inhibit-
ing LATS1 activity, dampens the Hippo pathway [127],
promoting nuclear accumulation of YAP1. This nuclear
YAP1 then stabilizes ANp63a (Delta Np63 alpha), sub-
sequently strengthening CSC stemness and promoting
invasion of SCCs. Inhibition of a6p4 disrupts PI3K/PDK1
signaling and decreases ANp63a activity, which impairs
CSC properties and SCC formation [126]. Knockout of
integrin a3p1 in HFSCs residing in the bulge niche sig-
nificantly impairs papilloma development, a type of skin
tumor. In the early stages of tumorigenesis, the onset
of epidermal tumors is facilitated by a3pf1 in HFSCs
through the upregulation of HFSC-derived CCN2 (Cel-
lular communication network factor 2) expression [122].
The significant involvement of common integrins in SSCs
in the initiation of skin tumors driven by CSCs has been
recognized. However, the precise impact of these inte-
grins on CSCs in the context of skin cancers remains
largely unexplored. Investigating the functions of these
integrins and their associated signaling pathways in the
CSC niche may provide deeper insights into the mecha-
nisms that sustain CSCs within their niche.

Collagen IV

a. Collagen type IV in SSC niche
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Collagen IV, another major BM component, primar-
ily functions as a scaffold that supports the attachment
of basal epidermal cells to the BM. Collagen IV not only
preserves the structural integrity of the BM but also con-
tributes to its durability [38]. Collagen IV forms inter-
molecular covalent linkages and tightly aggregates with
LM and other BM proteins, generating a stable mesh-
work that provides the BM with the ability to withstand
mechanical forces [50]. Basal SSC attachment to the BM
is strengthened by the direct binding of collagen IV to
integrin a2B1 on these SCs [46]. Additionally, collagen
IV in the BM contributes to SSC maintenance. Epider-
mal cells rapidly adhering to collagen IV demonstrate
significant proliferative potential in vitro and form fully
differentiated epidermis in vivo [46]. Collagen IV is
thought to be crucial for maintaining basal keratinocyte
proliferation as a target of miR-135b [128]. In the absence
of miR-135b, collagen IV expression in the SSC niche
increased, whereas miR-135b reintroduction reversed
this effect and promoted early keratinocyte differentia-
tion [128]. Moreover, inhibition of miR-135b consistently
elevated p63 levels, a recognized marker of SSCs [129],
and enhanced proliferation in normal keratinocytes
[128]. These findings underscore that restoring collagen
IV in the BM may be essential for SSC proliferation and
preservation. This aligns with the role of collagen IV in
maintaining BM integrity, which supports SSCs within
their niche and sustains their stemness properties [38].
Additional research is needed to uncover the mecha-
nisms driving the interaction between collagen IV and
miR-135b and their roles in sustaining the quiescent state
of normal SSCs.

b. Collagen type IV in skin CSC niche

During skin cancer progression, the ECM composition
surrounding CSCs and tumor cells varies, with collagen
being the most abundant matrix protein. Disorganization
of collagen IV is a common feature in skin cancers, closely
associated with enhanced tumor invasion and progres-
sion. In aggressive skin cancers, such as melanoma and
SCC, structural disintegration of collagen IV and the
absence of an intact BM are often prominent features
[112, 130-132]. During epithelial-mesenchymal transi-
tion (EMT), a key process in cancer progression, MMP-1
and MMP-2 secretion is significantly upregulated, lead-
ing to collagen IV fragmentation and destruction of the
BM niche in invasive skin cancers [131]. Furthermore,
the degradation of collagen IV in skin cancer may corre-
late with the aberrant expression of its regulatory factors.
Notably, miR-135b, which inhibits collagen IV expression
in normal SSCs [128], is overexpressed in human mela-
noma and aggressive SCCs. This microRNA promotes
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tumor growth by targeting LATS2 (Large tumor suppres-
sor kinase 2) [133] and enhances invasiveness by inhib-
iting LZTS1 (Leucine zipper tumor suppressor 1) [134].
In addition, degradation of collagen IV in melanoma and
SCCs is frequently observed [112, 130—132], suggesting a
potential relationship between miR-135b and collagen IV
expression in skin cancers. Therefore, targeting miR-135b
may provide a novel approach for restoring BM integrity
and inhibiting skin cancer progression.

When collagen IV is cleaved proteolytically, it unveils
hidden binding sites that may influence integrin speci-
ficity and alter its cellular functions. Proteolytic cleav-
age of collagen IV denatures its triple helical structure
by MMPs such as MMP-2, revealing a cryptic site that
is typically obscured [135]. This shift in structure alters
the integrin binding specificity from p1 integrin to avf3
integrin, which promotes angiogenesis in melanoma
[136]. Thus, this alteration in integrin-mediated interac-
tions may serve as a key regulatory mechanism for acti-
vating critical signaling pathways involved in invasive
cellular behavior. However, the avp3 integrin inhibits
vascular endothelial cell (EC) and melanoma cell prolif-
eration when engaging with the a3 chain of collagen IV
[a3(IV)] [136, 137]. Melanoma cell adhesion is enhanced
by the coupling of avfp3 integrin with the a3(IV) chain,
which simultaneously reduces cancer spread by suppress-
ing MMP-2 expression [138]. These findings suggest that
modulating the a3 chain in the non-collagenous 1 frag-
ment of collagen IV could offer novel strategies for inhib-
iting angiogenesis and tumor progression in melanoma.

Adherens junction (AJ)-mediated cell-cell contact niche
Adherens junctions (AJ) in SSC niche

Adherens junctions (AJs), formed by cadherin—catenin
complexes, are instrumental in maintaining cell-to-cell
cohesion and preserving quiescent SSCs. Transmem-
brane E-cadherin is essential to AJs, facilitating lateral
cell attachment through calcium-dependent binding
in its extracellular regions [139]. E-cadherin levels are
high in AJs of quiescent bulge stem cells. However, dur-
ing anagen, as HFSCs experience enhanced cell division
and decreased FOXC1 (Forkhead box C1) expression,
E-cadherin levels drop accordingly [140]. This implies a
negative correlation between the junction stability and
SC proliferation.

AJs are reinforced by intracellular associations with
cytosolic a-, P-, and pl20-catenin. a-Catenin con-
nects AJs to the actin filament network, either through
direct interaction or through actin-binding molecules
such as vinculin [141]. By stabilizing force transduc-
tion between actin and «a-catenin, vinculin reinforces
a-catenin interactions with both actin and p-catenin
[141]. B-catenin is both a critical component of AJs
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and a transcriptional activator in the canonical Wnt
pathway [142]. p120-catenin binds to the membrane-
proximal portion of cadherins, recruiting microtu-
bules to the cadherin-catenin junction. This interaction
reinforces intercellular adhesion by stabilizing the
junctional structure and enhancing cytoskeletal con-
nections [143]. p120-catenin regulates basal epidermal
cell behavior by modulating the RAS homolog (RHO)
GTPase activity. The cytosolic domain of p120-catenin
inhibits RHOA activation by binding to p190RHOGAP
(Rho GTPase activating protein 19), preventing RHO-
GDP (guanosine diphosphate) dissociation and its sub-
sequent activity [144, 145]. Integrin-activated RAC
recruits pl9ORHOGAP to p120-catenin in AJs, leading
to RHOA inactivation and regulation of cytoskeletal
dynamics [144]. This interaction partly elucidates the
crosstalk between integrins and the RAC inhibition of
RHOA in FAs.

AJ components are critical for maintaining the SSC
pool and facilitating differentiation in response to
mechanical cues. In proliferating basal epidermal cells,
AJs extend beyond the lateral sides to encompass the cor-
tical surface, functioning as a crucial cell-cell interface.
In differentiating cells, AJs undergo remodeling, marked
by a reduction in E-cadherin expression, which decreases
adhesion forces and cortical tension in the early stages of
differentiation [146]. This reduction in cell interface ten-
sion and cell-matrix contact enhances cell polarity and
promotes delamination of basal keratinocytes. Upon
detachment from the BM, differentiated keratinocytes
lose cell-matrix adhesion, including FAs, while concur-
rently reorganizing and potentially enhancing E-cad-
herin-mediated adhesion. This transition results in an
elevated cortical tension state, which is correlated with a
decrease in actomyosin contractility [146, 147]. Thus, the
re-establishment of AJs stabilizes the positioning of the
suprabasal delaminated keratinocytes. Correspondingly,
E-cadherin is expressed in basal SSCs, and its expression
increases in the suprabasal layers [147].

The RHO family of small GTPases regulates AJ remod-
eling through modulation of actin dynamics and junc-
tional integrity [148]. Activated RAC1 specifically
disrupts cadherin receptor localization without affecting
integrins, resulting in disassembly of cadherin-mediated
contacts in keratinocytes [148], possibly by inducing
E-cadherin endocytosis [149]. These observations align
with the initiation of SSC differentiation, during which
a3pl integrin-LM332 ligation in FAs activates RAC1-
mediated cell migration [67, 74]. This process coincides
with actin polymerization and reduction of cell-cell AJs
[149]. Further research is required to clarify how integrin
and cadherin adhesion crosstalk regulates SSC behavior
during epidermal regeneration.
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Cadherins serve as mechanical sensors, actively
responding to mechanical signals from both the extra-
cellular and intracellular mechanical signals. Through
interactions with their intracellularly bound proteins,
cadherins modulate actomyosin connections and
signaling pathways, thereby facilitating SSC adapta-
tion to sustained mechanical stimuli [64]. Specifically,
E-cadherin—a-catenin (Ea) complexes maintain the
quiescent SSC population by inhibiting core signaling
pathways involved in cell cycle activation, such as Wnt/
B-catenin and YAP/TAZ pathways. Mechanical strain
activates nuclear YAP and [-catenin, which enables qui-
escent SSCs to rapidly enter the cell cycle. This response
relies on E-cadherin-mediated adhesion, which facilitates
proliferation under mechanical stress [150]. In keratino-
cytes, tensile force applied to E-cadherin-based contacts
inhibits cell proliferation by impairing the translocation
of B-catenin and YAP to the nucleus [151]. E-cadherin
stabilizes B-catenin, a crucial transcriptional co-activator
of the lymphoid enhancer-binding factor 1 (LEF1)/ T-cell
factor (TCF), by binding to it intracellularly and releas-
ing it when necessary [142]. This interaction prevents
B-catenin from entering the nucleus and inhibits tran-
scriptional B-catenin/LEF1 activity, thereby regulating
Wnt signaling pathway. Conversely, destabilization of the
cadherin complex releases -catenin, which initiates Wnt
signaling pathway and promotes SSC terminal differen-
tiation [142].

a-catenin, a force-responsive component of AJs, pre-
serves quiescent SSCs by maintaining AJ integrity and
modulating intracellular YAP/TAZ signaling [141, 152,
153]. The establishment of an intercellular bridge, which
connects cytoskeletal actin filaments between adjacent
cells via AJs, generates tensile forces across these junc-
tions. Sequentially, tension-dependent conformational
changes in o-catenin facilitate the exposure of previ-
ously concealed domains [141]. This a-catenin vari-
ant, in conjunction with vinculin, is thought to locally
reorganize actomyosin, reinforcing AJs and maintain-
ing a-catenin in the extended conformation [141]. This
conformation stabilizes a-catenin through its association
with actin, effectively sequestering YAP1 from a-catenin
[152]. Interestingly, an intermediate force generated dur-
ing actomyosin binding at the AJ cell-cell junctions sta-
bilizes Eax complexes. However, excessive force causes
vinculin to dissociate from the «-catenin-actin complex,
shifting o-catenin to an inhibited state and liberating
YAP1 [141]. By restricting YAP nuclear translocation,
a-catenin serves as both an upstream modulator of YAP
and an anti-oncogenic factor in the skin, ultimately inhib-
iting SC expansion [153]. Additionally, a-catenin indi-
rectly regulates YAP/TAZ activity by interacting with
protein 14—3-3, which retains YAP1 in cytoplasm [153].
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The E-cadherin-a-catenin-f-catenin complex can phos-
phorylate the Ser127 residue of YAP independently of
the Hippo kinase cascades (mammalian sterile20-like 1
[MST1/2]-LATS1/2), thereby exposing its binding site
for 14—3-3 proteins [152, 153]. Another alternative non-
canonical Hippo pathway mechanism through which
a-catenin regulates YAP/TAZ involves the suppression
of P4 integrin-mediated SRC activation [154]. In the
absence of a-catenin, f4 integrin-mediated SRC becomes
hyperactive, promoting YAP1/ TEA domain transcrip-
tion factors (TEAD) transcriptional activity [154].
Therefore, a-catenin exerts an inhibitory effect on SSC
proliferation by directly or indirectly downregulating
YAPI.

Adherens junctions (AJ) in skin CSC niche

Disruption of AJ integrity in skin epidermal cells, includ-
ing impaired function or deficiency of E-cadherin or
a-catenin, can trigger uncontrolled cell growth and
tumorigenesis [153, 155, 156]. Skin cancers, particu-
larly aggressive variants with poor prognosis, frequently
exhibit reduced E-cadherin and a-catenin expression
[155—159]. The expansion of proliferating SOX9-express-
ing stem cells occurs following inducible depletion of
a-catenin in HFSCs, culminating in SCC tumor develop-
ment in vivo [152].

The E-cadherin-a-catenin complex performs its onco-
suppressive function by regulating multiple mechanisms,
including inhibition of B-catenin signaling [157], YAP/
TAZ signaling [150, 152, 153], FAK-SRC signaling [160],
and the nuclear factor-kappa B (NF-xB) pathway [155].
The elevated expression of neural (N)-cadherin adhe-
sion and the downregulation of E-cadherin, which trigger
EMT, coincide with the release of AJ-mediated inhibition
of these signaling pathways. In melanoma, the abundance
of cytoplasmic and nuclear B-catenin results from the
downregulation of E-cadherin, promoting tumorigenic
signaling, whereas in normal SSCs, E-cadherin seques-
ters p-catenin [157]. Moreover, SRC activates N-cadherin
phosphorylation, disrupting the [-catenin-cadherin
binding and promoting p-catenin accumulation in the
cytoplasm and nucleus during melanoma cell transen-
dothelial migration [161]. The increased transcriptional
activity of nuclear pB-catenin subsequently stimulates the
upregulation of target genes essential for the progression
and metastasis of skin cancers. These targets are c-MYC,
VEGF (Vascular endothelial growth factor), TWIST-1
(Twist-related protein-1), Wnt5a (Wnt family member
5a), SOX9, and MMPs [162, 163]. Moreover, down-reg-
ulation of a-catenin correlates with increased nuclear
phosphorylated NF-kB and STAT3, inducing inflam-
matory gene expression and aligning with typical fea-
tures of human skin SCCs [155]. Additionally, the YAP/
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TAZ signaling pathway involved in skin cancer progres-
sion evades AJ surveillance upon a-catenin reduction.
Dysregulation of three independent pathways by which
E-cadherin and a-catenin mediate YAP/TAZ activity has
been observed during skin oncogenic transformation.
The resultant increase in nuclear YAP/TAZ localiza-
tion can be attributed to impaired sequestration of YAP/
TAZ by a-catenin or its effector 14-3-3 protein [152].
Enhanced YAP/TAZ transcriptional activity, induced by
B4 integrin-mediated SRC activation, may also contribute
to the increased a-catenin-mediated YAP/TAZ activity
[154].

Hyperproliferation and tumorigenesis in the skin are
induced by pl20-catenin loss, similar to the effects of
a-catenin and E-cadherin depletion. E-cadherin loss
disrupts the tumor suppressive role of p120-catenin,
promoting cellular proliferation by enhancing NF-«B-
mediated inflammation and aberrant RHOA hyperactiv-
ity in SCC [164]. In melanoma, RAS/MAPK signaling
activates p90 ribosomal S6 kinases (RSKs), which phos-
phorylate and reorganize pl120-catenin, leading to a
direct disruption of AJ integrity [165]. Additionally, the
reduction of cadherin-mediated adhesion may promote
cell migration by activating RHO GTPases via p120-
catenin reduction [166]. However, the exact mechanisms
and direct interactions involved in these processes in skin
CSC niche remain unclear.

Loss of E-cadherin coupled with upregulation of
N-cadherin defines the ‘cadherin switch; a critical driver
of EMT and skin cancer metastasis. This shift in adhe-
sive properties correlates with more aggressive behavior
and progression of advanced-stage SCC [167], BCC [156,
168], and melanoma [169]. For instance, E-cadherin loss
stabilizes c-JUN protein and upregulates target genes
[170], such as MMP-9, MMP-14 and MMP-2 [171, 172],
key factors in driving melanoma metastasis. N-cadherin
on melanoma cell surfaces enables selective binding to
tumor-associated cells, such as vascular ECs and cancer-
associated fibroblasts (CAFs), which naturally express
N-cadherin [169, 173, 174]. The intercellular connec-
tions formed by N-cadherin molecules are less stable
than those formed by E-cadherin molecules, leading to
increased motility in N-cadherin-expressing cells. Addi-
tionally, N-cadherin enhances melanoma cell persistence
by activating the AKT pathway, thereby preventing apop-
tosis [175]. Consequently, skin tumor cells acquire a mes-
enchymal phenotype during EMT, facilitating invasion
into the dermis and promoting metastasis [173, 176].

Cadherin switching is triggered by various mecha-
nisms in skin cancer progression, notably through
transcriptional regulation of cadherin gene expression.
Microenvironmental factors from tumor or stromal
cells such as tumor-associated macrophages (TAMs)
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[177], CAFs [178], including fibroblast growth fac-
tors (FGF), TGF-B, EGF, and hepatocyte growth fac-
tor (HGF), contribute to cadherin switching [179, 180].
Secreted factors and oncogenic pathways, including
PTEN/PI3K and JAK/STAT3 activate EMT-related
regulators such as Snail family transcriptional repressor
2 (SLUG), Zinc finger E-box binding homeobox (ZEB)
1/2, Snail family transcriptional repressor (SNAIL),
TWIST1, Smad interacting protein (SIP) 1 and Tran-
scription factor 3 (TCF3) [176, 181, 182]. These tran-
scriptional regulators enhance N-cadherin expression
while downregulating E-cadherin in skin cancers [168,
179, 183-186]. In particular, Snail-induced cylindroma-
tosis lysine 63 deubiquitinase (CYLD) loss in melanoma
promotes B cell lymphoma 3 (BCL3) ubiquitination,
inducing N-cadherin expression [187]. TWIST further
facilitates EMT by directly repressing E-cadherin tran-
scription through binding to the E-cadherin promoter
at the E-box, or indirectly by activating SNAIL [176,
188].

Signaling pathways such as Notch, Wnt/B-catenin,
Shh/GLI (Glioma-associated oncogene homolog),
PTEN/PI3K, and FAK/SRC are essential regulatory
components for the conversion of E-cadherin to N-cad-
herin during cancer development. Activation of Notchl
enhances N-cadherin expression, thereby facilitating
melanoma cell adhesion through N-cadherin interac-
tion [179, 189]. Loss of PTEN activity or hyperactiva-
tion of PI3K during melanoma progression correlates
with the transition from E-cadherin to N-cadherin,
coupled with upregulation of the transcription factors
SNAIL and TWIST [176]. Moreover, invasive cutane-
ous SCCs exhibit markedly reduced E-cadherin expres-
sion, accompanied by enhanced activity of the PI3K/
AKT signaling pathway [181]. Pharmacological AKT
inhibition attenuates EMT progression by decreasing
the mesenchymal marker SLUG and restoring E-cad-
herin, suggesting its potential as a therapeutic target in
skin SCC [181]. GLI2, a key mediator of Shh signaling,
contributes to E-cadherin downregulation by inducing
SNAIL in melanoma cells [190]. The p38/NF-kB sign-
aling cascade, activated by free p-catenin accumulating
in the cytoplasm following E-cadherin loss, upregulates
N-cadherin expression in melanoma cells [191]. The
upregulation of 1 integrin-mediated FAK/SRC sign-
aling activates ERK1/2 and STAT3 pathways, which
enhance the endocytosis of E-cadherin [29, 192]. Inhi-
bition of the FAK/SRC pathway with SRC inhibitors
preserves membranous E-cadherin localization and
effectively reduces melanoma cell migration [192, 193].
Despite the proposed mechanisms underlying EMT,
the precise regulatory pathways driving the cadherin
switch in the skin CSC niche remain unclear.
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Cellular compartments in SSC and CSC niche

In addition to the epidermis’s role in maintaining skin
homeostasis, the dermis is a multifaceted layer of skin
that provides structural support through its ECM and
houses a variety of cells, including immune cells, fibro-
blasts, adipocytes, and endothelial cells. These cellu-
lar components play a significant role in regulating SSC
behavior. The interaction between the cellular niche
and SSCs is particularly important for HF development
and epidermal regeneration [194]. These cells undergo
dynamic changes throughout the hair growth cycle,
responding to signals from the epidermis in both normal
and pathological conditions, such as wound healing.

The roles of CSCs in self-renewal, tumor maintenance,
and resistance to therapy are shaped by their interac-
tions with surrounding cells, including immune cells,
fibroblasts, adipocytes, and endothelial cells. Molecular
signals secreted by CSCs in SCC, BCC, and melanoma
can drive a malignant phenotype in adjacent cells, sus-
taining the TME. In turn, the surrounding cellular niche
supports tumor survival, aggressiveness, and treatment
resistance.

Fibroblasts
a. Fibroblasts in SSC niche

Human skin dermis contains heterogeneous fibroblast
subpopulations, each with distinct structural and func-
tional characteristics that play a role in regulating SSC
fate and HF growth [194, 195]. Apart from supporting
HF regeneration, dermal fibroblasts also contribute to
the maintenance of BM integrity through the synthesis of
ECM proteins and collagen [196, 197].

Dermal fibroblasts play a dual role in promoting and
inhibiting HFSC activation, thereby influencing HF
development and maintaining the SSC pool. Papillary
fibroblasts, located immediately beneath the epidermis,
are essential for HF formation. In contrast, reticular
fibroblasts, residing in the deeper dermis, primarily con-
tribute to the synthesis of major constitutive components
of the ECM [196, 198]. Notably, the composition of the
dermal fibroblast population shifts across the different
stages of the HF cycle. During telogen, reticular fibro-
blasts dominate the dermis, while papillary fibroblasts
become more prevalent during anagen [198]. Stabilizing
B-catenin in papillary fibroblasts prolongs the anagen
phase, whereas its stabilization in reticular fibroblasts
does not affect HF cycling [199].

Distinct fibroblast subsets exhibit differential responses
to signals from SSCs throughout the HF cycle. Activated
Wnt/B-catenin signaling in the epidermis increases the
number of papillary and reticular fibroblasts [198, 200].
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Subsequently, Wnt/p-catenin-mediated enhancement
of Shh signaling potentiates fibroblast proliferation in
the papillary dermis, promoting HF growth. Epider-
mal TGF-f signaling, activated through Wnt/B-catenin,
drives reticular fibroblasts to orchestrate ECM remod-
eling [198]. However, when Shh signaling in fibroblasts
is suppressed, both papillary and reticular fibroblasts fail
to respond to epidermal B-catenin activation [198]. This
finding underscores the paramount role of dynamic Shh
regulation in Wnt/p-catenin signaling during physiologi-
cal HF cycling, ensuring the selective accumulation of
fibroblasts in the anagen HF while curbing the aberrant
hyperproliferation of quiescent HESCs in the bulge [33].
Meanwhile, paracrine TGF-B1 signaling acts as a trigger
for reticular fibroblast proliferation and ECM protein
synthesis, promoting collagen maturation [198]. Acti-
vation of epidermal Wnt/B-catenin signaling enhances
ECM-related gene expression, such as COL11A1, in der-
mal fibroblasts [201]. Furthermore, by functioning as a
negative feedback mechanism, dermal fibroblasts help
preserve stem cell reservoir. During the telogen phase,
these fibroblasts amplify the BMP (Bone morphogenetic
protein) signaling pathway by releasing BMP4, which
suppresses HFSC activation and preserves the SSC pool
[202]. In addition, the TGF-B2 signaling pathway, acti-
vated after Shh induction by Wnt/B-catenin, suppresses
ECM production, collagen maturation, and fibroblast
proliferation in the reticular dermis [198]. This may act
as a negative feedback mechanism, preventing ectopic
HF formation and excessive ECM protein accumula-
tion. However, the underlying mechanisms of these
processes are not fully understood and warrant further
investigation.

b. Fibroblasts in skin CSC niche

CAFs are crucial for tumor progression, immune sup-
pression, and treatment resistance in melanoma, SCC,
and BCC [203-205]. CAFs, characterized by aSMA
(Alpha smooth muscle actin) upregulation, modulate the
CSC niche by engaging various signaling pathways, pro-
moting dermal fibroblast expansion and increasing ECM
stiffness [206]. The secretion of MMPs, such as MMP-2,
MMP-11 and MMP-14, by these cells accelerates ECM
degradation, promoting cancer cell invasion [203, 204].
Notably, hyperactivation of YAP1 in CAFs enhances
tumor cell adhesion to CAFs via N-cadherin. Further-
more, YAP-silenced CAFs fail to activate the PI3K/AKT
signaling pathway when attaching to N-cadherin-express-
ing melanoma cells [207]. In the melanoma microenvi-
ronment, N-cadherin-expressing fibroblasts and ECs can
produce growth factors such as FGF, IGF-1 (Insulin-like
growth factor), HIF (hypoxia-inducible factor), VEGF,
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and TGE-p. These factors foster MSLC (melanoma stem-
like cell) proliferation, contributing to melanoma pro-
gression [208].

CAFs are recognized as key factors limiting immu-
notherapy effectiveness, exhibiting a distinct profile of
immunomodulatory proteins and secreted factors that
influence both innate and adaptive immune mecha-
nisms against tumors [209]. For instance, CAFs can pro-
mote the infiltration and activity of immunosuppressive
cells, including TAMs, myeloid-derived suppressor cells
(MDSC:s), and regulatory T cells (Tregs) in the melanoma
microenvironment [209, 210]. Additionally, CAFs can
weaken the proliferation, survival, and cytotoxic capa-
bilities of cytotoxic T cells (CTLs) [211, 212] and natural
killer (NK) cells [213, 214]. Additionally, therapies target-
ing CAFs can enhance CTL and NK cell-mediated tumor
elimination, while preventing the recruitment of MDSCs
and Tregs [210].

T cell dysfunction in melanoma, which contributes
to resistance to CTL treatment, is partially influenced
by CAFs. Melanoma-derived fibroblasts secrete factors
such as C—C motif chemokine ligand 5 (CCL5), CCL2,
and C-X-C motif chemokine ligand 12 (CXCL12), which
induce immune checkpoint (ICP) ligand expression in
melanoma cells, thereby compromising CD8" T cell
function [211, 212]. Notably, CAFs can shield tumor cells
from immune attack by promoting the elimination of
tumor antigen-specific CD8" T cells. Melanoma-derived
CAFs engulf antigens and exhibit delayed antigen pro-
cessing, acquiring features similar to those of antigen-
presenting cells (APCs). This enhances their ability to
present cross-priming antigens to T cells, thereby dis-
tracting and diverting T cell attention from tumor cells
[215]. Additionally, the simultaneous upregulation of
FAS (Fas cell surface death receptor)/PD-1 (Programmed
cell death protein 1) on T cells and FASL (Fas ligand)/
PD-L2 (Programmed cell death ligand 2) on CAFs
impairs the function and survival of tumor antigen-spe-
cific T cells, ultimately facilitating melanoma survival and
progression [215]. Conversely, enhanced infiltration of
tumor antigen-specific CD8* T cells and reduced tumor
volume are observed when the activity of PD-L2 or FASL
on CAFs is blocked [215]. Collectively, targeting CAFs
could be a strategy to counteract immune evasion in skin
cancers.

In addition, CAFs can hinder the efficacy of immuno-
therapy through multiple mechanisms. Secreted factors
like IL-6 and TGE-B from CAFs reduce the expression
of major histocompatibility complex (MHC) I and II
molecules in melanoma cells, promoting resistance to
CTL-based therapies [216, 217]. By disrupting NF-«xB
and ERK1/2 signaling, melanoma-associated CAFs
restrict CTL function, reducing granzyme B secretion
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and impairing their capacity to kill melanoma cells [218].
Furthermore, CAFs can reduce the effectiveness of anti-
PD-1/PD-L1 therapy by concealing PD-1 molecules
expressed on melanoma cells. Increased CAF accumula-
tion within melanoma is associated with a reduced suc-
cess rate of PD-1-targeted treatment [219]. CAF-derived
MMP-9 may contribute to resistance against anti-PD-1
therapy by cleaving PD-L1 from melanoma cell surfaces,
potentially impairing immune system recognition [220].

CAFs can protect tumor cells from immune destruc-
tion by significantly altering the NK cell-dependent anti-
tumor immune response. CAFs decreased melanoma cell
sensitivity to NK cell-mediated cytotoxicity by secret-
ing high levels of MMPs, such as MMP-1, -2, -3, and -9.
These MMPs promote the detachment of MHC class I
polypeptide-related sequence A and B (MICA/B), ligands
of NKG2D (Natural killer group 2 member D), from
the surface of melanoma cells, weakening the NKG2D-
mediated cytotoxic response of NK cells against tumor
cells [213]. Furthermore, MMP inhibitor restored the
presence of MICA/B on the melanoma cell membrane,
thereby enhancing their susceptibility to NK cell-medi-
ated destruction [213]. However, blocking MMP activity
in CAF-conditioned media did not fully reinstate mela-
noma cell vulnerability to NK cell assault, indicating that
MMPs are not the only contributors involved [213]. Fur-
ther investigation is required to ascertain whether MMP
inhibitors can augment NK cell-mediated tumor surveil-
lance or whether additional CAF-derived factors contrib-
ute to facilitating cancer resistance. Additionally, CAFs
secrete prostaglandin E2, which inhibits the upregulation
of natural killer cell p44 (NKp44) and NKp30 expression
on NK cells, thereby impeding NK cell activation [214].
These receptors enhance NK cell cytotoxicity by identi-
fying and attaching to their specific ligands on tumor
cells. Consequently, NK cells with low expression of these
receptors impair their capacity to effectively target and
eliminate tumor cells.

CAFs contribute to the progression of SCC by inhib-
iting anti-tumor immunity and facilitating tumor inva-
sion via ECM remodeling. These fibroblasts are scarce
in pre-cancerous lesions, but their abundance increases
in established SCC tumors, emphasizing their involve-
ment in tumor advancement [204]. Recurrent SCC shows
an association between CAFs and upregulation of EMT
markers, including TGF-p1 and vimentin. This is cou-
pled with immunosuppressive traits in recurrent SCC,
characterized by reduced inflammation and increased
exhausted CD8' T cells [221]. CAFs in relapsed SCC
exhibit oncogenic properties, including impaired phago-
cytosis, reduced inflammation, and increased angiogenic
potential, which collectively drive tumor proliferation
and metastasis [221].
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The interaction between CAFs and CSCs in the TME
has been observed, but the precise role of CAFs in the
CSC niche remains unclear. Melanoma cells attract der-
mal fibroblasts to the TME, inducing SOX2 expression
in them and driving their transformation into CAFs
[222]. Additionally, melanoma cells persuade fibroblasts
to adopt a CAF phenotype by secreting soluble factors
such as platelet-derived growth factor (PDGF), FGEF, and
TGE-p [217]. A heterogeneous population of fibroblasts,
including cells with CAF-like properties, presented when
dermal fibroblasts were cultured with melanoma sphe-
roids [223]. CAFs in melanoma stroma contribute sig-
nificantly to tumor progression by interacting directly
with tumor cells and secreting a variety of factors. These
include ECM proteins like collagen, MMPs (MMP-2, -9,
and -13), angiogenesis-related factors (VEGF), growth
factors (TGF-B, HGF), and chemokines such as CXCL-8
and IL-6, which affect tumor cell growth, metastatic
potential, drug resistance, and CSC self-renewal [212,
223-225].

Moreover, CAFs have been demonstrated to modu-
late CSC behavior. CD44-expressing CAFs support the
preservation of MSLC stemness and self-renewal capa-
bilities through direct cellular interactions. However, the
exact mechanistic pathways governing these interactions
between CAFs and CSCs remain elusive. Interestingly,
CD44* CAFs can sustain MSLC survival in avascular
environments [226]. Moreover, the abundance of CD44™"
CAFs in tumor tissues was exacerbated following angio-
genesis suppression using anti-VEGF neutralizing anti-
bodies [226]. A synergistic approach targeting both CAFs
and angiogenesis may potentiate therapeutic efficacy
against malignant melanoma. These findings indicate that
CAFs are implicated in the drug resistance mechanisms
of malignant melanoma, particularly in relation to CSCs.

Although CSCs and adjacent CAFs in the tumor stroma
interact pathologically, the exact molecular and biological
processes remain poorly understood. Furthermore, key
signaling pathways, such as the YAP/TAZ signaling path-
way, in regulating normal SSC and CSC development, are
associated with drug resistance when activated in CAFs.
Thus, investigating the interactions between CSCs and
CAFs could offer valuable insights for overcoming resist-
ance in skin cancer therapies.

Immune cells
a. Immune cells in SSC niche

Immune cells in the epidermis and dermis, including
innate and memory cells, are crucial for skin function and
epidermal homeostasis. Although the specific molecules
mediating the interactions between SSCs and immune
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cells are still being identified, it is evident that these cells
mutually regulate their behavior and functions.

Dendritic epidermal T cells (DETCs; y§ T cells) and
Langerhans cells are found in the epidermis, function-
ing as T cells and APCs, respectively [227]. Despite
their presence in the IFE and outer root sheath of HFs,
the exact role these immune cells play in regulating SSC
functions remains largely unknown [227, 228]. Their
influence on HFSCs has been observed particularly in
wound healing scenarios. Activated DETCs stimulate
HEFSC proliferation for HF growth and the healing pro-
cess [229].

Immune cells residing in the dermis, including mac-
rophages, CD4*T cells, and Tregs, contribute to SSC
development. These cells influence the natural process of
HF regeneration by directly affecting the HFSC behavior
[230, 231]. Immune cells influence HFSC differentiation
and activation through signaling pathways like Wnt/p-
catenin, JAK/STAT, and JAGGED1/Notch within the SSC
niche [232]. Their distribution and function vary during
hair development and growth phases [231, 232].

In the dermis, resident Tregs, especially CD4" Tregs,
are the most prevalent immune cells, constituting
approximately 20% of the total resident T cells. Tregs are
predominantly localized in the vicinity of HFs, enabling
dynamic interactions with bulge-derived HFSCs [233].
When Tregs are depleted, there is a significant reduction
in HF regeneration, emphasizing their critical function in
modulating stem cell proliferation and maturation [231].
The number and functional state of Tregs in the skin are
tightly associated with distinct stages of the HF cycle. In
the telogen phase, the abundance and activation of local
Tregs drive the shift to anagen by promoting HFSC pro-
liferation and differentiation. In contrast, Treg numbers
decline throughout the anagen period [231]. Most skin-
resident Tregs, which express high levels of JAGGEDI,
rely on the Notch signaling pathway to activate HFSCs
and modulate efficient hair regeneration [231, 234].
Absence of JAGGED1 on Tregs results in a substantial
decrease in HFSC population and downregulation of
critical epidermal differentiation genes, such as SOX7,
SOX4, and CCNDI1 (Cyclin D1) [231]. The depletion
of CD4*CD25"FOXP3* Tregs hampers CD34" HFSC
proliferation, inhibiting their progression to the anagen
phase [231]. In addition to HF regeneration, Tregs aid in
the regeneration of IFESCs. This role becomes apparent
during epidermal repair following injury, where a par-
ticular population of Tregs enhances EGFR expression to
promote wound healing [235]. Overall, Tregs in the SSC
niche primarily carry out non-immune functions, playing
arole in supporting both epidermal and HF regeneration.

HESCs and IFESCs exhibit contrasting immunogenic
profiles, facilitating their distinct physiological functions.
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While HFSCs can evade detection by T cells, IFESCs are
recognized and eliminated by T cells promptly. Upon
activation, local T cells expand and efficiently kill KRT14*
IFESCs, which express high levels of MHC I [236]. In
contrast to IFESCs, LGR5™ bulge HFSCs exhibit a down-
regulation of MHC I, which helps them avoid detec-
tion and destruction by T cells [236]. Moreover, IFESCs
are in close proximity to a dense population of resident
immune cells, such as Y8 T cells and memory CD8* T
cells, which serve as crucial immune effector cells in the
initial response to both inflammation and cancer pro-
gression [237, 238]. This supports the role of IFSCs and
their differentiated cells as the primary defense against
pathogens. The highly immunogenic IFESCs act as detec-
tors of inflammatory signals and produce cytokines to
sustain immune balance and a healthy physical barrier.

In contrast, the HF region is characterized by immune
privilege, which supports the maintenance of SSCs for
both epidermal and HF regeneration. The dynamic activ-
ity of HFs and their signaling pathways during physical
injury and the HF cycle recruit various immune cells.
This recruitment increases the risk of immune activa-
tion and inflammation, putting HFSCs in the bulge niche
at greater vulnerability. Therefore, the attenuated immu-
nogenicity of the HFSC niche ensures the preservation
of its population. HFSCs, situated in a Treg-dense niche,
express the immunoinhibitory molecule CD200 [239]
and resist T-cell destruction, potentially resulting from
reduced MHC I expression on their surfaces [236]. In the
telogen phase, high levels of MHC I protein are observed
across the IFE and isthmus region of the HF, with the
bulge being the only area showing low MHC I expression
[236]. This reduces their visibility to T cells, along with
the high presence of resident Tregs, safeguarding the
stem cell reservoir essential for lifelong skin regeneration.

Macrophages are also crucial for regulating SSC activ-
ity. HESC proliferation and hair growth are enhanced
due to the depletion of TREM2" macrophages, which are
present around the HF during the quiescent phase. These
macrophages maintain HFSC dormancy during the telo-
gen phase, preserving HF quiescence [240]. Removal
of skin-resident macrophages triggers premature HF
growth, driven by the Wnt/B-catenin pathway in HFSCs
[230]. Additionally, the increase in macrophages express-
ing Wntl0a and Wnt7b coincides with the activation
of bulge HFSCs before the onset of anagen [230]. Thus,
under normal conditions, macrophages act as key regula-
tors of HFSC activity.

b. Immune cells in the skin CSC niche

Recent research and current immunotherapy
approaches have shown the clinical potential of
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targeting immune cells within the CSC niche for treat-
ing skin cancers, particularly melanoma [241-243]
and SCC [244]. However, resistance, both primary and
acquired, is commonly observed in advanced mela-
noma and SCC patients treated with immunotherapies
like CTLs and ICP inhibitors [245, 246]. This resistance
is often associated with CSCs and other components of
the CSC niche.

Decreased function of anti-tumor immune cells in CSC
niche 'The immune cell niche typically helps eliminate
malignant cells, but in the CSC niche, these responses
turn immunosuppressive. The impaired anti-tumor func-
tions of immune cells contribute to tumor cell evasion of
immune surveillance by promoting inhibitory receptor
expression and pro-inflammatory cytokine secretion in
melanoma and SCC [241-243, 247]. CD8" T cells are key
effectors in cancer immune surveillance, leveraging their
ability to identify and eliminate target cells through T-cell
receptor (TCR) recognition of antigens displayed by
MHC I molecules [248]. However, despite their cytotoxic
potential, CD8™ T cells, especially those associated with
CSCs, fail to mount a sustained and effective anti-tumor
response in refractory melanoma and SCC.

MSLCs evade immune detection by downregulat-
ing melanoma-associated antigens (MAAs), prevent-
ing effective anti-tumor immune responses [249, 250].
In melanoma, tumor cells typically express MAAs such
as gpl00, MAGE-A (Melanoma antigen family A),
MART-1 (Melanoma antigen recognized by T cells 1),
and CTAGI1B (Cancer/testis antigen 1B), which attract
MAA-specific CTLs for targeted destruction [250].
CD133* CSCs in melanoma, which display elevated lev-
els of MAAs like CTAGI1B, are particularly susceptible
to recognition by specific T cells [251]. Nevertheless, a
distinct subset of MSLCs suppresses MAA expression
on their surfaces, thereby maintaining their immune
privilege and protecting them from immune attack. Spe-
cifically, MSLCs expressing ABCB5 and CD271 demon-
strate a marked attenuation in the levels of MAAs such
as MART-1, CTAGI1B, and MAGE-A [249, 252, 253].
Moreover, CTL therapy can induce melanoma cell dedif-
ferentiation, marked by increased CD271 (NGFR [Nerve
growth factor receptor]) expression and reduced MAA
levels, including gp100 and MART-1. Such changes con-
tribute to resistance against CTLs and are associated
with increased levels of TNF-a, an inflammatory media-
tor released by activated T cells [254, 255]. Additionally,
inhibition of CD271 can reverse melanoma resistance,
restoring its vulnerability to T cell-mediated attacks. The
presence of the CD271 signature in melanoma cells may
predict resistance to anti-PD-1 treatment [256].

Page 28 of 61

MSLCs and their secreted factors impair cytotoxic T
cell function. MSLCs expressing ABCB5 significantly
reduce or completely lack MHC I expression [249]. Mel-
anoma cells lacking MHC I expression are unable to be
recognized by CD8" T cells, impairing the anti-tumor
immune response. Even when MAAs are present, the
absence of functional MHC I molecules blocks CTL
activation, further enabling immune evasion. Moreo-
ver, overexpression of PD-1, PD-L1, CD86, and B7-2 in
ABCB5* MSLCs suppresses immune function by induc-
ing T cell anergy, recruiting Tregs, and enhancing the
secretion of immunosuppressive cytokines, such as IL-10
[249, 257, 258]. On the other hand, ABCB5" MSLCs can
release TGF-B family members, including TGFB2 and
TGEB3, into the CSC niche, thereby reinforcing immu-
nosuppression through the promotion of Treg activa-
tion [249]. However, it remains unresolved whether this
resistance is primarily driven by the inflammatory micro-
environment, or if other factors within the CSC niche
contribute significantly to the amplification of melanoma
resistance to CTLs and various immunotherapeutic
approaches.

Although T cells heavily infiltrate SCC, the presence
of CSCs fosters resistance to T cell immunotherapy, pre-
venting these immune cells from successfully eliminating
the tumor in advanced stages of SCC [259, 260]. A subset
of CSCs in SCC preferentially evades T cells by upregu-
lating CD80 in response to TGF-f3, which promotes T cell
exhaustion and contributes to tumor relapse [261]. CD80
overexpression on CSCs within the SCC niche binds to
cytotoxic T-lymphocyte antigen 4 (CTLA-4) on T cells,
effectively suppressing T cell activity [261]. Moreover,
Tregs are implicated in SCC metastasis and may serve
as important prognostic markers. The SCC microenvi-
ronment, especially in metastatic cases, shows signifi-
cant accumulation of CD4*FOXP3* and CD8*FOXP3*
Tregs [262-264]. These tumor-infiltrating Tregs suppress
the expansion of effector CD4* and CD8" T cells and
their secretion of interferon gamma (IFNy) [259]. How-
ever, it remains uncertain whether the elevated presence
of Tregs or other immunosuppressive factors is directly
associated with CSCs in the SCC microenvironment.
Investigating the relationship between CSCs and immune
system interactions may provide deeper insights into
SCC progression.

Increased immunosuppressive cells in CSC niche In
addition to exhausted T cells in resistant tumors, immu-
nosuppressive cells, such as Tregs, TAMs and tumor-
associated neutrophils (TANSs), are frequently observed
and associated with drug resistance in the CSC niche.

Tumor-associated macrophages (TAMs)
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TAMs, transitioning from M1 to M2 forms, are pre-
sent in melanoma, SCC, and BCC, contributing to drug
resistance and poor clinical outcomes [265-271]. In SCC,
IL-10, IL-4, and VEGF-A drive TAM polarization to the
M2 type, promoting neovascularization [272]. In BCC,
an abundance of M2 macrophages has been linked to
more aggressive disease, marked by deeper invasion and
elevated microvessel density [268]. Furthermore, co-cul-
turing BCC cell lines with M2 macrophages significantly
augments the invasiveness and angiogenic potential of
tumor cells [268]. In melanoma, M2 macrophages are pri-
marily found in the early inflammatory infiltrate, whereas
M1 macrophages, known for their anti-cancer activity,
are present in much smaller numbers within the tumor
[273]. Moreover, melanoma cell-derived PD-L1 promotes
macrophage polarization toward the TAM phenotype,
exacerbating the immunosuppressive landscape of the
TME [274]. The secreted products from TAMs contrib-
ute to various processes, such as ECM remodeling, angi-
ogenesis, pro-inflammatory cytokine production, and the
promotion of local invasion and metastasis in melanoma,
SCC, and BCC [266, 268-270, 275]. TAM-secreted fac-
tors include a range of chemokines, including IL-2,
IL-10, IL-1, TNF-a, IFNy, angiotensin, cyclooxygenase-2,
CCL12, CCL17 and IL-1PB. These chemokines recruit
immunosuppressive cells, including Tregs, MDSCs, and
T-helper 2 (Th2) cells, which are essential for sustaining
the immunosuppressive TME [265, 268, 269, 276-280].
TAMs also secrete VEGF and MMPs, such as MMP-9
and MMP-11 [266, 268], which are crucial for tumor
dissemination.

TAMs influence the TME by releasing chemokines that
recruit immunosuppressive cells and cytokines that stim-
ulate fibroblasts to release additional chemokines. For
instance, IL-1P released by TAMs prompts fibroblasts to
generate CXCR2 ligands, which are crucial for attract-
ing MDSCs to melanoma tumors [281, 282]. Addition-
ally, the combined use of anti-CD115 antibodies, which
significantly reduce TAMs by targeting CSFIR (Colony
stimulating factor 1 receptor), and CXCR2 antagonists
has demonstrated potent antitumor effects in vivo. This
approach not only prevents the recruitment of granu-
locytic MDSCs via CXCR2 blockade but also depletes
TAMs through CSFIR inhibition, thereby disrupting
immune evasion mechanisms within the melanoma
microenvironment [282].

TAMs contribute to the failure of the immunomodu-
latory effects of chemotherapeutic agents in skin can-
cers. Increased TAMs and PD-L1 are associated with
melanoma resistance to the single-agent BRAF (Serine/
threonine-protein kinase B-raf) inhibitor dabrafenib or
in combination with MEK (Mitogen-activated protein
kinase) inhibitor trametinib [283]. TAMs are associated
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with poorer prognosis, likely by facilitating immune
evasion in melanoma [273]. Similarly, improvements in
treatment are associated with a reduction in TAM infil-
tration within SCC tumor tissues. Peplomycin enhances
cytotoxic T lymphocyte presence and reduces TAM and
Treg levels, potentially enhancing immune response and
defense against SCC [284]. TAMs in malignant mela-
noma exhibit elevated PD-L1 expression [285], which
impairs macrophage phagocytosis and diminishes their
tumoricidal functions [286]. The therapeutic efficacy of
cytotoxic agents such as dacarbazine, vincristine, and
nimustine hydrochloride relies on their ability to modu-
late TAM activity, notably through the suppression of
PD-L1 expression and a decrease in CCL22 chemokine
levels [287]. These drugs, commonly used in adjuvant
treatment for advanced melanoma, exert anti-TAM
effects as a key aspect of their therapeutic action [287].
Notably, circadian modulation of PD-1 expression on
TAMs significantly affects the response to PD-1 inhibi-
tors in melanoma treatment. The therapeutic impact of
PD-1 inhibitors is considerably attenuated when TAMs
exhibit minimal PD-1 expression on their surface dur-
ing the daytime, thereby impairing the immune response
[288]. Intriguingly, DEC2 (differentiated embryo-chon-
drocyte expressed gene 2) transcriptionally regulates
diurnal PD-1 expression on TAMs by inhibiting the
time-dependent activation of PDCDI (Programmed cell
death 1) through p65. Downregulation of DEC2 in mac-
rophages increases PDCDI expression, encoding PD-1,
which in turn enhances tumor cell clearance by anti-
PD-1 therapy [288]. Therefore, therapeutic interventions
that modulate or block PD-L1 expression on TAMs can
potentiate anti-tumor immunity.

In malignant skin tumors, CSC niches are intricately
regulated by immune cells, particularly TAMs. SCC,
originating from oncogenic mutations in IFESCs, exhib-
its infiltration of TAMs, which secrete VEGF within the
CSC niche, thus fostering tumor growth [246]. TAMs
can support the survival of CD34-negative tumor-ini-
tiating cells and promote melanoma progression [289].
TGE-f released from TAMs and Tregs in the hypoxic
melanoma microenvironment induces glucosylceramide
synthase (GCS) expression in melanoma cells, crucial
for sustaining and expanding MSLCs [290]. Inhibition of
GCS effectively eliminates the immunosuppressive func-
tions of Tregs and TAMs [290]. The microphthalmia-
associated transcription factor (MITF)-low melanoma,
typically characterized by high stemness, produces a
CCL2-rich secretome [291], which promotes the recruit-
ment of TAMs. These observations imply that TAMs are
crucial in the skin CSC niche and may become poten-
tial targets for future molecular therapies. However, the
complex interplay between skin CSCs and TAMs, which
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underpins the maintenance and tumorigenic potential of
CSCs, is yet to be fully understood.

Tumor-associated neutrophils (TANs)

The interplay between TANs and CSCs fosters sus-
tained viability of CSCs, thereby driving the continued
progression of skin cancer. Neutrophils initially act as
the first line of defense in early inflammation, promoting
immunostimulatory effects. However, they rapidly trans-
form into TANs within the immunosuppressive TME
of skin cancers. Melanoma [292, 293] and SCC [294]
patients with abundant TAN infiltration often exhibit
poorer therapeutic outcomes and advanced disease
stages. The secretome of MSLCs, including IL-6, IL-8,
GM-CSF (Granulocyte-macrophage colony-stimulating
factor), CCL2, and TGEF-f, not only recruits neutrophils
but also induces their polarization toward the protu-
mor phenotype [292, 295]. The activation of the STAT3/
ERK and IL-8/CXCR2/NF-«kB pathways in TANS is trig-
gered by exposure to MSLC-conditioned medium [295].
Moreover, MSLC-conditioned medium enhances ROS
(Reactive oxygen species) production, cytokine release,
MMP-9 secretion, and NET (neutrophil extracellular
trap) formation in neutrophils, which collectively bol-
ster the immunosuppressive and protumor functions of
TANs. MSLC-activated neutrophils impart unique stem
cell characteristics to melanoma cells, enhancing ABCG2
(ATP-binding cassette sub-family G member 2) expres-
sion and capacity to form melanospheres [295]. The
reciprocal interaction between CSCs and neutrophils in
melanoma underscores the need for further research on
tumor-promoting TANs in the skin CSC niche to better
understand the mechanisms driving resistance in skin
cancers.

Adipocytes
a. Adipocytes in SSC niche

Adipocytes, in conjunction with dermal fibroblasts, are
crucial for epidermal integrity and HF cycling regulation.
During anagen, intradermal adipose tissue regenerates,
increasing the adipose layer thickness and enhancing adi-
pocyte proliferation [296]. Adipocytes and preadipocytes
in the skin have contrasting roles in regulating HFSC
activity during the physiological hair cycle [297].

Mature adipocytes in the dermis regulate the duration
of the hair cycle’s resting phase. Upon the activation of
HEFSCs for anagen, these adipocytes secrete BMP pro-
teins [298, 299]. As hair growth progresses, the increased
in mature adipocytes enhances BMP ligand expression
in the dermis [298]. The expression of BMP2 in these
adipocytes aligns with telogen phase, promoting HFSC
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quiescence and preventing overactivation. As the hair
cycle shifts from telogen to anagen, preadipocytes release
PDGF-a, which activates PDGF signaling in the dermal
papilla, thereby stimulating HFSCs [296]. The commu-
nication between adipocytes and HFs underscores the
critical role of cellular niche in supporting proper SSC
development. When adipocyte precursor formation is
blocked, the resulting loss of adipocytes disrupts HFSC
activation and delays the onset of hair growth [296].
The activation of HFSCs by preadipocytes is regulated
by PPARy (Peroxisome proliferator-activated receptor
gamma), an adipogenic transcription factor predomi-
nantly expressed in preadipocytes. Inhibiting PPARy
before the onset of anagen disrupts the regrowth of adi-
pose tissue in dermis by disrupting preadipocyte func-
tion [296]. Furthermore, PPARy antagonists did not
impact epidermal proliferation or preadipocyte forma-
tion but effectively inhibited the development of PPARy™*
preadipocytes [296].

The dynamic process of adipogenesis and its impact
on HF growth are influenced by epidermal signals, par-
ticularly Shh and Wnt/B-catenin signaling [300, 301].
Activation of Wnt/p-catenin in the epidermis stimulates
HF growth and regulates adipogenesis, driving adipose
tissue expansion and dermal adipocyte differentiation
[198, 300]. The precise mechanism is not fully under-
stood, but keratinocytes are thought to release proadi-
pogenic factors like BMP2, BMP6, and IGF2, which
promote adipocyte differentiation [300]. The persistence
of Wnt/p-catenin activation in the epidermis triggers
abnormal HF growth and thickens the adipose tissue
layer. This also causes an abnormal accumulation of adi-
pocytes in the deeper dermis and their unusual presence
in the superficial dermis, a region in which they are typi-
cally absent [300]. Once anagen is initiated, TACs in HFs
increase Shh production, promoting the proliferation and
differentiation of preadipocytes through PPARY, and ena-
bling TACs to generate both their progeny and neighbor-
ing stromal lineages [301].

The functional roles of adipocytes in the HFSC niche
have previously been identified. However, the role of adi-
pocytes in other aspects of SSC development remains
unclear. Future studies are required to uncover the
molecular pathways through which adipocytes regulate
SSC behavior and to determine whether SSCs can modu-
late adipocyte function.

b. Adipocytes in the skin CSC niche

Although the involvement of cancer-associated adi-
pocytes (CAAs) is well-documented in various cancers,
their exact role in the skin CSC niche remains largely
unexplored. In melanoma, the adipose tissue surrounding
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the tumor shows significant macrophage infiltration with
TAM-like properties [302]. The influx of macrophages
prompts melanoma cells to secrete angiogenic fac-
tors like VEGF and pro-inflammatory cytokines such
as MCSF (Macrophage colony-stimulating factor) and
CCL2 [303]. Considering the spatial proximity of adipose
tissue to melanoma and SCC lesions, further investiga-
tion is imperative to elucidate their potential interactions
and subsequent influence on tumorigenesis and progres-
sion [302, 304].

Adipose tissue in the skin cancer niche can influence
the anti-cancer immune response. Secreted proteins
from adipose tissue-derived macrophages, such as YKL-
40 (chitinase-3-like protein 1), have been correlated with
poor survival rates in melanoma patients [305, 306].
This may be due to a TAM-related reduction in NK cell
accumulation, which promotes pulmonary metastasis in
melanoma [307]. Adipocyte-derived TNF-a and IL-6 are
positively associated with PD-L1 expression in melanoma
[308]. On the other hand, reduced adiponectin levels,
commonly downregulated in cancer, foster melanoma
progression while hindering the recruitment of tumor-
suppressive macrophages to the TME [309].

Despite being abundant in the TME, the role of adi-
pocytes in skin cancers and CSC development remains
poorly understood. In cancers such as prostate cancer
and breast cancer, adipocytes undergo differentiation
into CAAs, exhibiting distinct characteristics from their
normal counterparts [310]. These CAAs contribute to
tumorigenesis and protect tumor cells from therapeu-
tic treatments. Consequently, exploring the interplay
between the skin CSC niche and CAAs is crucial for
devising more effective approaches to targeting and erad-
icating resistant skin cancers.

Endothelial cells (ECs)
a. Endothelial cells in SSC niche

The epidermis and HFs are avascular and rely on
nearby dermal blood vessels to supply nutrients. ECs
support HF regeneration by promoting angiogenesis dur-
ing the anagen phase and undergoing apoptosis in the
catagen phase [311]. As HFSCs in the hair germ prepare
for activation during the transition from late catagen to
telogen, the skin vasculature undergoes morphological
changes [311]. It becomes more horizontal, forming a
distinct plexus with tightly packed blood vessels beneath
the hair germ. This vascular network briefly aligns with
the region where HFSC activation occurs during the
telogen phase [311]. During the resting phase, EGFL6
(Epidermal growth factor-like domain 6), an angiogenic
factor expressed by K15-negative HFSCs above the bulge,
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may attract ECs to telogen HFs [312]. As activated HFSCs
proliferate from telogen to early anagen, the vascular
plexus progressively disperses away from the proliferat-
ing hair germ [311].

ECs play a role in maintaining the SSC source. When
angiogenesis is suppressed, anagen onset is delayed
[313]. However, during the late catagen and early telogen
phases, an expanded vascular network near the hair germ
generates BMP4 signals that sustain HFSC quiescence
prior to activation and the initiation of hair growth [311,
314]. Moreover, an enhanced density of the vascular net-
work surrounding the hair germ during the telogen phase
is concomitant with extended HFSC quiescence and a
delayed transition into the anagen phase [311]. These
findings suggest that EC compartments may influence
the timing of HFSC awakening from the resting state,
ensuring proper skin homeostasis. Further studies are
essential to elucidate the interactions between skin ECs
and SSCs in epidermal regeneration.

b. Endothelial cells in skin CSC niche

Neoangiogenesis in ECs is a critical driver of CSC
development and tumor progression in melanoma, SCC,
and BCC, providing essential support for tumor growth
and metastasis [315-317]. Several angiogenic growth fac-
tors and signaling pathways, including the VEGF family
(VEGF-A, VEGF-B, VEGF-C, VEGF-D, and PLGF [Pla-
cental growth factor]), are increased in melanoma. The
VEGF and its receptor can activate critical intracellular
pathways, such as FAK, PI3K/ERK, PKC, and MAPK/
ERK, which facilitate melanoma cell movement and
tumor progression [318]. Highly proliferative MSLCs,
particularly at the tumor margins, produce crucial fac-
tors for angiogenesis and are closely associated with the
early onset of vascularization [319]. Particularly, MSLCs
expressing ABCB5, CD133, and ABCG2 secrete proan-
giogenic factors, including TIE2 (Tyrosine kinase with
immunoglobulin and epidermal growth factor homol-
ogy domains 2), VEGF and its receptor VEGFR-2,
MMP-2/-9, and angiopoietin [320-323]. Integrin o531
activation in melanoma cells highly expressing CD271
triggers the MAPK/ERK pathway, which activates STAT
and HIF1a pathways. These signaling pathways reinforce
the proangiogenic secretome of MSLCs by enhancing
the production of angiogenic VEGF and IGF2 activators,
while attenuating the levels of angiogenic inhibitors such
as TIMP1 (tissue inhibitor of metalloproteinases 1) [324].
Inhibition of integrin a5p1 or ERK1/2 signaling reduces
both MSLC characteristics and its ability to promote
angiogenesis [324]. Overexpression of ALDHI1Al in
melanoma cells stimulates the secretion of proangiogenic
factors, including IL-8, activating the DLL4-dependent
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Notch signaling pathway in ECs and promoting angio-
genesis. Moreover, there is a noticeable increase in the
recruitment of ECs to melanomaspheres [325].

Vasculogenic mimicry (VM) refers to tumor cells
adopting endothelial-like traits, reflecting the aggressive-
ness and plasticity of melanoma [326, 327]. The CD133%
and ABCB5* MSLCs in perivascular niches, express-
ing VE-cadherin, TIE2, VEGE, and VEGER, possess the
ability to acquire the VM phenotype and contribute to
melanoma drug resistance [322, 327]. Under hypoxia,
endothelin-1 synthesis is induced, sustaining HIF-1a/2a-
driven VEGF-A and VEGF-C expression in tumor cells
and ECs, thereby promoting angiogenesis and mela-
noma cell migration [328]. The vasculogenic capacity and
acquisition of MSLC traits are influenced by EC-derived
signals, which are modulated through the endothelin B
receptor (ETBR) and VEGER [328].

MSLCs facilitate melanoma metastasis through their
interaction with ECs. MSLCs engage their a4f1 integrin
and E-selectin ligands with VCAM-1 and E-selectin on
ECs, thereby enhancing migration along the endothelial
surface [329] (Fig. 1). MSLCs can traverse EC junctions
by binding their upregulated a5p1 and a6p4 integrins to
fibronectin and laminin, respectively, which are present
in endothelial and basement membranes [329]. Given
that the attachment of MSLCs to ECs initiates transen-
dothelial navigation, targeting the adhesion proteins
involved offers a promising therapeutic strategy for
impeding cancer cell extravasation.

ECs are integral in modulating the TME and con-
structing a vascular niche for CSCs in SCCs. As tumors
advance, angiogenesis becomes increasingly pronounced,
facilitating the progression of malignancy [316, 330].
Angiogenesis progressively intensifies as SCC progresses
to a malignant and invasive state. The enhanced density
of the microvascular network in the TME strongly cor-
relates with the upregulation of VEGF and its VEGFR2
receptors [331]. Conversely, SCC regression correlates
with a reduction in EC proliferation and vasculature
density [330]. Moreover, the VEGF/VEGFR2 signaling
is instrumental in advancing SCC progression by estab-
lishing a supportive vascular niche for CSCs [330]. The
overexpression of VEGF in the epidermis promotes the
expansion of the CD34% CSC pool in SCC. These cells
exhibit significantly higher VEGF expression compared
to CD34~ tumor cells or normal keratinocytes [330]. In
contrast, deficiency of VEGF or VEGFR2 in the epider-
mis impairs CSC proliferation and results in a remarkable
reduction in SCC establishment. Neuropilin-1 (NRP1), a
co-receptor of VEGF found in melanoma and SCC tumor
cells, mediates the role of VEGF in maintaining CSC self-
renewal. VEGF signaling activates NRP1 in CSCs, which
enhances stemness and proliferative gene expression,
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sustaining tumor growth and CSC maintenance [330].
The deletion of NRP1 and/or NRP2 specifically in ECs
profoundly hampers melanoma progression and disrupts
the angiogenic processes crucial for tumor vasculariza-
tion [332].

EC activity in the skin CSC niche evidently contributes
to the dynamic aggressiveness of CSCs. Elucidating the
mechanisms of their interactions could provide crucial
insights to develop targeted therapies against malignant
skin cancers.

Signaling regulation of SSCs and CSCs

Signaling regulation of skin stem cell niche

The balance between SSC maintenance and lineage
specification is mainly regulated by four core pathways,
including the Shh, Wnt/f-catenin, YAP/TAZ, and Notch
signaling pathways (Fig. 2).

Sonic Hedgehog signaling pathway

Shh signaling is a crucial factor in the regeneration and
preservation of IFESCs and HFSCs [33, 333]. Shh path-
way effectors, including GLI2 and GLI3, are expressed
in the outer root sheath during the active stage and in
the hair germ and bulge during the resting stage of the
hair cycle [33]. Hair growth regulation is influenced by
GLI1 expression in the epidermis layer and dermal papil-
lae [33]. Notably, GLI1 and GLI2 drive the activation of
the Shh pathway, whereas GLI3 functions as a repressive
modulator, attenuating its signaling [334, 335]. GLI1 and
SOX2, key target genes of Shh signaling, serve as distinct
markers for the stem cell-like subpopulation in the der-
mal papilla, essential for its maintenance and HF regen-
eration [33, 336]. Shh signaling inhibition disrupts HF
cycle initiation and slows HESC proliferation, preventing
de novo HF formation [333]. The enhanced Shh levels
promote the renewal of SSCs by directly activating cell
cycle regulators such as cyclin E, cyclin D, N-MYC, and
¢-MYC [335, 337].

The Shh signaling pathway holds a crucial function in
HESC regeneration and IFESC proliferation. Patched
1 (PTCHI), which encodes the PTCHI receptor, is the
main Shh transcriptional suppressor gene in the epi-
dermis. The attenuated Shh transcriptional repressors,
PTCHI1 and PTCH2, enhance SSC proliferation while
suppressing cell differentiation [338]. PTCH forms a cru-
cial negative feedback loop that dampens Shh pathway
activity by sequestering the Shh ligand [339]. When Shh
ligands are absent, PTCH1 receptor inhibits Smoothened
(SMO) activity through a ligand-independent mechanism
[339]. When Shh binds to PTCH], it triggers degradation
of the SMO-PTCH complex, which enables the phospho-
rylation and activation of SMO. This activated SMO then
initiates the canonical Shh signaling pathway, leading to
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GLI-dependent transcription of crucial targets for cell
proliferation, such as cyclin D, PTCH1, SOX2, GLII,
and GLI2 [33, 336, 337]. In developing HFs, the expres-
sion of PTCH1 and GLII is highest at the proximal base
and progressively decreases toward the IFE [340]. During
HF maturation, the hair germ at the HF base continues
to express high levels of PTCHI transcripts in response
to increased Shh ligand production [340]. Shh signaling
weakens as the HF elongates and moves farther from the
Shh source. In the quiescent basal IFE, low GLI1 tran-
scriptional activity is observed in both basal IFESCs and
those above the future HF bulge [340]. Therefore, a gradi-
ent of Shh levels is mainly established by PTCHI across
different SSC regions, with hair germ HFSCs exhibiting
high Shh activity, while basal IFESCs exhibit low Shh
expression [340]. This is important for ensuring normal
HF growth and IFESC maintenance.

The Shh pathway interacts with Wnt/p-catenin and
Notch in HF formation. In the epidermis, enhanced
[-catenin activity elevates Shh and its receptor Patched
(PTCH) levels [341]. HES1 (Hairy and enhancer of split-
1) stabilizes the GLI1" population in the lower bulge
or hair germ, independent of canonical Notch signal-
ing, promoting anagen initiation [342]. Simultaneously,
GLI1 activity promotes the inactivation of glycogen syn-
thase kinase 3 beta (GSK3p) in anagen HF, resulting in
increased nuclear B-catenin activation and stimulating
SSC proliferation during the anagen phase of HF growth
[335]. However, Shh signalling can activate Wnt5a in
human dermal papillae, which reduces LEF-1 levels and
subsequently suppresses Wnt/B-catenin signaling [343].
Therefore, the Shh/Wnt5a signaling promotes mature,
differentiated HF formation by inhibiting proliferation
and promoting differentiation of cells in human dermal
papillae [344]. Collectively, the interplay of these path-
ways precisely controls SSC proliferation and orches-
trates the dynamics of hair growth.

WNT/B-catenin signaling pathway

The Wnt/B-catenin pathway is integral to maintaining,
regenerating, and determining the fate of SSCs during
skin development. Wnt ligands bind to frizzled (FZD)
and low-density lipoprotein receptor-related protein
(LRP) receptors, initiating signaling that disrupts the
adenomatous polyposis coli (APC)/AXIN/Glycogen syn-
thase kinase (GSK-3B) complex, preventing B-catenin
degradation [345]. Activated Wnt signaling upregulates
[B-catenin and LEF1, initiating a new HF growth cycle
[333]. Conversely, Wnt/p-catenin deficiency accelerates
the premature differentiation of IFESCs and promotes
HESC quiescence in the bulge and hair germ during
the telogen phase [346]. Moreover, the Wnt3a subtype
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enhances SSC stemness by upregulating key factors in
the BM niche, including COL4A1, ITGB4, ITGB1 and
ITGAG [347].

IFESCs and HEFSCs rely on Wnt/B-catenin signal-
ing to sustain quiescent SSCs and facilitate hair growth.
SSCs that express AXIN2 (Axin homolog 2), a Wnt target
gene, are predominant in the basal epidermal layer and
bulge niche [346, 348]. These cells can secrete Wnt gene
products, including Wntl, Wnt3, Wnt4, Wnt6, Wntl0a,
Whnt10b, and Wnt7b, to sustain their proliferative cycle
renewal and release Wnt inhibitors to modulate IFESC
proliferation [346, 348]. Wnt ligands are predominantly
localized in the basal layers, while elevated concentra-
tions of Wnt inhibitors, such as DKK, are found in the
suprabasal layers adjacent to AXIN2* SSCs [346]. This
distribution pattern may inhibit Wnt signaling in IFESCs,
prompting these SCs to depart from the basal layer and
trigger differentiation. AXIN2 is expressed exclusively in
the outer bulge during the growth phase of the hair cycle,
while the Wnt-inactive inner bulge, containing differen-
tiated cells, expresses Dickkopf 3 (DKK3) [348]. Moreo-
ver, Wnt suppressors such as SFRP1 (Secreted frizzled
related protein 1) and DKK3 secreted by AXIN2t HFSCs
are predominantly found in the outer regions of the bulge
niche during the resting stage [346, 348]. This finding
provides insight into how Wnt/B-catenin activation is
suppressed during the transition of HFs into the resting
phase. Consequently, AXIN2* IFESCs and HFSCs can
maintain their stemness while still being capable of com-
mitting to differentiation in an autocrine Wnt/p-catenin
signaling manner.

Wnt signaling not only regulates skin development but
also governs melanocyte stem cell (MSC) development.
Its activation in MSCs promotes pigmented hair for-
mation by driving the commitment to melanocyte fate.
Wnt/B-catenin signaling directs the differentiation of
neural crest stem cells (NCSCs) into melanocytes dur-
ing embryonic development by regulating the homeobox
gene MITF [349]. Conversely, a shortage of melanocytes
occurs when B-catenin is deficient in NCSCs [35].

YAP/TAZ signaling pathway

Mechanosensitive signaling pathways, such as YAP/TAZ,
are responsible for sensing biomechanical pressures and
regulating cell fate in SSCs [350]. In proliferating basal
epidermal cells, YAP is mainly nuclear, while its levels
decline and it relocates to the cytoplasm during the dif-
ferentiation of suprabasal cells [153, 351]. Therefore, YAP
facilitates the proliferation of SSCs, keeping them in an
undifferentiated state, while reduced YAP activity is cru-
cial for epidermal cell terminal differentiation [351, 352].
The fate determination of SSCs is influenced by mechani-
cal cues, such as tensile and compressive forces within
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their niche. Cell proliferation is enhanced by increased
matrix stiffness through EGFR signaling activation via
FA feedback [353]. Meanwhile, increased contractility
reduces E-cadherin expression in SSCs, which subse-
quently activates YAP1 and [-catenin signaling [354].
Low mechanical pressure inactivates YAP/TAZ signal-
ing, reducing SSC stemness and activating Notch signal-
ing [350]. Accordingly, keratinocytes on soft substrates
stop proliferating and undergo differentiation [355]. Fur-
thermore, YAP/TAZ signaling is upregulated in a fibrous
and rigid ECM environment but downregulated in a soft
ECM environment [350]. Therefore, ECM mechanical
properties regulate SSC behavior and fate through the
modulation of YAP/TAZ signaling.

YAP/TAZ is crucial for preserving the quiescent SSC
pool, which is contingent on adhesive proteins. In nor-
mal keratinocytes, the integrity of the hemidesmosome
complex, which mainly consists of LM332 and integrin
a6p4, regulates YAP signaling [352, 356]. Disruption of
the LM332-a6p4 connection caused by harmful muta-
tions in LAMB3 elevates cytoplasmic YAP level [352].
The expansion of SSCs dependent on YAP/TAZ is medi-
ated by the integrin-SRC interaction, which phosphoryl-
ates YAP directly or indirectly through PI3K stimulation,
suppressing the MST-LATS in the Hippo kinase cascade
[356]. This activation of YAP/TAZ subsequently sup-
presses Notch signaling during SSC differentiation [40].
LM332 regulates the balance between differentiation
and proliferation of IFESCs by modulating YAP activity.
Increased YAP/TAZ signaling and suppression of Notch
activity, both associated with LM332 depletion, promote
the regeneration of IFESCs [40]. In LAMB3-deficient
junctional epidermolysis bullosa, enhanced YAP expres-
sion effectively reinstates the clonogenic potential and
proliferative capacity of IFESCs [352].

Skin cell density also regulates YAP signaling via
a-catenin in AJs. a-catenin prevents YAP activation by
promoting YAP/TAZ-14-3-3 interaction [153]. The
a-catenin-mediated sequestration of YAP1 in the cyto-
plasm by 14-3-3 proteins under high cell density con-
ditions facilitates YAP1 phosphorylation [153]. This
process prevents nuclear localization and enhances the
proteasomal degradation of YAP, thereby ensuring proper
regulation. Nuclear YAP activity increases with the loss
of 14—3-30 function, inhibiting differentiation and stimu-
lating basal epidermal progenitor expansion [357].

The YAP/TAZ pathway interacts with other core sign-
aling pathways to sustain the SSC niche. Notch signaling
regulates YAP/TAZ activity, which, in turn, also influ-
ences Notch signaling. Abnormal hyperactivity of YAP/
TAZ can hinder SC differentiation by inhibiting Notch
signaling, specifically through enhancing cis-inhibition
by delta-like ligand 1 (DLL1) in SSCs [350]. Conversely,
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weak mechanical forces generally suppress the transcrip-
tional activity of YAP/TAZ by activating Notch signal-
ing. This leads to the terminal differentiation of SSCs
and loss of their stemness properties [350]. Overexpres-
sion of GLI2/Shh, which is linked to YAP/TAZ tran-
scriptional activity, is critical for SSC development [358].
Additionally, YAP activation promotes SSC proliferation
via the classical Wnt/B-catenin pathway by upregulat-
ing the downstream effector WNT16 [359]. YAP-driven
B-catenin expression enhances mitotic activity in basal
epidermal cells [360].

In summary, YAP/TAZ signaling in the SSC niche
acts as a critical intrinsic regulator of skin homeosta-
sis, primarily by driving cell division and preserving the
stemness of SSCs.

Notch signaling pathway

Notch signaling regulates SSCs by controlling their epi-
dermal differentiation, proliferation, and fate determina-
tion. Activated Notch signaling coincides with increased
differentiation markers, including spinous-specific genes
like keratin 1/10, involucrin and the negative cell cycle
regulator p21 [361], which represses Wnt4 expression
[362]. Consequently, keratinocytes commit to leaving the
SSC compartment, leading to their detachment from the
BM and commence differentiation.

The differentiation of SSCs and MSCs is driven by
Notch signaling, mediated by Notchl-4 receptors and
ligands such as DLL1 and JAGGED1/2 within the SSC
niche [363, 364]. Notchl, the most active receptor in the
epidermis, is expressed across both basal and supraba-
sal layers, and is found in SSCs, TACs, and differentiated
keratinocytes [363, 364]. In contrast, Notch2 and Notch3
are mainly expressed in the suprabasal layers, particu-
larly in the spinous and granular cells, with Notch4 being
nearly absent [363—-365]. While inactivation of Notch2
and Notch3 impairs terminal differentiation, knockdown
of Notchl predominantly accelerates cell proliferation,
with a negligible impact on differentiation [363]. JAG-
GED1/2 and DLL1 are predominantly expressed in the
basal layer, where JAGGED1/2 promotes terminal dif-
ferentiation, while DLL1 counteracts this effect [363,
364]. Ligation of Notch ligands (DLL1 or JAGGED1/2)
to Notchl receptors in sender cells induces a cis-inhibi-
tion process. This enhances the binding of Notch recep-
tors in neighboring receiver cells to ligands in sender
cells, a phenomenon known as transactivation [363].
Consequently, this activates Notch signaling in adja-
cent receiver cells by promoting paracrine Notch-ligand
interactions. Activation of the Notch receptor leads to
cleavage of its intracellular domain, which then trans-
locates to the nucleus. In the nucleus, it associates with
RBPJ (transcription factor C promoter-binding factor 1/
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recombination signal binding protein J/k), a transcription
factor, to regulate the expression of genes such as HEY1
(hairy/enhancer-of-split related with YRPW motif 1) and
HES] [365].

Second, Notch signaling induces SSC differentiation
by influencing the cohesion and formation of bounda-
ries within the epidermis. Notch signaling induces basal
keratinocyte detachment from the BM by downregulat-
ing a3p1l and a6p4 integrins and upregulating differen-
tiation markers such as involucrin and keratin 1 [361].
Additionally, activated Notch in human epidermal cells
and SCC tumor cells inhibits the expression of ROCK2
and MRCKa (myotonic dystrophy kinase-related Cdc42-
binding kinase), impairing cell migration and favoring the
development of well-differentiated tumors by disrupt-
ing the expression of integrin a6p4 and Wnt7a [366]. In
contrast, increased activity of these molecules suppresses
cell differentiation and enlarges the stem cell pool in SCC
[366]. Therefore, Notchl functions as a tumor-suppres-
sive regulator within the homeostatic SSC niche by pre-
venting hyperproliferation.

Thirdly, Notch signaling facilitates differentiation by
downregulating p63 through a non-canonical pathway.
p63 is prominently expressed in proliferative SSCs, with
a marked reduction as cells undergo differentiation into
suprabasal layers [367]. Notch activation suppresses p63
expression by selectively influencing the interferon regu-
latory factors (IRFs), leading to decreased levels of IRF3
and IRF7 [367], while increasing IRF6 [368]. However,
the reduction in p63 and its downstream effectors creates
a negative feedback loop, which prevents excessive dif-
ferentiation and maintains the SSC pool by inhibiting the
Notch target gene HESI through p63 [367]. Therefore,
the interplay between Notch signaling and p63 is crucial
for regulating SSC development.

Fourthly, Notch signaling governs MSC development
and differentiation, as evidenced by the elevated expres-
sion of Notchl and its transcription factor HES1 in MSCs
of the bulge niche [369]. Deletion of Notchl and Notch2
increases HESI-mediated apoptosis of MSCs and hair
pigmentation disorders [369]. Maintenance of the imma-
ture state and migration of melanoblasts are primarily
regulated by Notch signaling. Notch inactivation leads to
a graying hair phenotype, which can be reversed by over-
expression of HES1 in the melanocyte lineage [369].

Finally, in addition to Notch-mediated SSC differen-
tiation, intrinsic signaling helps sustain the SSC popula-
tion. Notch ligand-mediated cis-inhibition of Notch in
SSCs, driven by YAP/TAZ or Fringe enzymes, preserves
the undifferentiated state of SSCs [363]. Fringe proteins,
known for binding to the EGF repeats of the Notch
extracellular domain (NECD), can modify the affin-
ity of the NECD for ligands in neighboring or the same
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cells [370]. The most prominent of these is the lunatic
fringe (LENG), which is highly expressed in basal epi-
dermal cells rich in DLL1 [364]. LENG enhances the
affinity of Notch for DLL1 while simultaneously inhibit-
ing signals from JAGGED [371]. In cells overexpressing
LENG, reduced differentiation is reflected by decreased
Notch downstream differentiation markers and HESI,
while increased proliferation is indicated by elevated p63
levels [364]. In contrast, JAGGED ligands induce differ-
entiation in keratinocytes, selectively downregulating
LFNG expression [364]. Elevated levels of DLL1 enhance
keratinocyte adhesion independently of Notch signaling,
while impairing Notch activity, which inhibits the termi-
nal differentiation of epidermal cells [371]. Thus, DLL1,
despite being present at lower concentrations than other
Notch ligands and localized in SSCs, significantly con-
tributes to sustaining stemness, with LENG expression
amplifying its function [364].

In summary, Notch signaling has significant effects on
SSC differentiation, with its ability to either promote or
inhibit differentiation determined by its engaging ligands.
When this pathway is disrupted, Notch can adopt oppos-
ing roles, either promoting tumor suppression or driving
oncogenesis.

PI3K/AKT/mTOR and JAK/STAT3 signaling pathway

The PI3K/AKT/mTOR and JAK/STAT3 signaling path-
ways play key roles in survival, proliferation, and regen-
eration of SSCs. In the SSC niche, PI3K/AKT/mTOR
facilitates epidermal differentiation, while JAK/STAT3
helps maintain the resting state of SSCs. The positive
impact of these pathways on cell proliferation and HF
growth is particularly noticeable during epidermal regen-
eration following injury, inflammation, and cancer devel-
opment [372-376].

The survival and proper differentiation of cells depend
on PI3K/AKT signaling [372]. During SSC differentia-
tion, this pathway can be activated by EGFR, SRC fam-
ily tyrosine kinases, and E-cadherin-mediated adhesion
[114, 356, 377]. Extracellular ligands bind to tyrosine
kinase receptors, activating PI3K phosphorylation. This
leads to the conversion of phosphatidylinositol (4,5)-bis-
phosphate (PIP2) to phosphatidylinositol (3,4,5)-tris-
phosphate (PIP3), which recruits AKT to the plasma
membrane and activates mTORCI1. This cascade then
activates downstream effectors essential for survival, cell
proliferation, and metabolism [378, 379]. Active AKT is
mainly found in post-mitotic suprabasal keratinocytes
and in a subset of basal SSCs, which are loosely anchored
to the BM and begin to migrate toward the spinous layer
[372]. AKT activation causes growth arrest in keratino-
cytes and initiates their differentiation. In contrast, the
majority of proliferating basal SSCs do not exhibit AKT
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activation [372]. In addition, PI3K signaling is crucial
for preventing premature cell death in differentiating
keratinocytes. Inhibition of this pathway activates selec-
tive caspase-3 and apoptosis in differentiating keratino-
cytes, while proliferating keratinocytes remain unaffected
[372]. Consequently, the PI3K signaling pathway governs
epidermal cell differentiation and prevents apoptosis-
driven cell death during this process.

JAK/STAT3 signaling helps prevent SSC exhaus-
tion and depletion by inhibiting their proliferative and
activating capacity. JAK/STAT3 is implicated in anti-
hair growth signaling [380]. Inhibition of this pathway
prompts HFSCs to exit their resting state and re-enter the
hair cycle [380]. In aged skin, inhibition of JAK/STAT3
signaling increases SSC proliferation in the IFE and bulge
niche [381]. On the other hand, hyperactive JAK/STAT3
signaling in aged mice is closely tied to impaired HFSC
function [381].

STATS3 activation, a key component of JAK/STAT sign-
aling, helps prevent programmed cell death and pro-
motes proliferation of SSCs during skin regeneration,
particularly in wound healing and HF growth [375, 376].
The absence of STAT3 profoundly impairs the HF cycle
activation, affecting the healing process [375]. Cytokine
receptors (e.g., IL-6, IL-11, CCL2), receptor tyrosine
kinases (e.g., EGFR), and non-receptor tyrosine kinases
like SRC can activate STAT3 [382, 383]. Phosphorylated
STAT3 dimerizes and moves to the nucleus, and modu-
lates its targets such as cyclin D1, Bcl-xL (B-cell lym-
phoma-extra large), c-MYC, and TWIST [384].

STAT3 promotes epidermal cell differentiation and
HF maturation. Its activation is evident in differentiat-
ing keratinocytes, whereas the abrogation of STAT3
activation results in a concomitant diminution in the
expression of the differentiation marker keratin 1 [385].
Moreover, keratinocytes lacking STAT3 exhibit increased
adhesiveness and impaired migratory capacity [386].
Conversely, the constitutively active STAT3C variant
of STATS3, facilitates HFSC maturation within the bulge
region and promotes their egress from the niche [387].

Signaling regulation of skin cancer stem cell niche

Signaling regulation in the normal SSC niche operates
as a tightly woven network, where each signaling path-
way and niche factor is precisely positioned to interact
with surrounding elements, ensuring balanced epidermal
homeostasis. Dysregulation of these fundamental sign-
aling pathways, whether through pro-oncogenic events,
latent mutations, or SC niche disturbance, can trigger
uncontrolled proliferation and differentiation, thereby
initiating and sustaining CSC populations. This complex-
ity presents a significant challenge for effective skin can-
cer treatment. In the following sections, we will focus on

Page 36 of 61

how core signaling pathways in the SSC niche contribute
to the CSC niche (Fig. 3), with particular emphasis on
melanoma, SCC, and BCC.

Sonic Hedgehog signaling pathway
Shh signaling is crucial for preserving the SSC pool,
and its overactivation drives the continuous growth and
expansion of CSCs. Shh signaling is a critical pathway
involved in maintaining CSC properties in melanoma.
MSLCs express pluripotency factors (OCT4, SOX2, and
NANOG) and genes related to Shh downstream signal-
ing (SHH, GLI2, GLI3, SMO, and PTCH1) [388]. Blocking
both SMO and GLII significantly inhibits ALDH" MSLC
self-renewal and tumorigenesis [388]. The oncogenic
gene WIPI positively regulates Shh activity in mela-
noma, and its silencing limits melanosphere formation by
impairing GLII and Shh signaling activation [389].
Abnormal Shh signaling is a prominent mechanism
in BCC. PTCH1-mediated Shh repression is relieved
through enhanced Shh binding to PTCH1 or mutational
inactivation of PTCHI, resulting in unregulated SMO
activation [390]. Hyperactivation of the Shh pathway
enhances the CSC population in the epidermis, driving
epidermal hyperproliferation and facilitating oncogenic
progression of BCC [384]. GLI1 and GLI2 expression
are tightly associated with the HFSC markers LGR4 and
LGR5 in BCC [391]. Furthermore, cells expressing GLI1
are predominantly localized in the hair bulb, a criti-
cal reservoir of CSCs involved in BCC formation, with
their localization largely overlapping the region express-
ing LGR5 [391, 392]. In addition, GLI1 is significantly
upregulated and is necessary for the CD200* cells in BCC
tumors to function properly [20]. CD200TCD45™ cells in
BCC display stem cell-like properties and chemotherapy
resistance, with sustained Shh activation [20]. These find-
ings propose a potential BCC treatment strategy com-
bining anti-CD200 neutralizing antibodies and SMO
inhibitors.

Wnt/B-catenin signaling pathway

In the CSC niche, dysregulation of the Wnt/p-catenin
pathway disrupts its ability to prevent CSC hyperprolif-
eration. Silencing B-catenin depletes CD34% CSCs and
suppresses SCCs, whereas overexpression of nuclear
B-catenin results in SCC-like tumors and an expanded
CSC pool in the bulge [393]. Furthermore, diminished
Wnt/B-catenin correlates with reduced levels of its effec-
tor SOX9 and impaired tumor cell proliferation in meta-
static SCCs [394].

Wnt/B-catenin signaling is crucial for melanoma ini-
tiation and metastasis, regulating the functional and
biological traits of MSLCs. Its activation promotes EMT
and fosters the acquisition of stem-like properties in
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melanoma [395]. For instance, it enhances the prometa-
static properties of MSLCs that express CD133 [396].
Disruption of Wnt/p-catenin signaling in MSLCs dimin-
ishes stemness features, impairs migration, and limits
proangiogenesis [397]. Targeting the Wnt/p-catenin
pathway to eliminate CSCs could significantly enhance
the effectiveness of melanoma treatments.

EMT enhancement and accelerated skin cancer metas-
tasis are driven by the Wnt/B-catenin signaling cascade.
A critical event in melanoma, EMT initiation, involves
the disruption of p-catenin/E-cadherin complexes. This
process liberates B-catenin, which in turn hyperactivates
the Wnt pathway, driving the progression and metastatic
potential of melanoma [398]. Additionally, Wnt5a over-
expression in melanoma cells activates PKC, upregulat-
ing MMP-2 and promoting cell spread [399]. This process
decreases E-cadherin expression and simultaneously
upregulates EMT markers such as vimentin and SNAIL
[399]. SNAIL and SLUG promote [-catenin/LEF1 tran-
scription during EMT by downregulating E-cadherin,
which allows -catenin to translocate to the nucleus [400].

YAP/TAZ signaling pathway

YAP/TAZ hyperactivation enhances the growth and sur-
vival of melanoma, SCC, and BCC tumors in a fibrotic
and dysregulated signaling niche. High YAP/TAZ activity
contributes to BCC and SCC development. The knockout
of YAP/TAZ in epidermal basal cells inhibits BCC and
SCC tumor formation [28]. Enhanced expression of YAP/
TAZ has been implicated in melanoma progression and
may significantly affect postoperative survival outcomes
in patients [401].

Condensed ECM activates YAP/TAZ signaling, main-
taining stemness in tumor cells within the CSC niche.
The stiff ECM surrounding the SCC tumor stimulates
YAP/TAZ signaling through Hippo-independent path-
ways, including PI3K/AKT and ERK [402]. Ectopic
expression of YAP in BCC is influenced and promoted
by the stiffness of the tumor niche. Shh/GLI2 signal-
ing, which mediates the c-JUN/AP1 (Activator protein
1) axis, may promote YAP function [358, 403]. Further-
more, hyperactivation of YAP and its downstream mol-
ecules, such as connective tissue growth factor (CTGF)
and cysteine-rich protein 61 (Cyr61), was observed in
BCC [404]. Notably, Cyr61 can induce aberrant prolifera-
tion of epidermal basal cells and CTGF can remodel the
tumor microenvironment [404].

YAP/TAZ plays a key role in determining MSLC fate
within various ECM environments in the CSC niche. In
a collagen-induced stiff matrix, nuclear YAP/TAZ sign-
aling is triggered by enhanced FAK/SRC phosphoryla-
tion, regulated by FAs [405]. This activation promotes
a differentiated/proliferative MITF-high phenotype in
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melanoma cells, which exhibit enhanced spreading in
a rigid collagen matrix [405]. This contrasts with the
canonical YAP/TAZ pathway via YAP/TEAD signal-
ing, which promotes the resting state of SSCs and CSCs.
YAP/TAZ-induced differentiation of melanoma cells
occurs through a transcriptional interaction with PAX3
(Paired box 3), which activates MITF gene expression in
these cells [405, 406]. Nevertheless, YAP/TAZ suppresses
MITF expression and induces a de-differentiated mela-
noma phenotype in a fibroblast-rich matrix. This effect is
attributed to fibroblast-secreted TGF-f3, which activates
YAP/TEAD transcription while inhibiting YAP/PAX3-
driven MITF expression [405]. Mechanistically, TGF-p
downregulates PAX3 expression [407], limiting the avail-
ability of PAX3 for YAP binding. Moreover, PAX3 deple-
tion decreases YAP association with the MITF promoter
and increases its interaction with the CTGF (connective-
tissue growth factor) promoter [405], which is responsive
to TGF-B [408]. In summary, YAP/TAZ promotes mela-
noma cell proliferation and invasion while preserving
MSLC stemness. Therefore, combining treatments that
target stromal components to modulate various aspects
of YAP/TAZ activity may help overcome resistance in
melanoma and other skin cancers.

Notch signaling pathway

In skin cancers, Notch signaling plays dual roles as
both an oncogene and tumor suppressor, contrasting its
tumor-suppressive function in the SSC niche. Loss-of-
function mutations that inactivate Notch contribute to
cutaneous SCC formation by disrupting its role in dif-
ferentiation and preventing hyperproliferation [409].
Alterations in NOTCHI and NOTCH?2 genes, leading to
their inactivation, are frequently observed in both SCC
and BCC. Among 88 SCC tumors, NOTCHI mutations
were found in 55.4% of cases, and NOTCH2 mutations
in 36.1% [410]. Of the 293 BCC tumors analyzed, 25% of
85 BCCs and 30% of 76 BCCs exhibit loss of function
mutations in NOTCHI and NOTCH?2, respectively [411].
These findings align with the role of Notch signaling in
restraining cancer progression in skin malignancies
[412]. These loss of function mutations impair receptor-
ligand interactions, thereby disrupting signaling path-
ways [410, 411, 413, 414]. In SCC patients, mutations
in the EGF-repeat region, such as D469G (missense) in
NOTCHI and Q610* and W330* (nonsense) in NOTCH1
and NOTCH?2, respectively, impair the binding of the
Notch receptor to DLL1 [415], effectively blocking DLL1-
dependent signaling. Another type of mutation that
impairs Notch function involves disruption of Notch/
RBPJ complex formation. For example, the P1770S muta-
tion in the RAM (RBPJk-associated molecule) domain of
NOTCH]I interferes with its binding to RBP], preventing
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the assembly of functional Notch transcription com-
plexes [416]. This disruption blocks the activation of
downstream gene expression mediated by Notch signal-
ing. A novel mechanism driving NOTCH inactivation in
SCC is through mutations in its transcriptional regulator,
EP300 (p300) [410]. The histone acetyltransferase domain
of EP300, essential for its function as a transcriptional co-
activator of NOTCH1, harbors hotspot mutations [417].
Additionally, the expression of HES1, HEY1, and the
canonical Notch transcription factor RBPJ is downregu-
lated in CD133" stem-like subsets in SCC tumors [418].
Despite the high frequency of NOTCH driver mutations
in skin cancers, their direct relationship with CSCs is yet
to be explored.

On the other hand, suppressing Notchl diminishes
tumor growth, likely due to its non-canonical functions.
Inhibition of Notchl signaling reduces the number and
tumorigenicity of CD133% CSCs [418]. This observa-
tion pertains specifically to the impairment of the IKKa/
NF-«B axis, a non-canonical Notch pathway that induces
tumor cell death. In CD133* CSCs from SCCs, upregu-
lation is seen in genes associated with the Notch (JAG-
GED2, NOTCH1I), Shh (GLI2, PTCHI, SUFU), and Wnt
(CTNNBI1, WNT3) pathways [418]. Notch signaling pro-
motes melanoma cell survival and invasiveness by post-
translationally stimulating the PI3K/AKT pathway [189].
Conversely, stabilized HIF-1a, in conjunction with PI3K/
AKT activation, enhances Notch signaling in melanoma
[419]. These findings suggest that dysregulated Notch
signaling, skewed toward a non-canonical pathway and
hindering classical Notch function, may redirect Notch
from its anti-tumor role to a tumorigenic promoter.

Notch signaling is critical for sustaining CSC popula-
tions. In melanoma, Notch activity enhances melanoblast
proliferation and CD133 expression, thereby facilitat-
ing MSLC expansion [321]. Inhibition of y-secretase and
tumor necrosis factor-alpha converting enzyme (TACE)
prevents melanosphere establishment by downregulating
NICD2 and HES1 [420]. Additionally, Notch signaling
promotes cyclin D1 expression, driving the G1 to S phase
transition [421]. Mechanistically, Notch signaling activa-
tion supports the preservation of MSLCs by either induc-
ing its downstream effector HES1 [369] or activating
HIF1la/B, promoting the upregulation of tumor-related
genes such as VEGF [422]. Deletion of Notchl or CD133
leads to the downregulation of SNAIL and SLUG, while
E-cadherin expression is upregulated [321]. Additionally,
CD133 activation initiates the MAPK pathway, increasing
MMP-2, MMP-9, and VEGF expression, thereby promot-
ing angiogenesis and tumor development [321]. Further-
more, Notchl enhances the proangiogenic properties
of melanoma cells that overexpress ALDH1A1, thereby
facilitating tumor vascularization and progression [325].
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Notch3 and Notch4 are elevated and crucial for main-
taining the plasticity of MSLCs [423, 424]. Silencing
Notch3 results in a reduction of stemness markers such
as CD133 and CD271, depletes the melanoma CSC pop-
ulation, and weakens their proangiogenic activity [424].
Inhibition of VM and tumor blood vessel formation due
to Notch3 inactivation destabilizes MSLC homeostasis
[424]. Notch4 drives the aggressive behavior of mela-
noma, promoting processes such as VM and growth
independently of attachment [425]. Targeting Notch3
or Notch4 could disrupt the vascular niche and sup-
press stemness markers, thereby eliminating established
MSLCs and preventing the formation of new MSLC sub-
sets [423, 424].

PI3K/AKT/mTOR and JAK/STAT3 signaling pathway

The PISK/AKT/mTOR and JAK/STAT3 signaling cas-
cades are commonly aberrant in skin malignancies,
facilitating tumor persistence by exerting anti-apoptotic
effects and driving proliferative expansion [374, 379, 384,
426-429].

The PI3K/AKT/mTOR axis is crucial for SCC pro-
gression. Aberrant ECM components, such as LM332,
in the SCC microenvironment trigger the PISK/AKT
pathway. The B3 domain of LM332 (V-III), which is
highly enriched during SCC invasion, interacts with col-
lagen VII rather than with integrins, activating the PI3K
pathway and driving SCC progression [430]. Moreover,
oncogenic RAS initiates SSC tumorigenesis through the
activation of the PI3K/AKT/mTOR pathway as a down-
stream effector [431].

Maintaining the stemness of MSLCs and enhancing
their resistance to drugs are both regulated by the PI3K/
AKT/mTOR pathway. PI3K activation subsequently
activates downstream pathways, such as PI3K/MDM2
(Mouse double minute 2) and PI3K/AKT/MKP-1 (Mito-
gen-activated protein kinase phosphatase 1), which drive
self-renewal, sustain stemness, and contribute to treat-
ment resistance in CD133" MSLCs [432]. The PI3K/
AKT/MDM?2 pathway destabilizes p53, whereas the
PI3K/AKT/MKP-1 pathway suppresses JNK and p38-
MAPK activity [432]. Both PI3K/AKT/MKP-1 and PI3K/
AKT/MDM2 pathways are instrumental in blocking
apoptosis. Additionally, MSLCs rely on the PI3K/AKT
pathway for their VM formation and angiogenesis, pro-
cesses essential for tumor spread and metastasis [433].
Blocking PI3K activity prevents MSLCs from forming
VM structures [433].

JAK/STAT3 signaling plays a pivotal role in the onco-
genesis, progression, and maintenance of CSCs in skin
cancers, with its activation being crucial for the forma-
tion of SCC [428, 434], BCC [384], and melanoma [429].
STATS3 activation facilitates the growth and persistence
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of tumor cells during SCC carcinogenesis [435]. Con-
versely, STAT3 deletion in the basal epidermal layer
prevents epidermal hyperproliferation during SCC pro-
gression [428]. Mechanistically, STAT3 deletion lowers
the levels of cell cycle mediators (c-MYC, cyclin D1,
and cyclin E) and survival proteins (Bcl-xL) in tumor
cells [120, 435]. STAT3 regulates HFSC behavior in the
bulge niche during early skin tumorigenesis. STAT3
ablation at this stage significantly reduces tumor estab-
lishment and increases HFSC apoptosis [436]. Further-
more, in the absence of STAT3, CSC proliferation in
response to Shh signaling is significantly diminished,
impairing the initiation of BCC tumorigenesis [384].
STAT3 activation drives the upregulation of cyclin D1,
which accelerates cellular proliferation, thereby facili-
tating CSC accumulation and BCC development [384].

Hyperactivation of STAT3 is crucial for the inva-
sion and metastasis of skin cancers, including SCC
[437-440], BCC [440, 441] and melanoma [442, 443].
In melanoma, poor prognosis and unfavorable clinico-
pathological features are associated with STAT3 hyper-
activation [443]. STAT3 suppression triggers apoptosis,
enhancing melanoma cell death [429]. Disruption of the
STAT3 pathway impedes tumor progression and sup-
presses the secretion of soluble factors by SCC tumor
cells [439, 444, 445]. STAT3 further potentiates the
metastatic capability of SCCs by downregulating E-cad-
herin and activating TWIST, which drive EMT [437,
444, 446)]. Consequently, STAT3 is integral not only to
the initiation of skin carcinogenesis but also to its met-
astatic advancement.

JAK/STAT3 maintains survival and reinforces the CSC
phenotype in the skin CSC niche. In SCC tumors, SNAIL
overexpression preserves the undifferentiated state of
CSCs during metastasis [447], which is associated with
the increased activation of STAT3 [448]. Inhibition of
STAT?3 phosphorylation disrupts self-renewal in SNAIL-
expressing CSCs and downregulates stem cell markers,
such as OCT4, SOX2, NANOG, and CD44 [447]. Con-
sistently, the absence of STAT3 in SNAIL-driven SCC
tumors results in diminished tumor size and growth.
Notably, SNAIL-expressing CSCs can sustain STAT3
activation in an autocrine manner. This is mediated by
the secretion of Mindin (Spondin-2), a protein in the
SNAIL-expressing epidermal cell secretome [449] that is
required for SSC stemness preservation and engages SRC
to activate the STAT3 signaling cascade [447]. Further-
more, STAT3 is essential for sustaining the Shh-driven
CSC population during the formation and progression
of BCC [384]. These findings emphasize the need for
deeper exploration of the ECM in the CSC niche and the
secreted factors from CSCs, which engage with signaling
pathways to sustain skin cancer progression.
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Crosstalk between signaling pathways in the SSC and CSC
niche

Signaling regulation within the normal SSC niche oper-
ates as an intricately connected network, where each
signaling pathway and niche factor is strategically placed
to interact with surrounding elements, ensuring the
maintenance of balanced epidermal and HF develop-
ment. Pro-oncogenic events and latent malignant risks,
such as mutations, can induce dysregulated prolifera-
tion and differentiation by disrupting the critical regu-
lation of fundamental signaling pathways. For instance,
disruption of regulatory control over cell growth signals
from the Wnt and Shh pathways in the SC compartment
occurs through loss-of-function mutations in NOTCHI
or Shh inhibitor PTCH [390, 412]. Furthermore, the
Shh and Wnt signaling pathways mutually enhance each
other in skin cancers, amplifying tumor cell proliferation
[450, 451]. In the CSC niche, reduced DKK levels [452]
and increased nuclear B-catenin [359] contribute to the
hyperactivation of Wnt signaling. Additionally, enhanced
metastatic and proliferative capabilities in tumor cells are
promoted by the overexpression of Notch and its ligands
[189, 453]. YAP/ TAZ hyperactivation in the CSC niche,
crucial for maintaining CSC stemness, is driven by a stiff
ECM and disrupted cell adhesion [126, 153]. These dys-
regulated signaling pathways and their crosstalk facilitate
the accumulation of oncogenic mutations and help sus-
tain CSC populations.

The interplay between Shh and Wnt signaling may
complicate melanoma treatment. Loss of PTCH function
releases SMO inhibition, leading to excessive Shh activ-
ity and enhanced expression of downstream Wnt pro-
teins [454]. Wnt5a, a main target of the Shh pathway, can
activate both canonical and non-canonical Wnt signaling
[455]. In melanoma, Wnt5a promotes tumor cell prolif-
eration by activating ADP-ribosylation factor 6 (ARF6)
through interaction with FZD4 or LRP6, which in turn
facilitates B-catenin nuclear translocation [456]. Addi-
tionally, Wnt5a drives tumor cell invasion via the non-
canonical Wnt pathway, engaging PKC [399], CDC42
[457] or JNK/c-JUN [458, 459] signaling cascades. Wnt5a
activation induces an invasive phenotype in melanoma by
promoting SNAIL-mediated downregulation of E-cad-
herin, thus facilitating EMT during tumor progression
[399]. Moreover, canonical Wnt signaling can interact
with Shh through its downstream genes, LGR4 and LGRS,
in BCC. The ablation of PTCH1 in LGR5* SSCs promotes
the formation of BCC-like tumors [460]. Overexpression
of SSC markers LGR4 and LGRS5, which enhance GLI1/2
gene expression, was observed in BCCs [391]. GLI pro-
teins induce the expression of SNAIL, promoting nuclear
B-catenin accumulation and facilitating EMT in BCCs
[461].
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The interaction between Shh and YAP/TAZ or Notch
signaling is critical for BCC initiation and progression.
Generally, Shh drives oncogenesis in BCC, whereas
Notch acts to prevent tumor formation. Notch1 loss in
the skin sustains GLI2 and B-catenin activation, foster-
ing BCC-like tumor formation [412]. In contrast, YAP
transcriptional activity exerts a synergistic effect with
the Shh signaling pathway in enhancing CSC prolif-
eration. Epidermal YAP activation stimulates p-catenin
signaling in basal SSCs, facilitating substantial nuclear
expression of GLI2 in BCC [358] and promoting epi-
dermal hyperproliferation [360]. This YAP/B-catenin-
induced GLI2 hyperactivation is concomitant with
enhanced RHOA/ROCK signaling and elevated ECM
fibrous deposition in human BCC [358].

The mechano-transduction pathway, increased by
elevated protein deposition and increased stiffness of
the ECM, drives the hyperactivation of multiple signal-
ing pathways and their crosstalk, ultimately promoting
the expansion of CSCs. The mechanical forces present
in the CSC niche promote B-catenin nuclear accumu-
lation and stimulate oncogenic pathways, including
integrin-mediated FAK and PI3K/AKT signaling path-
way [462]. Aberrant integrin-FAK-SRC signaling con-
tributes to an aggressive SCC variant [463] and sustains
the CSC population [19]. Increased ECM density can
stimulate the integrin-FAK signaling pathway, result-
ing in PI3K/AKT activation in hyperproliferative and
invasive SCC tumors. Nuclear B-catenin accumulation
is enhanced by AKT-mediated GSK3p phosphorylation,
which prevents its degradation [462, 463].

In the skin CSC niche, STAT3 activation is facilitated
by SRC, a non-receptor tyrosine kinase. SRC kinase
inhibition impedes STAT3 signaling, thereby attenuat-
ing the proliferative capacity of melanoma cells [429].
Blocking STAT3 or SRC signaling decreases key cell
survival proteins, including Bcl-xL and Mcl-1 (Myeloid
cell leukemia-1), precipitating apoptosis in melanoma
cells [429]. These findings underscore the indispen-
sable functions of STAT3 and SRC signaling in sus-
taining tumor cell viability and facilitating malignant
progression in melanoma. Moreover, the STAT3 signal-
ing pathway is pivotal in conferring stem-like proper-
ties and tumorigenic capabilities to SCC cells. Notably,
this effect is mitigated in the absence of SRC within
SCC tumors that express SNAIL [447]. In addition,
STAT3 signaling activation is frequently observed in
Shh signaling-driven BCCs. Ablation of STAT3 results
in a marked reduction in both tumor volume and pro-
liferation mediated by Shh signaling. Additionally, Shh-
induced expansion of CSCs is significantly attenuated
in the absence of STAT3 in BCC tumors [384].
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The intricate interplay between the signaling pathways
in the CSC niche warrants further exploration. A deeper
understanding of these interactions could enhance thera-
peutic efficacy by targeting and reducing the CSC popu-
lation in skin cancers.

Drug targeting and clinical implications

A promising therapeutic strategy for addressing drug
resistance and recurrence involves targeting skin CSC
niche. Various strategies have been designed to target
CSC niche and eliminate the CSC population in skin
tumors. The core signaling pathways, namely Shh, Wnt/
B-catenin, YAP/TAZ, Notch, PI3K/AKT/mTOR, and
JAK/STAT3 have been reported to stimulate the expan-
sion of skin CSCs (as shown in Fig. 3 and Table 2). The
potential signaling pathways targeted in both current and
ongoing clinical trials (Fig. 4 and Table 1) are summa-
rized below.

Targeting Shh signaling pathway

Targeting the Shh signaling pathway can be achieved
through the use of inhibitors targeting Shh, GLI, and
SMO (Fig. 4A). For the treatment of advanced BCC,
vismodegib and sonidegib received approval from the
US Food and Drug Administration (FDA) in 2012 and
2015, respectively [464]. Clinical studies have shown
that vismodegib (GDC-0449, a SMO inhibitor) is effec-
tive in treating late-stage BCC [465, 466]. The objective
response rates (ORRs) for metastatic BCC (mBCC) and
locally advanced BCC (1aBCC) patients were 30%—-30.8%
and 43%-46.4%, respectively [465, 467]. For mBCC and
laBCC patients, overall response rates ranged from 30.3%
to 50% and 42.9% to 60%, respectively, with median
response durations between 7.6 and 8.8 months [466,
468]. For individuals affected by nevoid basal cell carci-
noma syndrome, vismodegib reduced tumor burden and
prevented the development of new BCCs [469]. Further-
more, a clinical trial showed that sonidegib treatment
resulted in ORRs for 194 1laBCC and 36 mBCC patients
ranging from 46.1% to 56% and 8% to 17%, respectively
[470]. This trial also had a long-term 42-month follow-up
on safety and efficacy [470].

Despite the significant effects of vismodegib and
sonidegib on shrinking tumors and delayed progres-
sion, some patients experienced BCC recurrence upon
discontinuation of the drugs [469, 471, 472]. The main
reasons for treatment failures may involve refractory
quiescent CSCs and SMO mutations [473-476]. The
ERIVANCE phase II clinical trial identified concerns
regarding the safety profile of vismodegib, with disease
progression cited as the reason for treatment discon-
tinuation in 27.9% of the 104 advanced BCC patients
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[477]. A retrospective review found that 21% of 28
advanced BCC patients who received vismodegib treat-
ment experienced tumor recurrence within 56 weeks
[478]. Similarly, trials of sonidegib also reported con-
tinuous tumor progression in some patients [470, 479].
Notably, patients with a history of resistance to an SMO
inhibitor exhibited a secondary resistance event when
treated with another SMO inhibitor [480]. Additionally,
a contentious association has been observed between
vismodegib treatment for BCC and a high susceptibility
to developing SCC [481, 482].

Other SMO antagonists have been evaluated in phase
I and II trials for treating advanced or metastatic BCC
and melanoma. These include IPI-926 (NCT00761696,
NCT02828111, NCT01609179, and NCT02762084),
itraconazole (NCT01108094 and NCT02120677) [483,
484], BMS-833923 (XL139; NCT00670189), taladegib
(NCT01226485), LEQ506 (NCT01106508), vitamin
D3 (calcitriol; NCT00301067 and NCT01358045), and
ZSP1602 (NCT03734913). Oral IPI-926 (saridegib/
patidegib) was well-tolerated and demonstrated effi-
cacy in BCC patients, showing anti-tumor activity in
those previously untreated with vismodegib [485].
Topical application of patidegib (IPI-926) has shown
promising results in reducing tumor size and decreas-
ing GLI1 mRNA levels after 12 weeks in phase II trials
(NCTO02828111) [486]. The topical variant of IPI-926
has also been shown to be safe and effective, with mini-
mal risks of systemic adverse events [486]. Itraconazole,
an antifungal agent that can inhibit the Shh path-
way, has demonstrated some efficacy in BCC patients
(NCT01108094). However, congestive heart failure and
fatigue were reported as complications in two patients
[487], emphasizing the need for further research to
assess the safety of this treatment over time.

In populations resistant to SMO inhibitors, alterna-
tive compounds have been investigated to target other
molecules in the Shh signaling pathway. For instance,
arsenic trioxide (ATO; NCT01791894), nicotinamide
(NCT03769285 and ACTRN12612000625875 [488]),
and casein kinase 2 inhibitor (CX-4945, silmitasertib)
(NCT03897036) have been studied for their ability
to target GLI transcription factors. Nicotinamide is
thought to suppress GLI activity by increasing cyto-
plasmic sirtuin 1 (SIRT1) level [489]. A phase III trial
involving oral administration of nicotinamide (500 mg
twice per day) demonstrated a safe and effective regi-
men for preventing new BCC and SCC development
[488]. Furthermore, topical imiquimod (Aldara), FDA-
approved in 2004 for primary superficial BCC treat-
ment, inhibits the Shh pathway by inducing protein
kinase A-mediated GLI phosphorylation [490].
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Targeting Wnt/B-catenin signaling pathway

Suppressors of Wnt/B-catenin activation in skin can-
cers include B-catenin destruction complex enhancers
and porcupine inhibitors like WNT974 (NCT01351103)
(Fig. 4B). The initial results of this trial indicated reduced
AXIN2 expression, a marker of Wnt/B-catenin activity,
in melanoma patients [491]. With only 4% of 94 patients
encountering dose-limiting toxicities during the first
course of treatment, WNT974 demonstrated good tol-
erance [491]. In a phase I/II clinical trial, the tankyrase
inhibitor E7449, which stabilizes Axin protein and sup-
presses [-catenin, is being assessed for its potential in
treating solid tumors, including advanced melanoma
(NCT01618136) [492]. Sulindac (NCT00755976) and
aspirin (NCT03396952) are also being investigated as
treatments for melanoma in phase II clinical trials, due
to their ability to increase GSK3p phosphorylation and
[-catenin degradation [493, 494].

Targeting YAP/TAZ signaling pathway

SRC inhibitors have shown potential as drugs that inhibit
YAP/TAZ activity in skin cancers (Fig. 4C). The efficacy
of SRC inhibitors, such as dasatinib, nilotinib, and sara-
catinib, has been evaluated in clinical trials for mela-
noma. In trial NCT00597038, the dasatinib-dacarbazine
combination yielded a 72.4% clinical benefit rate in 29
metastatic melanoma patients [495]. A phase II study
(NCT00700882) found that KIT-positive melanoma
had a higher partial response rate (18% or 4/22 tumors)
than KIT-negative melanoma (5.9% or 3/51 tumors)
[496]. Notably, KIT-mutated metastatic melanoma
patients treated with nilotinib showed stable disease for
more than six weeks in 47.6% of cases (n=42), without
noticeable side effects [497]. Overall, phase I/II trials
in advanced melanoma have also observed partial and
minor responses to SRC inhibitors [495-498].

Histone deacetylase (HDAC) inhibitors have been
shown to effectively block nuclear YAP translocation by
suppressing its gene transcription [499]. HDAC inhibi-
tors specifically target cancer cells with hyperactive YAP
expression. In phase I/II clinical trials for skin cancers,
vorinostat, an HDAC inhibitor, was evaluated. Two mela-
noma patients in a phase I clinical trial (NCT00331955)
maintained stable disease for at least 8 months following
treatment with a combination of vorinostat and doxoru-
bicin [500]. A phase II trial (NCT00121225) in advanced
melanoma patients reported that the major side effects of
vorinostat included fatigue, nausea, lymphopenia, ane-
mia, and hyperglycemia.

Pazopanib, which promotes the degradation of YAP,
has demonstrated beneficial effects in melanoma
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treatment. A clinical benefit rate of 91% was observed
in 58 metastatic melanoma patients receiving pazopanib
and paclitaxel [501]. In terms of clinical outcomes, the
median overall survival was 12.7 months, and 55% of the
58 patients had stable disease for a duration of 8 weeks or
more [501]. Notably, no severe side effects were reported.
Although pazopanib shows promise as a treatment for
advanced melanoma, further evaluation of this regimen
is needed.

Targeting Notch signaling pathway

RO4929097, a small-molecule blocker of y-secretase,
shows potential benefits for skin cancer treatment
(Fig. 4D), although its efficacy remains mixed. In a phase
I trial, RO4929097 demonstrated efficacy in treating
melanoma patients [502]. This drug showed nearly com-
plete antitumor efficacy against cutaneous metastatic
melanoma in one patient. Additionally, individuals with
different stages of melanoma maintained stable disease
for a minimum of 3 to 6 months post-treatment [502].
RO4929097 was evaluated in phase II trials on melanoma
patients in stages IIIB-IV, but these trials (NCT01216787
and NCTO01120275) were withdrawn and terminated,
respectively. Further evaluation is required to validate the
safety and effectiveness of this agent, as well as to inves-
tigate other potential targets of the Notch signaling path-
way or to consider combination therapies for skin cancer
treatment.

Targeting PI3K/AKT/mTOR and JAK/STAT3 signaling
pathway

Several PI3K inhibitors are under evaluation in clinical
trials for skin cancer, yielding promising results (Fig. 4E).
A trial combining the PIZK/mTOR inhibitor voxtal-
isib (SAR245409) with the MEK inhibitor pimasertib
(NCT01390818) reported a complete response in one mel-
anoma patient. Moreover, 46% of the 110-patient cohort
with advanced solid tumors of various types exhibited sta-
ble disease with this combination treatment [503]. Another
study on triple therapy including the PI3K inhibitor bupar-
lisib, BRAF inhibitor, and MEK inhibitor, showed a low
clinical benefit in advanced BRAF V600-mutated mela-
noma (NCT02159066) [504]. Notably, buparlisib combined
with a BRAF inhibitor (NCT01512251) did not yield a
well-tolerated response in BRAF V600 melanoma patients
[505]. In addition, current and ongoing clinical trials have
focused on agents targeting the PI3K/AKT/mTOR pathway
in metastatic and BRAF-mutant melanoma. These include
the PI3K-beta inhibitor GSK2636771 (NCT03131908),
PI3K-gamma inhibitor eganelisib (IPI-549; NCT02637531),
and mTORCI1 inhibitors such as temsirolimus (CCI-
779, NCT00909831 and NCT00022464), and everolimus
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(RADO001, NCT00591734, NCT00098553, NCT00521001,
NCT01014351, and NCT00976573).

AKT inhibitors have shown potential as therapies for
advanced and refractory skin cancers, but there are incon-
sistent data regarding their toxicity and clinical advantages.
In a phase I trial, BRAF-wildtype melanoma patients were
treated with a combination of the AKT inhibitor uprosertib
and trametinib [506]. Disease progression was observed in
43% of 14 patients with melanoma undergoing this com-
bined regimen [506]. Another phase II trial found that no
BRAF-wild type melanoma patients achieved a noticeable
objective response when treated with the combined upros-
ertib-trametinib regimen (NCT01941927) [507]. Common
adverse effects like rash, diarrhea, and mucositis affected the
patients’ quality of life with this regimen [506, 507]. How-
ever, a SWOG S1221 clinical trial reported that uprosertib
combined with dabrafenib or trametinib was well tolerated
in melanoma patients [508]. Other AKT inhibitors, such
as MK-2206 (NCT00848718 and NCT01480154), ipata-
sertib (NCT03673787), and afuresertib (NCT01476137),
have also been studied in clinical trials targeting advanced
melanoma. During a phase I trial, one melanoma patient
showed a partial response when MK-2206 was administered
alongside carboplatin/paclitaxel, docetaxel, or erlotinib
[509]. These combinations were well tolerated, with macu-
lopapular rash and febrile neutropenia being the most com-
mon adverse events [509]. A phase I study showed a 55%
tumor size reduction in a melanoma patient after 40 weeks
of treatment with afuresertib and trametinib [510]. While
clinical improvement has been observed with AKT inhibi-
tors, further investigation is required to assess their efficacy
and toxicity in skin cancer treatment.

The JAK/STAT3 signaling pathway, crucial in skin can-
cer progression, presents a potential target for enhanc-
ing treatments for advanced skin cancers [117] (Fig. 4E).
Inhibitors of JAK and STAT3 have shown strong preclinical
antitumor activity against skin cancers. Oral STAT3 inhibi-
tors, such as TTI-101 (NCT03195699) and OPB-31121
(NCTO00657176), are currently being assessed in phase I/
II clinical trials for their effectiveness and safety. Addition-
ally, modulation of JAK/STATS3 signaling could potentially
influence the YAP/TAZ pathway (Fig. 3). However, addi-
tional research is needed to evaluate the efficacy and risk
profile of STAT3 inhibitors in skin cancer treatment.

Discussion of treatment challenges and future
perspectives related to double-sided niche
regulation

The self-renewing epidermis maintains a balance
between basal layer proliferation and a precisely regu-
lated differentiation process, forming distinct supraba-
sal layers, while ensuring SSC preservation. Disruption
or dysfunction within the normal SSC niche may serve
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as a catalyst for skin cancer initiation. The complexity of
managing skin cancers arises from the dual functional-
ity of key regulators, which are essential for sustaining
both normal SSC and CSC niches (Table 2). Additionally,
CSCs can acquire intrinsic resistance while interacting
with heterogeneous components of their niche, including
critical signaling pathways, adhesion molecules, stromal
cells, and immune cells. This multifaceted crosstalk sus-
tains the CSC pool and resistance attributes, including
immune evasion. A thorough understanding of how to
modulate the components of the CSC niche, in conjunc-
tion with the intrinsic resistance mechanisms of CSCs, is
essential for devising strategies that can efficiently target
and eliminate tumors while sparing the normal develop-
mental processes of SSCs.

Challenges presented by the shared regulation of signaling
pathways in SSC and CSC niches

A major concern when targeting shared regulators
of both normal SSC and CSC niches is the potential
for treatment failure, as well as the risk of secondary
skin cancers arising as adverse outcomes. Notably, the
involvement of Shh inhibitors in the formation of sec-
ondary SCC is contentious, as existing evidence has
failed to demonstrate a clear causal relationship. None-
theless, various potential pathways have been suggested
to elucidate the predisposition to non-BCC secondary
cancers following Shh inhibitor treatment [511-513]. It
has been reported that among 2,576 patients with BCC
treated with vismodegib, there were 197 instances of
cutaneous SCC [514]. Invasive SCCs arising from post-
BCC clearance with Shh inhibitors harbor new mutations
in genes commonly implicated in metastatic SCC, includ-
ing NOTCH1/2 [515]. Remarkably, these invasive SCCs
exhibit a similar mutation rate and approximately 90%
genomic identity to the original BCC in a patient treated
with vismodegib [513]. These observations imply that
mutations in these novel or primary BCC-like genes may
drive the squamous transition during Shh pathway block-
ade. Additionally, SCCs may develop at the same site as
previously treated BCCs following Shh inhibitor therapy
[513]. Although these cases show SCC-like pathological
features, genetic analyses revealed shared tumor drivers
between primary BCC and subsequent SCC, suggesting
that Shh inhibitors may induce a phenotypic shift from
BCC to other skin cancer types [513, 516]. Some alterna-
tive oncogenic pathways have been proposed to contrib-
ute to the switch in cancer types or exacerbate latent skin
cancers following Shh inhibition [481, 517].

The RAS/MAPK pathway has been reported to be
activated as an alternative mechanism following Shh
pathway inhibition, thereby promoting SCC progres-
sion. In Shh inhibitor-resistant BCC or secondary SCCs
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following BCC treatment, reduced Shh pathway activa-
tion is accompanied by increased RAS/MAPK activation
[517, 518]. Interestingly, Shh inhibitor-resistant mela-
noma cell lines show downregulation of Shh-GLI signal-
ing and a shift toward alternative MAPK pathways, such
as RAS/ Rapidly Accelerated Fibrosarcoma (RAF)/ERK
and JNK/p38 pathways [519], which are also crucial for
sustaining CSC stemness and EMT-driven migration in
SCC [84, 431, 520]. Additionally, GLI1, a key downstream
effector of Shh signaling in BCC, suppresses keratino-
cyte migration and hyperproliferation driven by EGFR/
MEK/ERK signaling [521]. Therefore, inhibition of GLI1
via Shh antagonist treatment may upregulate the EGFR/
MEK/ERK signaling pathway, potentially activating the
RAS/MAPK pathway in SCC development [521]. Collec-
tively, the potential risks of secondary skin cancers and
enhanced tumor invasiveness from Shh pathway inhibi-
tors emphasize the necessity for a deeper understanding
of SSC and CSC niches to effectively manage skin cancer.

The dual roles of certain factors in normal SSCs can
complicate effective treatment strategies and raise con-
cerns about their unintended effects on healthy tissues.
For instance, Notch antagonists have demonstrated
minimal antitumor activity in stage IV cutaneous mela-
noma and are not widely favored in research for skin
cancer therapy [522]. Reportedly, unlike Notchl, which
promotes the E-cadherin to N-cadherin switch, Notch4
induces opposing changes in melanoma cells during
EMT. It reverses this process by repressing the transcrip-
tion of mesenchymal markers and enhancing E-cadherin
expression [523]. Upon activation, Notch4 specifically
promotes the expression of HEY1 and HEY2, which sup-
presses SNAIL2 and TWIST1 transcription by directly
binding to their promoter regions [523]. Moreover,
Notch is a tumor suppressor in BCC [412] and SCC
[414]; however, its activation and DLL1 ligand expression
are required for SCC [524] and melanoma progression
[453]. DLL1 can promote melanoma expansion through
canonical Notch activation or the non-canonical Notch
pathway, such as through enhanced tumor cell adhesion
or cadherin switch [453, 525]. Interestingly, decreased
LFNG levels coincided with elevated expression of DLL1,
JAGGEDI1, and Notch downstream effectors such as
HES]1 in metastatic melanoma [526]. Reduced LFNG lev-
els in tumor cells may promote Notch trans-activation
in adjacent cells through JAGGED ligands by weakening
DLL1-Notchl cis-inhibition and releasing constraints
on JAGGEDI1-Notchl cis-inhibition [364] (Fig. 1). This
change can increase DLL1 ligand availability to acti-
vate Notch receptors in adjacent cells [364] or promote
TGE-B-mediated tumor spread via SMAD binding [527].
Alternatively, manic and radical fringe enzymes may
undergo compensatory changes due to the reduction in
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LENG, sustaining high Notch affinity for DLL1 [370].
However, direct evidence connecting reduced LFNG
levels with DLL1 activation in melanoma development
is still lacking. Collectively, the dual functions of Notch
signaling in skin cancers likely contribute to the limited
efficacy of Notch inhibitor-based therapies. This under-
scores the critical need for precise targeting of Notch
components or intervention at optimal time points to
enhance the effectiveness of skin cancer treatment.

The Wnt signaling pathway can both inhibit and pro-
mote melanoma, depending on the context. Given the
role of increased Wnt signaling in skin cancer progres-
sion, its inhibition has been shown to effectively halt
tumor growth [491, 492, 494]. However, recent findings
indicate that improving melanoma treatment outcomes
may involve the enhancement of Wnt/[-catenin pathway.
This can be achieved either by using selective GSK3a/f3
inhibitors [528] or by increasing Wnt3a levels [529]. The
dual roles of Wnt/B-catenin signaling in melanoma likely
arise due to shifts between canonical and non-canonical
mechanisms. Notably, Wnt5a, which activates Wnt sign-
aling in both canonical and non-canonical processes, is
typically upregulated in skin cancers [399]. Wnt5a dis-
rupts the classical Wnt/pB-catenin signaling pathway by
blocking Wnt3a binding to the FZD2 and LRP6 recep-
tors [530], or by interacting with ROR2 (receptor tyros-
ine kinase-like orphan receptor 2), either directly or
through the upregulation of SIAH2 (Siah E3 ubiquitin
protein ligase 2) [455, 531]. These interactions sequester
[B-catenin in the cytoplasm, promoting its degradation
and inhibiting -catenin-dependent Wnt signaling [455,
530, 531]. Interestingly, the Wnt5a/ROR2 interaction
activates the Hippo suppressive pathway of YAP/TAZ
signaling, thereby restraining melanoma growth [532]. In
contrast, the activation of PKC by non-canonical Wnt5a
signaling initiates STAT3 activation, leading to the sup-
pression of MITF expression. This MITF downregula-
tion subsequently suppresses melanocytic differentiation
antigens, including MART-1 (melanoma antigen recog-
nized by T-cells 1), while promoting a metastatic, low
MITE, stem-like phenotype in invasive melanoma [455].
Additionally, in melanoma cells with highly invasive sig-
natures, increased expression of WNT5a, VEGF, TCF4,
and EMT-related genes (fibronectin, SOX9, and MMPs)
is observed, while levels of p-catenin, LEFI, MITF,
E-cadherin, cyclin D1, and c¢-MYC are reduced [162].
In contrast, Wnt3a protein, by activating the canoni-
cal Wnt pathway, increases the expression of MAAs
such as MART1 and gpl100, which helps CTLs target
and kill melanoma cells. Furthermore, Wnt3a induces
MITF expression in melanoma cells, potentially promot-
ing the differentiation of MSLCs [455, 533]. In addition,
[-catenin-induced upregulation of MITF inhibits RHO/
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ROCK-mediated cell invasion and disrupts the -catenin-
induced expression of MT1-MMDP, ultimately reducing
tumor invasiveness [534]. These findings suggest that
targeting specific Wnt components, including ligands,
receptors, and the B-catenin degradation complex, along
with the associated signaling pathways, is key to modu-
lating pathway activity and preventing resistance.

The unique therapeutic targets in the CSC niche

for resistant skin cancers

Focusing on components with minimal impact on epi-
dermal homeostasis or those rarely present in the normal
SSC niche may help overcome the challenge posed by
shared mediators in SSC and CSC niches. For instance,
targeting aberrant integrin ligands, such as the y2 and
LG4-5 subunits of LM332, which are absent in the nor-
mal SSC niche, shows promise by blocking their integ-
rin binding sites [101]. Antibodies targeting the LM332
a3 chain at the LG4-5 segment effectively induce SCC
tumor apoptosis, inhibit tumor cell proliferation, and
significantly impair tumorigenesis, while sparing normal
tissue adhesion [101]. In addition, the abundant accumu-
lation of the LM332 y2 chain, coupled with its cleaving
enzymes MT1-MMP and MMP-2, is indispensable for
the establishment of VM by aggressive melanoma cells
[95]. The aberrant cleavage of LM332 y2 fragments in
invasive melanoma generates pro-migratory segments,
which significantly enhance VM-associated gene expres-
sion [95]. Notably, PI3K facilitates melanoma migration
and VM formation by driving MMP-2 and MT1-MMP
production, which cleave LM332 y2 into migratory seg-
ments [535]. Intriguingly, inhibiting PI3K with LY294002
significantly impairs the capacity of MSLCs to form VM
[535], but also substantially diminishes MT1-MMP and
MMP-2 activity, thereby preventing the proteolytic deg-
radation of the LM332 y2 chain [536]. Therefore, effec-
tively targeting stemness and invasiveness in aggressive
skin cancers demands a thorough grasp of the complex
relationships among signaling pathways and other com-
ponents within the CSC niche, including dysregulated
ECM elements.

Similarly, integrins like a5B1, avp6, avp5, a4pfl, and
avP3, which are barely detectable in normal epider-
mis, are significantly upregulated in CSCs and invasive
skin cancers [112, 180, 537-541]. Particularly, integrins
a5B1, avP5, and avP3 are overexpressed in melanoma
and contribute to tumor progression. By inhibiting o531
[542, 543] or avfB3 [544], melanoma metastasis is reduced
through decreased MMP (MMP-2,-7, and -9) expression
and suppression of angiogenesis driven by FGF and VEGF
[545]. Additionally, ongoing phase I/II clinical trials are
targeting integrin conformations (Fig. 4E), particularly
avp3 integrin antagonists like MEDI-522 (Etaracizumab,
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Abegrin, or Vitaxin) (NCT00066196, NCT00111696),
Volociximab (a5B1 inhibitor, NCT00099970), and Inte-
tumumab (anti-av integrin antibody, NCT00246012).
These trials have shown a favorable safety profile for
targeting key integrins in skin cancers, which are absent
in the normal SSC niche, reinforcing their potential for
treatment.

Intrinsic immune evasion mechanisms within CSC niche
hinder the effectiveness of immunotherapy

The inherent quiescence of SCs may serve as a defense
mechanism, enabling them to evade immune detection.
Specifically, long-lived CD34" SSCs located in the HF
bulge can escape immune surveillance by T cells [236].
Therefore, CD34" CSCs may resist T cells because of
their intrinsically reduced MHC I expression. In contrast,
CD34™ cells, located outside the bulge, are more vulner-
able to CD8" T cell-driven cytotoxicity and show ele-
vated MHC I expression [236]. Notably, CD34% CSCs are
increasingly being recognized for their role in enhancing
tumorigenicity and conferring resistance to treatments
in skin cancers, including BCCs [546], SCCs [547], and
melanoma [548]. Investigating the mechanisms that sus-
tain the stemness of CSCs within their niche, particularly
those that contribute to immune evasion, could reveal
new strategies for improving treatment efficacy in malig-
nant skin cancers.

MSLCs are crucial contributors to the CSC niche and
resistance to immunotherapies, including CTL thera-
pies and ICP inhibitors. Their stemness characteristics
may provide a means to classify melanoma into distinct
immune subtypes, which can help predict how these
tumors will respond to immunotherapy. A correlation
between stemness and the immune phenotype of mela-
noma cells was demonstrated through clustering analy-
sis. By analyzing the composition of 28 immune cell
populations in the melanoma TME, the study catego-
rized melanoma into three immune groups: high (Im-
H), medium (Im-M), and low (Im-L) [549]. The Im-H
subtype is distinguished by a pronounced anti-tumor
immune landscape and minimal stemness. It also exhib-
its limited proliferative capacity, enhanced sensitivity to
immunotherapy, and favorable clinical prognosis. Con-
versely, the Im-L subtype is marked by poor anti-tumor
immune profiles, elevated stemness, enhanced prolifera-
tive potential, and reduced response to immunotherapy
[549]. Compared to other subtypes, the Im-H group
exhibits higher expression of HLA (Human leukocyte
antigen) genes, which are responsible for encoding MHC
proteins, as well as elevated scores for both type I and
II interferon responses. In contrast to the Im-L group,
the Im-H group demonstrates a markedly elevated ratio
of immunostimulatory markers, such as CD8*T cells,
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to immunosuppressive elements, including CD4" Treg
cells and M2 macrophages [549]. Notably, melanomas
resistant to treatment display significantly augmented
stemness attributes and reduced immune scores, par-
ticularly in cases treated with ICP inhibitors [549]. The
differentiated, proliferative phenotype, and its increased
sensitivity to anti-melanoma immunotherapy, are associ-
ated with high MITF expression. In contrast, an invasive
MSLC phenotype that resists apoptosis and is capable of
immune evasion is correlated with low MITF expression
[550—552]. This aligns with the reduced MITF levels and
upregulation of the mesenchymal marker TCF4 observed
in ICP therapy non-responders [552]. These findings
indicate that the inherent traits of CSCs, along with the
CSC niche that sustains their stemness, are critical fac-
tors in contributing to resistance to immunotherapy.

Potential treatments targeting factors in the CSC niche
sustaining immunoresistance

Enhanced IFNy expression in the CSC niche can sen-
sitize tumor cells to immunotherapy. During the telo-
gen phase, HFSCs show low expression of interferon
gamma receptor genes such as IFNGRI, which impedes
the ability of activated T cells to upregulate MHC I lev-
els through IFNy production [236]. This lack of IFNy
responsiveness is consistent with the observation that
reduced IFNy levels correlate with a poorer prognosis
in skin cancers. CD8" T cell infiltration and SCC regres-
sion were not observed when IFNy activity was blocked
[553]. In addition, a case of early mortality due to dissem-
inated and recurrent SCC was reported in a patient with
a deficiency in IFNyR2 [554]. Conversely, elevated IFNy
levels in the TME correlate with BCC tumor regression
[555]. Treatment with IFNy serves as an immuno-sensi-
tizer, enhancing MHC-dependent antigen presentation
across various cell types, including melanoma and cuta-
neous SCC cells [553, 556]. Additionally, IFNy increases
MHC I expression and enhances CD8" T cell migration
into SCCs by upregulating chemokines such as CXCL10
and CCL5 [553]. Systemic IFNy administration induced
MHC 1 expression in MHC I-negative melanomas, as
demonstrated in a phase II trial [556]. In a phase Ib/II
trial, IFNy supplementation was shown to improve the
effectiveness of checkpoint blockade therapy in mela-
noma patients [557]. Melanoma pretreatment with low-
dose IFNy enhances tumor cell sensitivity to CD8* and
CD4" T cell-mediated destruction [558]. This suggests
that combining IFNy with adoptive cell therapy (ACT)
could enhance treatment efficacy, offering a promis-
ing approach for metastatic melanoma. However, IFNy
is considered a double-edged sword due to its contrast-
ing effects on tumor immunity [558, 559]. While IFNy
enhances tumor cell recognition by upregulating MHC I
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and II, crucial for effective CTL-mediated killing, it also
induces the upregulation of immunosuppressive factors
like PD-L1 and IDO (indoleamine 2,3-dioxygenase) in
melanoma cells [558]. Notably, transferred T cells that
overexpress PD-1 following IFNy treatment may dampen
the immune response, ultimately limiting the effective-
ness of immunotherapy [559]. In addition, IFNy-induced
PD-L1 upregulation can trigger dedifferentiation in mel-
anoma cells, which is characterized by reduced MITF
expression, increased SOX10 expression, and elevated
PD-L1 levels [560, 561]. Through dedifferentiation, IFNy
induces higher expression of immunomodulatory genes,
upregulates PD-L1 protein, and promotes cytokine secre-
tion [561]. To enhance therapeutic efficacy, it is crucial to
identify and target the various cellular pathways involved
in CSC immunogenicity, thereby achieving a more pre-
cise and effective immune response.

Integrating targets involved in key signaling pathways
in the CSC niche with immunotherapy could enhance
treatment strategies for skin cancers. For example, by
upregulating MHC 1 expression and boosting CD4* and
CDS8™" T cell infiltration in BCC tumors [562], Shh inhibi-
tors may enhance adaptive immune responses, thereby
potentially improving the effectiveness of anti-PD-1 ther-
apy and increasing tumor response rates [563]. Moreover,
PD-L1 expression is elevated in tumor cells and lympho-
cytes in BCC after treatment with Shh inhibitors [564].
As a result, combining Shh inhibitors with PD-L1 inhibi-
tors could provide a promising strategy for advanced
BCCs, potentially overcoming the immune resistance
caused by increased PD-L1 expression. Anti-tumor T-cell
activity is enhanced by cemiplimab, an FDA-approved
treatment for adults with advanced or metastatic BCC
that failed or cannot tolerate Shh inhibitors [565]. This
IgG4 human monoclonal antibody prevents PD-L1 and
PD-L2 ligands from binding to the PD-1 receptor. In
clinical trials, cemiplimab induced durable responses
and exhibited substantial anti-tumor activity in meta-
static BCC patients with disease progression or those
unable to tolerate Shh inhibitors. A phase II multi-center
study (NCT03132636) examined cemiplimab efficacy in
54 mBCC and 84 1aBCC patients with prior Shh inhibi-
tor failure or intolerance. The trial showed that cemipli-
mab yielded clinically meaningful anti-tumor activity and
was well-tolerated in these patients. Notably, complete
and partial responses were recorded in 5 patients (6%)
and 21 patients (25%) experiencing laBCC, respectively
[566]. Among the 84 1aBCC patients, 40 (48%) experi-
enced emergent side effects with grade 3—4, most com-
monly colitis and hypertension (both in 5% of patients).
Progression-free survival in 54 mBCC patients ranged
from 4 to 16 months, with a disease control rate of 63%,
according to independent central examination [567].
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Importantly, no fatalities were attributed to treatment
in this phase II trial [566, 567]. However, a phase II trial
comparing the combination of anti-PD-1 pembrolizumab
with vismodegib to pembrolizumab monotherapy found
no substantial enhancement in response rate [568]. The
overall response rate for pembrolizumab monotherapy
(44% in 9 patients) surpassed that of the combination
with vismodegib (29% in 7 patients). These results imply
that targeting the signaling pathway and immunotherapy
remain challenging in skin cancer treatment.

In metastatic melanoma, combining Wnt/B-catenin
antagonists with ICP inhibitors (anti-PD-1 pembroli-
zumab and anti-CTLA-4 ipilimumab) failed to yield a
substantial therapeutic benefit in metastatic melanoma,
while concomitantly increasing the risk of adverse effects
[569]. Aspirin functions both as a Wnt/p-catenin inhibi-
tor, promoting B-catenin sequestration via GSK3p, and as
an anti-inflammatory agent by inhibiting COX enzymes
[494]. Therefore, this combination may confer dual ben-
efits in enhancing anti-PD-1 efficacy for several reasons.
Reportedly, Wnt/B-catenin activation in melanoma cells
impedes anti-PD-L1 efficacy by blocking T-cell recruit-
ment into the TME. Mechanistically, when p-catenin
is activated in melanoma cells, ATF3-mediated repres-
sion of CCL4 hinders T-cell infiltration in the melanoma
microenvironment [570]. Upregulated Wnt ligands
(Wnt4 and Wnt5a) and positive modulators (DKK2 and
SFRP2) were detected in non-responders to anti-PD-L1
therapy [571]. Additionally, COX2 suppression by aspirin
can impair the synthesis of prostaglandin E2 [494], which
is associated with a reduced accumulation of exhausted
CD8* T cells, marked by TIM3 (T-cell immunoglobu-
lin and mucin-domain containing-3) expression, in the
melanoma TME [572]. A retrospective analysis showed
that combining ICP inhibitors (anti-CTLA-4 and/or anti-
PD-1) with COX inhibitors (aspirin or selective COX2
inhibitors) significantly improved the overall response
rate at 6 months in melanoma patients, compared to ICP
monotherapy. Among 90 melanoma patients, combina-
tion therapy achieved an overall response rate of 58.6%,
compared to 19.2% with ICP monotherapy (p=0.0005)
[573]. However, the trial (NCT03396952) examining the
combination of aspirin and ICP inhibitors in melanoma
has not yielded significant clinical benefits in metastatic
melanoma [569]. This trial reported a 62.9% objective
response rate at 12 weeks in 27 patients [569], compa-
rable to the 55%—61% observed at approximately 16
months in a clinical study using exclusive ICP treatment
[574]. In addition, a study found that PD-L1 expres-
sion inversely correlated with Wnt/p-catenin signaling
activity in melanoma tumors [575]. These findings sug-
gest the presence of alternative mechanisms within the
CSC niche, as well as in CSCs or tumor cells, which may
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sustain resistance to therapy after blocking oncogenic
signaling pathways such as Wnt and Shh. Integrating
immunotherapy and modulating other signaling path-
ways or CSC features associated with immune evasion
could enhance therapeutic efficacy in refractory skin
cancers.

Currently, phase I/II clinical trials (NCT03673787,
NCTO02637531, NCT03131908) are investigating anti-
PD-1/PD-L1 agents in combination with PI3K/AKT
inhibitors for advanced melanoma. Additionally, target-
ing the YAP pathway has demonstrated potential in miti-
gating tumor-induced immune evasion. Melan-A-specific
CD8™ T cells failed to attack BRAFi-resistant melanoma
cells with high nuclear YAP accumulation, which upregu-
lated PD-L1 expression [576]. Anti-PD-1 treatment or
YAP depletion can mitigate T cell dysfunction and PD-L1
upregulation mediated by YAP in melanoma cells [576].
Therefore, further investigation into how signaling path-
ways and immune responses interact within the CSC
niche may uncover new combination strategies to over-
come resistance in skin cancers.

Shared signaling pathways in the CSC niche and tumor
immunosuppression

Signaling pathway activation or specific protein expres-
sion in CSCs, which overlap with those found in immu-
nosuppressive cells such as CAFs and TAMs, may elevate
the likelihood of treatment resistance in skin cancers.
A clinical trial with cilengitide has failed to show survival
benefits in metastatic melanoma patients [577]. Integrin
B3 expression on TAMs contributes to cilengitide-medi-
ated tumor-promoting effects. This may be attributed to
their role in suppressing the tumor-promoting functions
of TAMs [578]. Integrin B3 in macrophages increases
the M1/M2 macrophage ratio in the TME by activating
STAT1 and suppressing STAT6 [578]. Therefore, inhibit-
ing B3 on TAMs can accelerate tumor growth, promote
TAM accumulation, and diminish CD8* T cell infiltra-
tion. Conversely, targeting macrophages can reduce the
unexpected supportive effects of anti-integrin B3 treat-
ment on tumor progression [578]. Melanoma resistance
to integrin avp3 inhibitors is influenced by these oppos-
ing roles of integrin p3 in TAMs and MSLC. Therefore,
a combination treatment of anti-macrophage might help
reduce cancer resistance.

The plasticity of metastatic melanoma cells is regulated
by Notchl signaling in CAFs. Melanosphere formation
and the acquisition of Nestin- and CD271-positive mela-
noma stem/initiating cell phenotypes are suppressed by
CAFs with Notchl hyperactivation [579]. In contrast,
Notchl-silenced CAFs significantly expand the MSLC
population by upregulating stemness markers such as
SOX2, OCT4, and NANOG [579]. Moreover, Notchl
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preserves the stemness, oncogenic properties, and meta-
static potential of MSLCs [321, 325]. Therefore, the diver-
gent effects of Notch1 signaling in CAFs and MSLCs may
attenuate the therapeutic efficacy of targeting the Notch
pathway.

Gaining a comprehensive understanding of how core
signaling pathways are intricately regulated within the
CSC niche is crucial for effectively influencing CSC
behavior. Targeting these pathways, in combination with
other niche components, could offer a more efficient
strategy to eradicate CSC populations in skin cancers.

Conclusion

The niche microenvironment plays a crucial role in regu-
lating the fate of normal SSCs and CSCs. Adhesive mole-
cules within the niche are essential for normal epidermal
differentiation; however, their excessive and abnormal
expression can lead to the expansion of CSCs. The dual
roles of key components of the adhesive niche—including
the dermo-epidermal junction, adherens junctions, vari-
ous cell types (especially immune cells and fibroblasts),
and major signaling pathways such as Shh, Wnt/p-
catenin, YAP/TAZ, and Notch—are critical for maintain-
ing the balanced growth of SSCs. While their aberrant
activation contributes to skin tumor progression and
CSC formation, targeting specific signaling pathways reg-
ulated by the niche holds the potential for treating skin
cancers with CSC properties and drug resistance, both in
clinical practice and ongoing clinical trials. Nonetheless,
the precise relationship between CSCs and their niche
remains partially understood in certain contexts, and
cases of resistance have been associated with the incom-
plete eradication of CSCs. Further research is needed to
investigate the reciprocal interactions between cutane-
ous CSCs and their niche, which could provide valuable
insights for addressing malignancy and drug resistance in
skin cancers.
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