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Actinic keratosis (AK) is a common precancerous skin lesion that can develop into cutane-
ous squamous cell carcinoma (CSCC). AK is characterized by atypical keratinocytes in the
skin’s outer layer and is commonly found in sun-exposed areas. Like many precancerous
lesions, the development of AK is closely associated with genetic mutations. The molecular
biology and transcriptional mechanisms underlying AK development are not well under-
stood. Ultraviolet (UV) light exposure, especially UVA and UVB radiation, is a significant
risk factor for AK, causing DNA damage and mutagenic effects. Besides UV exposure,
comorbidities like diabetes, rheumatoid arthritis, and psoriasis may also influence AK
development. AK patients have shown associations with various internal malignancies, in-
dicating potential vulnerability in cancer-associated genes. Treatment for AK includes cryo-
surgery, electrodesiccation and curettage, chemotherapeutic creams, photodynamic therapy,
or topical immune-modulators. Genomic studies have identified genetic aberrations in AK,
with common mutations found in genes like TP53, NOTCHI, and NOTCH2. The progres-
sion from AK to CSCC involves chromosomal aberrations and alterations in oncogenes and
tumor-suppressor genes. The functional relationships among these genes are not fully un-
derstood, but network analysis provides insights into their potential mechanisms. Further
research is needed to enhance our understanding of AK’s pathogenesis and develop novel
therapeutic approaches.
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INTRODUCTION

Actinic keratosis (AK) is a common precancerous lesion that
can progress into cutaneous squamous cell carcinoma (CSCC).
AK is histologically defined by atypical keratinocytes arising
in the stratum spinosum which are packed and enlarged with
a loss of polarity (Fig. 1). Clinically, AKs present as red, skin-
colored, or dark patches often with crusts. The most common
sites of occurrence include sun-exposed areas, such as the
face, ears, and dorsum of the hands and arms. Approximately
65% of CSCC is estimated to arise from AKs'. AK is one of the

strongest independent risk factors for CSCC development, and

the concept of field cancerization applies to AK with multiple
lesions often occurring in the same region (Fig. 2). Although
the precise rate of progression is unknown, a study that pro-
spectively followed 169 patients with a total of 7,784 AKs in
the United States estimated a 2.6% risk of progression for an
individual lesion during a 4-year follow-up period'. Evidence
for progression of AK to CSCC is also provided by genetic
studies that report AKs have a similar karyotypic profile to
CSCC but display a reduced degree of complexity, consistent
with an earlier stage of tumor development”.

Despite the high prevalence of AK and the possibility of de-

veloping cancer, molecular biology and transcriptional studies
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on the pathogenesis of AK are not well understood. CSCC oc-
curs in sun-exposed areas and is characterized by a high mu-
tation burden. Aged, sun-exposed skin has been reported to
be a patchwork of thousands of evolving clones, with >25% of
cells carrying carcinogenic mutations while maintaining nor-
mal physiological functions of the epidermis. Normal-looking
sun-exposed skin had already been found to have driver mu-
tations, such as NOTCHI1, NOTCH2, FATI, and TP53, in 18%
to 32% of skin cells at a density of ~140/cm™”’. Therefore, it is

Fig. 1. Histology of actinic keratosis. Parakeratosis and atypical
keratinocytes are shown in the epidermis, and there is a loss of
cell polarity. Widening of the intercellular spaces and cytologic
atypia with large nuclei are shown in the hematoxylin and eosin
findings (x100). The underlying dermis shows solar elastosis and
mild inflammatory infiltrates.

difficult to identify true driver mutations in AKs that arise in
sun-exposed areas. No sufficient studies have been conducted
on the pathogenesis of AK. In this review, we summarized the
results of previous genomic studies on AK with a brief intro-
duction to AK.

EPIDEMIOLOGY OF AK IN KOREA
AND WORLDWIDE INCIDENCE

In Korea, according to data obtained from the Korean Na-
tional Health Insurance System, the incidence rate of AK
increased from 17.9 to 54.0 per 100,000 person-years between
2006 and 2015, and it increased consistently with age®. In Ko-
rea, which already boasts a super-aged society, the incidence
of AK is expected to increase in line with the growth of the
elderly population. The incidence of skin cancer and medical
expenses associated with treating AK and skin cancer are also
expected to increase. In the United States, the cost of treating
AK exceeded $920 million in 2006°. In Australia, 9% of the
population aged =60 years developed AK in 1996, and treat-
ment costs for AK were predicted to increase by >30% in 2020
compared to 2012°,

ETIOLOGY OF AK

Ultraviolet light exposure

Ultraviolet (UV) A and UVB radiation are indisputable carcin-
ogens to human skin’. UVB causes direct DNA damage, char-
acterized by a typical signature of C>T substitutions, which
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occur due to the formation of covalent cyclobutane dimers be-
tween adjacent pyrimidine rings. UVA exposure , on the other
hand, induces mutagenic effects through indirect mechanisms
involving the production of reactive oxygen species, resulting
in G—T transversions during replication®. Additionally, UVA
leads to chromosomal aberrations and widespread alterations

in cellular proteins and lipids™"

. Furthermore, apart from
promoting cancer cells, UV exposure has similar precancer-
ous effects on the surrounding tissue environment, inducing

. . . . 11
inflammation and and also cutaneous immune suppression .

Associated comorbidities of AK

Although UV exposure is widely recognized as the primary
risk factor for AK, a comprehensive survey conducted on 2.05
million diabetic patients from the Korean National Health
Insurance database revealed that diabetic patients with end-
stage kidney disease, a diabetes complication, had a 4.24
times higher risk (95% confidence interval [CI], 3.28~5.47) of
developing AK compared to diabetic patients without com-
plications, after adjusting for age, gender, drinking, smoking,
exercise, blood pressure, and obesity'>. The results suggest that
not only UV exposure, but also immune status influence the
development of AK.

An association between AK and rheumatoid arthritis (hazard
ratio [HR], 1.336; 95% CI, 1.16~1.54) as well as psoriasis (HR,
1.51; 95% CI, 1.44~1.60) has also been reported”, indicating a
possible link between AK and systemic inflammatory diseases".

In another previous study, we compared the incidence
of internal malignancies in Korean AK patients (n=61,438)
with age- and gender-matched controls using a ratio of 1:5
(n=307,190). After adjusting for economic income, residence,
diabetes, hypertension, and hyperlipidemia, the incidence
of overall internal malignancies was found to be higher AK
patients (HR, 1.43) compared to non-AK controls™. A posi-
tive association with AK was observed in skin cancer (HR,
3.43; 95% CI, 2.47~4.75), oral cavity and pharyngeal cancer
(HR, 1.99; 95% CI, 1.57~2.52), lymphoma (HR, 1.59; 95% CI,
1.28~1.96), leukemia (HR, 1.35; 95% CI, 1.03~1.77), prostate
cancer (HR, 1.35; 95% CI, 1.21~1.51), renal cancer (HR, 1.29;
95% CI, 1.02~1.63), liver cancer (HR, 1.21; 95% CI, 1.09~1.35),
thyroid cancer (HR, 1.20; 95% ClI, 1.05~1.38), and gastric can-
cer (HR, 1.13; 95% CI, 1.03~1.23)". These findings suggest a
potential vulnerability in cancer-associated genes in patients
with AK (Table 1).

Table 1. The risk of developing actinic keratosis according to the
presence of associated comorbidities

95% confidence

Comorbidity Hazard ratio .
interval

Diabetic mellitus with 4.24 3.28~5.47

end-stage renal disease'”*
Rheumatoid arthritis" 1.336 1.16~1.54
Psoriasis" 1.51 1.44~1.60
Skin cancer' 3.43 2.47~4.75
Oral cavity and pharyngeal 1.99 1.57~2.52

cancer"
Lymphoma' 1.59 1.28~1.96
Leukemia™ 1.35 1.03~1.77
Prostate cancer" 1.35 1.21~1.51
Renal cancer 1.29 1.02~1.63
Liver cancer' 1.21 1.09~1.35
Thyroid cancer' 1.20 1.05~1.38
Gastric cancer' 1.13 1.03~1.23

*The risk was compared to diabetic patients without diabetic
complications.

TREATMENT FOR AK

Treatment for AK is necessary due to the potential progres-
sion to skin cancer. In many cases, treatment encompasses
large areas to address field cancerization. Conservative and
effective approaches for managing precancerous AK lesion
include cryosurgery, electrodesiccation and curettage, chemo-
therapeutic creams (5-fluorouracil, tricholoroacetic acid, and
ingenol mebutate), photodynamic therapy, or topical immune-
modulators (imiquimod)®”. Cryotherapy, a commonly and
widely used treatment option in Korea, can cause pain and
blistering, resulting in patient discomfort and potentially af-
fecting patients’ compliance with the treatment. The efficacy
of topical treatments for AK remains limited compared to
conservative ablative treatments. Therefore, it is essential to
further understand the mechanisms underlying AK develop-

ment and explore the development of novel therapeutic drugs.

REPORTED GENETIC STUDIES ON AK

Mutational analysis of candidate genes has been recently de-
veloped by whole-exome sequencing (WES) of many tumor
types with expression profiles. Recent whole-genome analyses

have highlighted the presence of mutations in gene-regulatory
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regions and the post-transcriptional potential of epigenetic
alterations and non-coding RNAs.

We conducted a search for studies on genomic mutations of
AK using research methods such as polymerase chain reaction
(PCR), immunofluorescence staining, expression microarray
analysis, and WES published between 1994~2022 found in
PubMed (Fig. 3). Herein, we present a chronological summary
of the findings from these previous studies, organized accord-

ing to their respective analytical methods (Table 2).

Chromosomal aberrations in AK

In the early stages of genomic research on AK, chromosomal
aberrations were assessed using loss of heterozygosity (LOH)
1" reported that AK exhibited a higher
frequency of LOH on chromosomes 3p, 9p, 9q, 13q, 17p, and
17q compared to CSCC. They also found that the LOH rate in

AK showed a statistically significant difference depending on

analysis. Rehman et a

whether it occurred in immune-competent or immunocom-
promised patients. Specifically, the LOH rate was significantly
lower in AKs from immune-suppressed patients compared to
AKs from immune-competent patients.

In 2002, Jin et al."” analyzed karyotypes and identified
structural aberrations in both AK and CSCC, affecting 3pl3,
3q10, and 21q10. These structural rearrangements are com-
mon features observed in other types of malignant tumors,
indicating their association with early genetic events in
malignant transformation.”® Mortier et al."” analyzed LOH
on 17pl13.1 (p53) and 9p21 (p16™"****¥) in CSCC and AK.
They suggested that the progression of AK to CSCC involves
deletion of the 9p21 region, which encodes the p16™"*/*%

tumor-suppressor gene.

Mieroarray

‘ﬁ

Affected
cell

Sequencing 2 Single cell study

Squamous cell

Actinic keratosis carcinoma

Fig. 3. A schematic diagram showing common etiologic factors
involved in the development of actinic keratosis and squamous
cell carcinoma as well as the time-window of possible genetic
investigations, such as microarray, sequencing, and single cell se-
geuncing.
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In 2003, Ashton et al.” conducted a whole-genome com-
parative genomic hybridization analysis of chromosomal ab-
errations in AK and CSCC. They reported common frequent
gains (3q, 17q, 4p, 14q, Xq, 5p, 99, 8q, 17p, and 20q) and losses
9p, 3p; 13q, 17p, 11p, 8q, and 18p), which suggest a clonal rela-
tionship between AK and CSCC. In 2009, Toll et al.* reported
MYC cytogenetic profiling by FISH analysis indicating MYC
numerical aberrations in 35% of AK and 63% of CSCC cases.

Most recently, in 2019, Garcia-Diez et al.” reported cytoge-
netic and copy number array results related to AK and CSCC
using expression microarray analysis. They observed copy
number gains on 3q and 8q, as well as a copy number loss on
9p, in the context of AK. Another recent study utilizing WES
revealed loss of chromosome regions 9p, 13q, 3p, and 5q, and

gains of chromosome regions 3q, 8q, 5p, and 1q in AK”.

Unveiling the molecular landscape of AK and cCSCC:
insights from genomic studies and key mutated genes

In 1994, during the early stages of genomic studies, Nelson
et al.” utilized PCR and immunohistochemistry to report a
p53 mutation in both AK and CSCC. In 2006, Nindl et al.”
examined the expression levels of 22,283 genes in normal
skin versus AK and CSCC samples using microarray technol-
ogy. They observed significant up-regulation of nine genes
(CDHI1, MAP4K4, ILIRN, IL4R, NMI, GRN, RAB31, TNC,
and MMPI) and down-regulation of four genes (ERCCI, APR-
3, CGI39, and NKEFB) in AK and CSCC samples compared to
normal skin. Also in 2006, Dang et al.”* reported the dysregu-
lation of Tenasin-C, an extracellular matrix protein involved
in cell adhesion, migration, growth, and angiogenesis, in AK
and CSCC using PCR methods. They suggested that the large
splice variant of Tenasin-C might serve as a useful diagnostic
marker for AK and CSCC. However, the these studies did not
differentiate between AK and CSCC.

Padilla et al.* conducted a study where they combined AK
ans CSCC samples for comparision with normal samples us-
ing expression microarray analysis. They identified 89 genes
that contribute to the molecular evolution of CSCC.

In 2011, Ra et al.” performed an expression microarray
analysis to compare AK and CSCC. They found 382 differen-
tially expressed genes between CSCC and normal skin, 423
differentially expressed genes between AK and normal skin,
but only nine differentially expressed genes between AK and

CSCC. Among the nine genes that were differently expressed
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Table 2. Reported studies on genomic mutations of AK in the English literature from 1994 to 2021

Study

Nelson et al.
(1994)”

Rehman et al.
(1996)'

Rehman et al.
(1997)"

Jin etal. (2002)"®

Mortier et al.
(2002)°

Ashton et al.
(2003

Nindl et al. (2006)*

Dang et al. (2006)”
Nindl et al. (2007)*

Kanellou et al.
(2008)”

Toll et al. (2009)”

Padilla et al.
(2010

Ra et al. (2011)”

Hameetman et al.
(2013)*

Lambert et al.
(2014)”

Jacobs et al.
(2015

Chitsazzadeh et al.
(2016)”

Albibas et al.
(2018)”

Rodriguez-Paredes
etal. (2018)”

Garcia-Diez et al.
(2019)"

Methods
PCR and IHC analyses in FFPE AK and CSCC

LOH analysis of AK and CSCC
LOH analysis of AK and CSCC FFPE

Short-term culture and cytogenetic (karyotype) analysis of
AK and CSCC

LOH analysis and immunohistochemistry of AK and
CSCC FFPE tissue

Whole-genome comparative genomic hybridization
analysis of chromosomal aberrations on non-matched
FFPE AK and CSCC

Expression microarray analysis on FF-matched AK and
CSCC from organ-transplanted immunosuppressed
patients

Quantitative real-time RT-PCR
PCR by direct sequencing

real-time RT-PCR; mutation analysis and genomic
instability analysis

FISH on FFPE AK and CSCC

Expression microarray analysis in AK, CSCC, and normal
skin sample

Expression microarray analysis of FFPE non-matched AK
and CSCC

Genome-wide SNP microarray of AK and matched CSCC
from fresh-frozen tissue and expression microarray
analysis from fresh-frozen tissue

Expression microarray analysis from fresh-frozen
AK and CSCC tissue from immunocompetent and
immunosuppressed patients

Genetic susceptibility to AK according to GWAS

WES, RNAseq, and microRNAseq on matched fresh AK,
CSCC, and normal skin

WES and target-enriched sequencing of FFPE AK and
CSCC

DNA methylation array on fresh-frozen AK and CSCC

Expression microarray, cytogenetic, and copy number
array analyses on matched AK, CSCC, and normal skin

Significant results of the study
TP53 mutations in both AK and CSCC

High frequency of LOH on chromosome 3p, 9p, 9q, 13q, 17p, and
17q in AK compared to CSCC

LOH rate was significantly lower in AKs from immune-suppressed
patients compared to AKs from immune-competent patients

LOH on chromosome 3p13, 3q10, and 2110 in both AK and CSCC
LOH on 17p13.1 (p53) and 9p21 (p16™““**%) in both AK and CSCC

Chromosomal copy number gains on 17q, 4p, 14q, Xq, 5p, 99, 8q,
17p, and 20q and losses on 3p, 13q, 17p, 11p, 8q, and 18p in both
AK and CSCC

Significant up-regulation of nine genes (CDH1, MAP4K4, IL1RN,
IL4R, NMI, GRN, RAB31, TNC, and MMPT) and down-regulation
of four genes (ERCC1, APR-3, CGI39, and NKEFB) in both AK and
CSCC

Large splice variant of Tenasin-C might serve as a useful diagnostic
marker for AK and CSCC

p53 mutations rather than p16(INK4a) and/or Ha-ras mutations may
be an early event in the development of AK to CSCC

Expression levels of CDKN2A, CDKN2B, and TP53 examined in AKs
and CSCC

MYC numerical aberrations in 35% of AK and 63% of CSCC

89 unique genes were identified that most likely contribute to the
molecular evolution of CSCC

Nine differentially expressed genes (HOXC4, HOXC6, ROBO4,
COL6A3, RPL13A, CASZ1, RTN4, NFIB, and RPS6) were identified
between AK and CSCC

Upregulated in CSCCs were hyperproliferation related genes (KRT6,
KRT16 and KRT17)

Activation of downstream targets of RAS and cMYC in CSCCs and of
NFiB and TNF in AKs

196 genes were differentially expressed between AK and CSCC .
Gene set enrichment analysis highlighted a key role for the mitogen
activated protein kinase (MAPK) pathway

IRF4, MCI1R, and TYR are associated with oncogenic function and
increased risk of AK

Key pathways include cell cycle progression, mitotic roles of polo-like
kinase and DNA damage checkpoint functions, as well as upstream
regulators E2F1, E2F4, CDK4, TP53, RABL6 and ERBB2

TP53 were mutated in both AK and CSCC

AK methylation patterns already display classical features of cancer
methylomes and are highly similar to CSCC profiles

Copy number gains on 3q and 8q, as well as a copy number loss on
9p in AK

https:/doi.org/10.5021/ad.23.072 393
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Table 2. Continued
Study

Hervas-Marin et al.
(2019)¥

Srinivas et al.
(2020)”

Azimi et al. (2020)"

Das Mahapatra et
al. (2020)"

Zou etal. 2021)*

Trager et al. (2021)**

Methods
DNA methylation array on fresh-frozen AK and CSCC

RT-PCR

Data-independent acquisition proteomics workflow;
sequential window acquisition of all theoretical mass
spectra

Representative transcripts were validated by NanoString
nCounter assays using an extended cohort in AK and
Cscc

Transcriptome sequencing was performed on AK, CSCC,
and normal sun-exposed skin tissues

Transcriptomic analyses of 788 genes were performed

Significant results of the study

Massive non-sequential changes in DNA-methylome were observed
from AK to CSCC

TERT promoter mutations in AK

VPS45, TIMMB8B, DHPS, NKTR, and GCSH were sugguested as AK
markers

Pathways related to cell cycle, apoptosis, inflammation and
epidermal differentiation were enriched in CSCC

78 significant Kyoto Encyclopedia of Genes and Genomes pathways
in AK'and CSCC

The reversal of overexpressed oncogenes and decreased tumor-

using the nanoString assay

Thomson et al. WES on AK

(2021)*

Kim etal. (2022  WES on AK, CSCC

suppressor genes in the imiquimod treated AK lesions

Copy number losses on chromosome regions 9p, 13q, 3p, and 5q,
and gains of chromosome regions 3q, 8q, 5p, and 1q in AK

CCDC71L and STRN in AK, while LCLAT1, HERC6, MAP3K9, and
TMEM51 were more frequently altered in CSCC

Alterations in signaling pathways also differ, with immune-related
signaling and TGFB signaling significantly more mutated in CSCC

CSCC-specific genomic alterations included mutations in TP53,
PIK3CA, FBXW7, and CDKN2A mutations, as well as copy number
gain inMYC

AK: actinic keratosis, CSCC: cutaneous squamous cell carcinoma, DNA: deoxyribonucleic acid, FFPE: formalin-fixed paraffin-
embedded, FISH: fluorescence in situ hybridization, GWAS: genome-wide association study, LOH: loss of heterozygosity, RNA:
ribonucleic acid, RT-PCR: reverse transcription polymeration chaing reaction, SNP: single nucleotide polymorphism, WES: whole-

exome sequencing.

in AK compared to CSCC, four were upregulated (HOXC4,
HOXC6, ROBO4, and COL6A3) and five were down-regulat-
ed (RPL13A, CASZI, RTN4, NFIB, and RPS6). Jacob et al.*®
conducted a genome-wide association study in a northwestern
European population to investigate genomic susceptibility to
AK. They reported that IRF4, MCIR, and TYR are associated
with oncogenic function and increased risk of AK.

In recent years, next-generation sequencing techniques
such as WES have been utilized in several studies investigat-
ing AKs™**, These studies have identified similar mutational
profiles in AK and CSCC, with common mutations found in
genes such as TP53, NOTCHI, and NOTCH2*******, Thom-
son et al.”” conducted a WES study and found differences in
significantly mutated genes between AK ans CSCC. They
observed greater alterations in CCDC71L and STRN in AK,
while LCLAT1, HERC6, MAP3K9, and TMEMS5]1 were more
frequently altered in CSCC. Kim et al.” also performed a WES
study and identified driver mutations, including NOTCHI and

394

TP53 mutations, in both AK ans CSCC. CSCC-specific genom-
ic alterations included mutations in TP53, PIK3CA, FBXW7,
and CDKN2A mutations, as well as copy number gain in MYC.
However, these alterations varies among cases, suggesting that
the pregression of AK to CSCC is not solely explained by a

single gene or pathway. Srinivas et al.”

investigated TERT pro-
moter mutations in AK, which were not detected after photody-
namic therapy for AK. Trager et al.** analyzed transcriptomes
of AK before and after imiquimod treatment and reported the
reversal of overexpressed oncogenes and decreased tumor-

suppressor genes in the treated AK lesions (Table 2).

Potential mechanisoms in the progression from AK to CSCC
The previous studies in Table 2*** have highlighted the signif-
icance of upregulated genes in AK (TP53, HRAS, CDKN2A,
CDKN2B, NOTCHI, NOTCH2, HOXC4, HOXC6, ROBO4,
COL6A3, KRT6, KRT16, KRT17, CDHI1, MAP4K4, ILIRN,
IL4R, NMI, GRN, RAB31, TNC, and MMPI) as key players in
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AK-related mutations. To better understand their functional
relationships, a network analysis was performed using the
Cytoscape StringApp”, and the results were depicted in Fig. 4.
This visualization provides insights into the interconnected-
ness and potential interactions among these genes, shedding
light on their collective involvement in AK development and
progression. TP53 occupies a central position and exhibits
extensive connections with other proteins in Fig. 4. While the
pathways in the progression from normal skin to AK have not
been elucidated yet, plausible pathways involved in the devel-

opment from AK to CSCC can be inferred.

1) Mutations in tumor-suppressor genes are key players in
progression from AK to CSCC

Several gene mutations were revealed to play a role in progres-
sion from AK to CSCC, including CDKN2A, CDKN2B, and
TP53°*¥, Cyclin-dependent kinase inhibitor 2A (CDKN2A)
locus is the second-most-commonly altered gene locus in
human cancer after p53. The locus CDKN2A encodes two
tumor-suppressor genes, pl6" - and p14™*", both of which are

involved in negative control of cell proliferation”.

2) Nuclear factor kB1 and the tumor necrosis factor pathways
are activated in both AK and CSCC

Hameetman et al.” provided evidence that several signaling

pathwyas, which are activated in CSCC, are already activated

in AKs, thus confirming that AKs serve as precursor lesions

of CSCCs. Theses pathways, such as nuclear factor kBl and

the tumor necrosis factor pathways, were identified through
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Fig. 4. Functional associations among the upregulated genes in
actinic keratosis are visualized using Cytoscape StringApp.

comprehensive genome-wide SNP microarray and expression
microarray analyses. It is worth noting that both the nuclear
factor kBl and the tumor necrosis factor pathways are proto-

typical proinflammatory signaling pathways.

3) MAPK signaling pathway plays a key role in AK and CSCC

Lambert et al.”’

conducted a comparison of the transcriptome
between tumor cells isolated from CSCC and dyskeratotic
cells from AK. The analysis confirmed the significance of the
mitogen activated protein kinase (MAPK) pathway as a key
biological pathway, as evidenced by the enrichment of dif-
ferentially expressed genes. Notably, genes associated with the
MAPK family, including JUN, FOS, MET, MAPK1, MAP2K2,
and MAP3KS5, were found to be enriched. Additionally, genes
associated with apoptosis, such as PAK2, BAX, DEDD, DAXX,
and DFFA, were also identified as differentially expressed in
this context. This study sheds light on the involvement of the
MAPK pathway and apoptosis-related genes in the pathogen-
esis of CSCCs and AKs™.

4) Epidermal differentiation, migration, and adhesion pathways
are important in AK occurrence
In a comparative analysis of gene expression between AK
and CSCC conducted by Hameetman et al.”, it was observed
that hyperproliferation related genes (KRT6, KRT16, and
KRT17) were upregulated in CSCC. Furthermore, Lambert
et al.” reported that genes involved in epidermal differentia-
tion (KRT10, FLG, LOR, and LCEIB), migration (MMPI and
MMPI10), and adhesion (FLNA, FLNB, and TIGA5) were
found to be differentially expressed in CSCC compared to
AK. These findings indicated the involvement of pathways
related to cell cycle regulation, apoptosis, inflammation, and
epidermal differentiation in the development and progression
of CSCC from AK. Similarly, Das Mahapatra et al.”’ utilized
RNA sequencing analysis and identified alterations in gene
expression associated with these pathways in AK and CSCC.
These studies provide valuable insights into the molecular
mechanisms underlying the pathogenesis of AK and its pro-
gression to CSCC, as well as the effects of treatment on gene

expression profiles in AK.

5) Other reported pathways in development of AK
Azimi et al." utilized data-independent acquisition methods

during mass spectrometry-based proteomic analysis to identify
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molecular markers in AK samples. A comparision to Bowen’s
disease and CSCC, it revealed 19 AK markers, with the top five
being VPS45, TIMMS8B, DHPS, NKTR, and GCSH. Addition-
ally, Reactome pathway annotations showed significant associa-
tion with AK, including the inhibition of protein kinase R, reg-
ulation of the MAPK pathway, and apoptosis and DNA damage
repair. In contrast, the most enriched pathways in CSCC were
related to Wnt signaling and DNA damage responses™’.

In a study by Zou et al.”’, investigated differentially ex-
pressed genes in normal skin, AK, and CSCC and reported
78 significant Kyoto Encyclopedia of Genes and Genomes
pathways in their CSCC vs. AK analysis. The upregulated
differentially expressed genes in CSCC, compared to AK,
were primarily associated with extracellular matrix receptor
interaction, the interleukin-17 signaling pathway, cytokine-
cytokine receptor interaction, the PI3K/Akt signaling path-
way, focal adhesion, human papillomavirus infection, and the
tumor necrosis factor signaling pathway. On the other hand,
the down-regulated differentially expressed genes in CSCC,
compared to AK, were predominantly linked to immunode-
ficiency and calcium signaling pathways. These findings pro-
vide insights into the molecular mechanisms underlying the
progression from AK to CSCC and highlight potential targets

for further research and therapeutic interventions™.

DNA methylation in AK

DNA methylation is a covalent epigenetic modification of
cytosines within CpG dinucleotides. The modification is con-
trolled by DNA methyltransferases and regulates cellular iden-
tity through the modulation of gene expression®. Healthy cells
are characterized by the absence of DNA methylation at CpG
islands which are short CpG-rich regions present in up to 60%
of human promoters. Otherwise healthy cells show extensive
methylation of gene bodies and repetitive regions*. Dysregu-
lation of the normal methylome is considered as a hallmark of
human cancers*. Altered DNA methylation patterns emerge
early in tumorigenesis”' and can be used as biomarkers for tu-
mor detection, diagnosis, and prognosis***.

DNA methylation array has also been evaluated for use

with AK in some studies™***

. During transition form normal
skin to AK and CSCC, it has been suggested that E-cadherin
promoter hypermethylation might increase™, and a significant
malignant potential of AK was demonstrated by observing AK

methylomes with typical cancer-related features, such as CpG

396

island promoter hypermethylation and hypomethylation of
lamina-associated domains™. Hervas-Marin et al.”” investigat-
ed the DNA methylation profile in patients at different stages
of disease ranging from premalignant AK to low-risk invasive
and high-risk non-metastatic and metastatic CSCC. They
identified a minimal methylation signature that discriminates
between stages and might predict the overall survival of CSCC

patients.

CONCLUSION

As shown in previous studies, AKs have genomic muta-
tions similar to those of CSCC, including those in tumor-
suppressors, oncogenes, and epigenome alterations. However,
the exact pathologic mechanisms in the transitions from
normal skin to AK and from AK to CSCC have not been elu-
cidated. Although there has been enormous development in
the genomic era, including next-generation sequencing, stud-
ies on AK have not been suitable for distinguishing informa-
tion from dyskeratotic cells in AKs, normal keratinocytes, or
CSCC cells. The WES method does not require separation of
normal keratinocytes and atypical keratocytes in AK, which
are limited to the basal or spinous layer depending on stage.
Because atypical keratinocytes compose a small fraction of
the epidermis, their allele frequency is likely to be ignored or
treated as not significant in an analysis of WES data. There-
fore, it is necessary to analyze the genome and transcriptome
of AK in a single-cell unit. Single-cell transcriptome sequenc-
ing is a new technology for high-throughput sequencing
analysis at the level of the single cell and is promising tool for
exploring the heterogeneity and development of skin cancer.
In addition, AK is characterized by many inflammatory
cells infiltrating the dermal layer of the skin, and the type and
role of these inflammatory cells are not yet known. Due to
the nature of AKs, genetic mutations should be identified in a
single nuclear unit, and studies on inflammatory cells in the
dermis are needed. Based on the results of genomic and tran-
scriptomic studies, development of a new drug for AK should

be pursued in the future.
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