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The main carcinogen for keratinocyte skin cancers (KCs) such as basal and squamous cell carcinomas is ultravi-
olet (UV) radiation. There is growing evidence that accumulation of mutations and clonal expansion play a key
role in KC development. The relationship between UV exposure, epidermal mutation load, and KCs remains
unclear. Here, we examined the mutation load in both murine (n = 23) and human (n = 37) epidermal
samples. Epidermal mutations accumulated in a UV dose-dependent manner, and this mutation load correlated
with the KC burden. Epidermal ablation (either mechanical or laser induced), followed by spontaneous healing
from underlying epithelial adnexae reduced the mutation load markedly in both mouse (n = 8) and human (n =
6) clinical trials. In a model of UV-induced basal cell carcinoma, epidermal ablation reduced incident lesions by
>80% (n = 5). Overall, our findings suggest that mutation burden is strongly associated with KC burden and

represents a target to prevent subsequent KCs.

INTRODUCTION
Keratinocyte skin cancers (KCs) are the most common malignancy
(1). The two major types of KCs, basal cell carcinomas (BCCs) and
squamous cell carcinomas (SCCs), originate from the epidermis
and represent a major global health burden. In Australia alone,
there are more than a million interventions annually for KCs
through mostly surgical excision (2, 3). The main environmental
factor driving KC formation is solar ultraviolet (UV) irradiation.
This is also reflected in several key patient-associated risk factors
of KCs such as skin type and age. Red hair, inability to tan, and pro-
pensity to sunburn are key elements determining the risk of skin
cancer at the individual level (4). Similarly, advancing age is
another important factor associated with KC formation (5). The cu-
mulative effect of sun damage is classically thought to result in field
cancerization, where the entire area of the skin exposed to the sun is
susceptible to cancer development. The high burden of the disease
is due to multiplicity of new KCs—more than 50 to 80% of patients
with a history of KCs will develop subsequent KCs (2, 5).

UV exposure is thought to contribute to carcinogenesis through
a variety of mechanisms. It induces mutations directly (6, 7), allows
the expansion of clones through a proliferative stimulus (8), and acts
as an immunosuppressant (9). Recently, multiple studies reported
that normal skin exposed to the sun could harbor mutations com-
monly found in KCs (10-13). This suggests that carcinogenesis
might be a more complex and intricate process, and simple disrup-
tion of genes that are commonly considered as cancer causing may
not be enough to drive KCs. This was replicated in murine studies
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where single oncogenic events were not enough to drive KCs (14).
The accumulation of mutations in the same cell or the occurrence of
the mutation in a specific cell of origin were prerequisites, suggest-
ing that similar mechanisms might be at play in humans (15, 16).

Previous studies have found that mutations accumulate as we age
(17, 18). To date, the link between accumulated mutations and KC
burden has not been explored. It is also unclear whether targeting
epidermal mutational burden is an effective strategy to lower the
risk of KCs. Thus, better understanding of the relationship
between sun exposure, epidermal mutation accumulation, and
cancer risk is essential in an attempt at lowering the KC burden.

In this study, we explored the relationship between mutation
load and clinical characteristics in a cohort of patients and in
mouse models. We also explored an intervention that reduced mu-
tation load in the prevention of skin cancers. We showed that con-
tinuous chronic suberythermal ultraviolet B (UVB) exposure
resulted in increased mutation load. Furthermore, KC burden in pa-
tients was associated with increased epidermal mutation load. Last,
we showed that epidermal ablation resulted in a major reduction in
mutation load with a notable reduction in cancer occurrence
and size.

RESULTS

Chronic suberythemal UV exposure promotes mutation
accumulation over time

UVB is a direct mutagen of DNA, and accumulation of mutation is
thought to be one of the key mechanisms in KC formation. To in-
vestigate whether skin mutations accumulate over time during
chronic UV exposure, C57BL/6 mice were exposed to different du-
ration/doses of suberythermal chronic broadband UVB irradiation
(see irradiation spectrum in Materials and Methods) from baseline
(n=3),3(n=4),6 (n=4),10 (n=4), and 20 (n = 8) weeks. Two-
millimeter-diameter portions of the dorsal epidermis separated
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from the dermis were subjected to deep sequencing targeting 152
genes. We took extreme care to ensure that the panel of 152 genes
was sequenced to saturation. This corresponded to an average cov-
erage of 2625x (421 to 28,680) per gene (fig. S1, A and B). Somatic
mutations were called and filtered using six syngeneic liver DNA. A
total of 585 somatic mutations were identified in 23 samples with
most of them being single-nucleotide variants (SNVs) (fig. S1C).
We ensured that sequencing was performed at a depth to detect
many mutations with a variant allele frequency (VAF) of >0.001
(fig. S1D). There was an average of 0.99 mutations/Mb in the unex-
posed group, 11.6 mutations/Mb in the 3-week samples, and 9.3
mutations/Mb in the 6-week samples. Epidermal mutation load in-
creased substantially to 57.8 mutations/Mb at 10 weeks and 69.4
mutations/Mb at 20 weeks of UV exposure (Fig. 1A, left). This sup-
ports a near linear (r = 0.73, P < 0.0001, Spearman correlation) re-
lationship between cumulative exposure time and mutation load in
murine dorsal skin (Fig. 1A, right). We examined the mutational
signature in the 23 samples combined and identified UV exposure
signature single base substitution (SBS7b) (Fig. 1B) (19). Overall,
these findings highlighted the accumulation of mutations in the epi-
dermis secondary to cumulative UV exposure.

Skin mutational load in patients is not reflected by age
Previous studies have reported the presence of mutations in
normal-looking skin, and some association with age of participants
has been established (13). To assess the link between exposure, risk
of skin cancer, and epidermal mutation load, we conducted an anal-
ysis on 37 individual participants. Each participant was assessed for
their demographic data and their Fitzpatrick skin phototype (com-
bining their skin, hair and eye color, and ability to tan). For consis-
tency in a limited sample of the population, only patients with skin
phototypes I and II were recruited. This corresponded to Cauca-
sians with pale skin, green or blue eyes, red or blonde hair, freckles,
and no ability (type I) or minimal ability (type II) to tan. A 2-mm
punch biopsy was collected from the left dorsal forearm, a chroni-
cally sun-exposed area. Matching saliva samples of each individual
were used as controls to filter out germline variants. The mean age
of the 37 individuals was 69 (range, 49 to 83). Twenty-five were
male, and 23 had skin phototype I. Similar to the murine
samples, targeted sequencing of 352 genes was performed on the
epidermal preparation of each sample. On average, the skin
samples coverage reached 1261x for each participant, and each
gene was sequenced to a depth of 1718x (fig. S2, A and B). Most
variants were SNV (fig. S2C). We ensured that sequencing was per-
formed at a depth to detect many mutations with VAF of >0.001
(fig. S2D). This ensured that all epidermal clones within the 2-
mm samples were sequenced to allow the identification of most
of the mutations.

A total of 12,939 mutations were identified across the 37 individ-
ual samples, upon comparison to germline sequences of the same
participant. Overall, across the 37 samples, a mutational burden of
88.3 mutations/Mb (8 to 151.5 mutations/Mb) was uncovered on
the normal-looking (defined as skin with some degree of sun
damage but no sign of tumor or precancerous lesion) dorsal
forearm of these individuals living in a high-incidence region of
the world. Expectedly, the specific mutational spectrum closely re-
sembled COSMIC mutational signature SBS7b (cosine similarity
0.953) (19), which is linked to UV exposure (Fig. 1C). This clearly
suggested the role of UV exposure in driving mutation
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accumulation in normal-looking skin. In sensitivity analysis, we
also calculated the mutation burden per cell (10) to provide a
more stringent method of accounting for mutations with low
allele frequency. Of importance, mutation burden and mutation
burden per cell were strongly correlated (r = 0.65, P < 0.0001, Spear-
man correlation) (fig. S3). When grouping participants by skin type,
no difference was observed in mutation load between participants
with a type I versus a type II skin phototype (Fig. 1D). The groups
differed significantly when CC > TT mutations that are highly spe-
cific consequences of UV exposure were examined (3.5 versus 2.4, P
= 0.046, Mann-Whitney test) (Fig. 1E). However, despite a trend,
this was not reproduced when examining the average mutation
per cell in both groups (fig. S4, A and B). We next considered age
as a proxy for duration of sun exposure. There was no correlation
between age and the mutation load (r = —0.015, P = 0.9308, Spear-
man correlation) (Fig. 1F and fig. S4C). Overall, our murine find-
ings suggest that there is a linear accumulation of UV-induced
mutations with time; however, in patients, lighter skin types were
more prone to display CC > TT UV-induced mutations.

Mutant clones of keratinocyte increase in size over time
Previous studies have reported that clones of mutant cells and
normal epithelial cells tend to increase in size over time (20, 21).
Using the VAF in a standard 2-mm sample of the epidermis as a
proxy for clone size, we examined the evolution of clone size over
time in both murine and human samples. On the basis of previous
reports of the number of basal keratinocytes in humans in the basal
layer of the forearm skin (22) in a 2-mm punch biopsy, between
38,079 and 47,100 basal keratinocytes could be expected. Assuming
that the distribution of clones resembles epidermal proliferative
units of around 10 basal keratinocytes, a maximum of 3808 to
4710 clones were subjected to sequencing. Many groups have
shown that epidermal clones are larger than what epidermal prolif-
eration units predicted (23-25). Therefore, a mutation with a
neutral effect would be expected at a minimum VAF of 0.0001 to
0.00013 [10/(38079 x 2)]. Given the smaller size of murine kerati-
nocytes, one would expect a smaller VAF in individual clones in the
absence of any other interfering factors. In our murine samples, the
distribution of VAF for each mutation ranged from 0.0017 to 0.092
with an average of 0.011 (Fig. 2A). The average VAF of all mutations
per sample increased over time (P = 0.001, Spearman correlation)
(Fig. 2A). The average VAF in the nonexposed group was 0.0030. At
3 weeks, mutations had a mean VAF of 0.0037; at 6 weeks, 0.0059;
and reached 0.014 and 0.012 at 10 and 20 weeks, corresponding to a
fourfold increase compared to the unexposed group (Fig. 2A). Sim-
ilarly, in human samples, the average VAF increased with age. The
average VAF for all detected mutations was 0.044 and ranged from
0.0016 to 0.63 (Fig. 2B). When comparing individuals older than 70
to those who were younger, there was a significant increase in the
VAF with age (0.032 versus 0.049, respectively, P = 0.014, Mann-
Whitney test) (Fig. 2B). This was due in large part to more muta-
tions with VAF > 0.1 in those older than 70 (fig. S5). These results
showed that the clonal representation was substantially larger than
predicted by the theoretical number of clones. This prompted us to
examine the potential role of specific variants that would drive the
observed increase in clone size.
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Fig. 1. Skin mutation load reflects ultraviolet (UV) exposure. (A) Left: Mutation load of chronic ultraviolet B (UVB)-irradiated mice. Right: Spearman correlation of
mutation load and cumulative UV exposure. Red line indicates relationship of the correlation. Baseline (n = 3), 3 (n = 4), 6 (n = 4), 10 (n = 4), and 20 (n = 8) weeks. (B)
Trinucleotide spectrum for single base substitution (SBS) of all murine samples. (C) Trinucleotide spectrum for SBS of patient cohort. (D) Mutation load in patients with
skin phototype | (n = 23) and Il (n = 14). (E) CC > TT mutation load in patients with skin phototype | (n = 23) and Il (n = 14). Each data point represents each individual.
Mann-Whitney test. (F) Correlation between patient age and mutation load (Spearman correlation). Mb, megabase; ns, not significant. ns P > 0.05 and *P < 0.05.
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Fig. 2. Clone size expands over time. (A) Chronic exposed murine samples. Distribution of variant allele frequency (VAF) size (left). Spearman correlation of the ultra-
violet (UV) dose/duration and mean VAF of each sample (right). Red line represents trend line of the correlation. (B) Patient cohort. Distribution of VAF size (left). Spearman
correlation of age and mean VAF of each individual (middle). Red line represents trend line of the correlation. Distribution of mean VAF when grouping patient younger (n
=19) or older (n = 18) than 70 years old (right). Each dot represents each patient. Mann-Whitney test. *P < 0.05.

Mutations in specific genes allow clone size expansion

We examined murine and human samples for recurrent mutations
(Fig. 3, A and B). Across human samples, NOTCHI, FAT1, TP53,
KMT2D, and NOTCH2 were the most frequently mutated genes
(Fig. 3B). Similarly, in murine samples, Trp53 and Notchl could
be identified most frequently among a more diverse group of
mutated genes (Fig. 3A). To evaluate the impact of each gene in
driving clone size more directly, we examined the ratio between
silent (synonymous) and nonsynonymous mutations of the gene
that would potentially affect its product function ratio of nonsynon-
ymous to synonymous substitutions (dNdS). In murine samples,
the only gene with a significant alteration between the synonymous
and nonsynonymous variants was Trp53 (qglobal_cv = 0.0076;
Fig. 3C). In human samples, eight driver genes (TP53, NOTCHI,
NOTCH2, PPM1D, FAT1, ASXL1, CHEK2, and MGA) were identi-
fied using the dNdS analysis (Fig. 3D). TP53, NOTCHI, NOTCH?2,
PPMID, and FAT1 were the leading candidates. Each of these genes
harbored a variety of mutation types of nonsynonymous nature
with indels and nonsense mutations being the most frequent
types. We further showed a significant increase in the average
VAF of nonsynonymous versus synonymous mutations for these
genes suggesting their role as drivers of clone size (P = 0.0156, Wil-
coxon; Fig. 3E).

Mutation load is associated with risk of keratinocyte cancer
Despite the widespread presence of mutations in normal-looking
skin, there has been uncertainty whether their presence or their
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load is meaningful in the development of KCs. To address this ques-
tion, we conducted a case-control study among the 37 participants
described above. We matched patients with a high burden of KCs
(>10 KCs in the past 5 years) to those with a low burden (<3 KCs in
the past 5 years). The 15 pairs of cases and controls were matched
for age (&5 years) and sex. Comparing the mutation load in the
normal-looking dorsal forearm skin of these individuals, we
showed that those with a high KC burden had an elevated mutation
load (109.6 versus 74.75, P = 0.0148, Mann-Whitney test) (Fig. 4A).
This difference held true when only CC > TT mutations were con-
sidered (P = 0.0281, Mann-Whitney test) (Fig. 4B). Using mutation-
al burden per cell, we observed similar trends for both comparisons
(fig. S6, A and B). We then wondered whether mutation load was
associated with cancer burden. The number of KCs in the past 5
years in each patient was counted. There was a positive correlation
between the mutation load and the number of KCs (P = 0.003, r =
0.5234, Spearman correlation) (Fig. 4C). This was further validated
by examining mutational burden per cell (P = 0.031, r = 0.40;
tig. S6C).

Furthermore, we asked whether VAF reflecting mutant clone
size was associated with the KC risk. The mean VAF of all variants
in each sample was compared between both groups. No difference
was identified between the VAF as a proxy for clone size in the low-
and high-risk group (P = 0.87, Mann-Whitney test; Fig. 4D). Last,
when looking at the specific driver mutations described above, there
was no difference in the VAF of the nonsynonymous mutations
between the cases or controls (Fig. 4E).
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Fig. 3. Driver mutations in sun exposed skin. (A and B) Waterfall plot of chronic ultraviolet (UV)—exposed murine samples (A) and patient cohort (B). Top shows
mutation count of each sample. Right shows the percentage of samples with mutation in specific gene. (C and D) dNdS for missense, nonsense, and splicing as well
as indels for genes under significant positive selection (global g < 0.01) in the chronic UV-exposed murine samples (C) and patient cohort (D). (E) Mean variant allele
frequency (VAF) of nonsynonymous and synonymous mutations in each of the eight positive selected genes. Each dot represents each gene. Wilcoxon test. *P < 0.05.
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Fig. 4. Mutation load is associated with risk of keratinocyte cancer. (A and B)
Mutation load (A) and CC > TT mutation load (B) in patient with low (n = 15) or high
(n = 15) keratinocyte cancer burden. Mann-Whitney test. (C) Spearman correlation
of mutation load and the number of keratinocyte cancers in the past 5 years. (D)
Mean variant allele frequency (VAF) in patient with low or high keratinocyte cancer
burden. Mann-Whitney test. (E) Mean VAF of each of the eight positive selected
genes in low or high keratinocyte cancer burden patients. Each dot represents
each individual. Mann-Whitney test. ns P > 0.05 and *P < 0.05.

Overall, our findings established an association between muta-
tion load and KC burden. We therefore examined whether reducing
this mutation load would reduce the burden of KCs.

Epidermal abrasion recruits cells from hair follicles
replicating wound healing

As KC risk is associated with the skin mutation load, we reasoned
that a procedure that lowers the epidermal mutation burden may be
able to reduce KC occurrence. During wound healing, the hair fol-
licle stem cells’ progeny migrates to the surface epidermis to repair
the interfollicular epidermis (IFE) (26). Furthermore, it has been
shown that mutation load gradually decreases from epidermis
down to the bottom of the hair follicles (11). Therefore, we won-
dered whether dermabrasion, a technique that ablates the IFE, can
induce a wound healing response to recruit cells from the deeper
part of the hair follicles without resulting in substantial scarring.
Hence, the procedure would allow replacement of the ablated,

Wong et al., Sci. Adv. 9, eadf2384 (2023) 10 May 2023

mutation-bearing epidermis with less UV-damaged hair-derived
epidermal cells.

To test this idea, a multicolor lineage tracing Skinbow murine
model (K14ERTCre x CAGSBOW) was used (23). Upon tamoxi-
fen-induced Cre recombinase activation, keratin 14—expressing
cells will adopt one of the six possible colors (23). Keratin 14 is ex-
pressed in the basal layer of epidermis and the hair follicles.
Skinbow mice were injected with tamoxifen, and half of their
dorsal epidermis was ablated on the next day using dermabrasion
(Fig. 5A). We ensured that the dermabrasion technique removed
the entire epidermis but did not affect the hair follicles nor
induce fibrosis (Fig. 5A and fig. S7). Upon healing, dermabrased
skin recovered all structure and components of normal skin. Immu-
nofluorescence for keratin 14 and keratin 10 showed a similar
pattern suggesting full reconstitution of the epidermis with
proper differentiation (fig. S7). Last, trichrome or Sirius red staining
did not demonstrate any increased level of fibrosis in the dermab-
rased area (fig. S7). Moreover, after dermabrasion, the entire treated
area did not display any scars and was still harboring hair follicles
suggesting their integrity (Fig. 5A and fig. S7). Skin samples from
both dermabrased and non-dermabrased areas of Skinbow mice
were collected 7 days after the procedure for confocal imaging. As
expected, in the non-dermabrased skin area, groups of epidermal
cells displaying the same color were either in the hair follicle or in
the epidermis, suggesting that there were no clones from the hair
follicles overlapping an area of the IFE. In contrast, in the dermab-
rased area, we found multiple clones overlapping the hair follicles
and the skin surface, suggesting that hair follicle cells had in part
restored the IFE that was initially ablated (Fig. 5B).

Epidermal ablation reduces mutation load and clone size
We next investigated whether epidermal dermabrasion could
reduce skin mutation load. C57BL/6 wild-type mice were exposed
to a total of 20 weeks of chronic suberythermal UVB irradiation.
The lower half of the dorsal epidermis was dermabrased after the
first 10 weeks of UVB irradiation, whereas the upper half of the
dorsal epidermis was left intact. At 20 weeks, animals were sacri-
ficed, and the upper and lower portions of the back were sampled
for targeted deep sequencing as described above. Notably, the
average mutation load markedly reduced from 69.4 mutations/Mb
in the non-dermabrased control area to 29.1 mutations/Mb in the
dermabrased area (P = 0.1562, Wilcoxon) (Fig. 5C). This reduction
was observed in six of eight mice, and only in two mice an increase
in mutation load was observed. This was further confirmed when
examining mutation burden per cell (P = 0.12; fig. S8). Furthermore,
the average estimated VAF reflecting clone size reduced from 0.012
in the control non-dermabrased area to 0.0072 in the dermabrased
area (P = 0.023, Wilcoxon) (Fig. 5C). More specifically, upon der-
mabrasion, there was also a reduction in oncogenic mutations in
genes such as Trp53, Notchl, Kras, or Patchl (tig. S9). Fewer onco-
genic mutations in these genes could be identified, and when they
were present, the VAF of these mutations tended to be in average
lower (fig. S10, A to D).

Laser ablation in patients reduces mutation load

To test the translational value of this procedure in reducing skin
mutations in a clinical setting, we conducted a pilot clinical trial
comparing the effectiveness of different epidermal ablative proce-
dures versus control in reducing mutation load. Patients with a
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images of skin sections from non-dermabrased and dermabrased areas were counterstained with 4',6-diamidino-2-phenylindole (DAPI). White arrows indicate the clones
overlapping between the hair follicle and skin surface (n = 3). Scale bars, 50 um. (C) Mutation load (left) and VAF (right) in non-dermabrased and dermabrased skin (n = 8).
Wilcoxon test. ns P > 0.05 and *P < 0.05.
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history of multiple epidermal cancers were subjected to epidermal
ablation on 2 cm—by-2 cm areas of their dorsal forearms with three
different modalities of Erbium Yag laser (600-um-depth full abla-
tion, 400-um full ablation, and fractional 15% 200 J/ cm?) versus a
control area that was left untouched (Fig. 6A). Five weeks after the
procedure, the participant’s skin was biopsied (2-mm punch), and
the epidermis was recovered for sequencing. Deep targeted DNA
sequencing of 152 cancer-related genes revealed 97.4mutations/
Mb in the nonablated control epidermis compared to 27.7 muta-
tions/Mb in 600 um (n = 6), 34.6 mutation/Mb in 400 pm (n =

A
Day 0

6), and 19.8 mutations/Mb in fractional laser (n = 4) ablated and
regenerated epidermis (Fig. 6B). The difference between the
control area was significant for the 600-um laser ablation group
(P = 0.0312, Wilcoxon), suggesting that all modalities of ablation
resulted in a lower epidermal mutation load with the deeper
module 600 um reaching significance (similar trend with mutation-
al burden per cell; fig. S11). There was no difference in the VAF in
each treatment group compared to control (Fig. 6C). Together,
these results suggest that epidermal ablation can effectively reduce
skin mutational burden. Similar to our observation in mice, the
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Fig. 6. Laser ablation reduces mutation load in patients with high keratinocyte cancer burden. (A) Representative images of the forearm that was treated with three
different laser setting or modalities. (B and C) Mutation load (B) and variant allele frequency (VAF) (C) of control skin and the skin 5 weeks after either fractionated (n = 4),
400-um (n = 6), or 600-um laser treatment (n = 6). Wilcoxon test. ns P > 0.05 and *P < 0.05.
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reduction in mutational burden also affected our ability to detect
oncogenic mutations in TP53, PTCHI, and SUFU, especially at
600 pm, and in fractional laser modalities (fig. S12). NOTCHI mu-
tations did not seem to reduce in numbers. However, all oncogenic
mutations, even when identified, tended to have lower VAFs after
600-pm ablative laser treatment (nonsignificant; fig. S13, A to D).

Epidermal ablation lowers the number and size of cancers
in a murine model of UV-induced BCC

As skin mutation load was reduced after epidermal ablation and in
murine models there seemed to be a reduction in clone size as re-
flected by VAF, we next wondered whether this procedure could
reduce cancer burden. We used a mouse model of UV-induced
BCCs (K14ERTCre x Ptch'/lox injected with tamoxifen) where a
single copy of the Ptchl gene is genetically ablated before UV irra-
diation to trigger the loss of the second copy. This is a well-estab-
lished model of carcinogenesis based on a single pathway offering
more consistent time courses than other models of UV-induced
SCCs. Using this model, we performed the same dermabrasion ex-
periment to examine the effect. The dorsal skin was UVB-irradiated
for 10 weeks. The lower half of the dorsal epidermis was dermab-
rased and allowed to heal before further irradiation for another 10
weeks. At the term of the experiment, the dermabrased and control
areas were recovered, and whole-mount immunostaining of the IFE
with keratin 17 (K17) was used as an indicator of hedgehog activa-
tion in the IFE for early developing BCC lesions (called here pre-
BCC lesions) (Fig. 7A) (8). Compared to the non-dermabrased
site, dermabrasion reduced the number of K17" pre-BCC lesions
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Fig. 7. Epidermal abrasion lowers the numbers and size of basal cell carcino-
ma (BCC) precursors. (A) Representative images of keratin 17 (K17) staining on
whole-mount dorsal skin. Counterstained with 4',6-diamidino-2-phenylindole
(DAPI). (B) Quantification of the number of K17 patches in non-dermabrased
and dermabrased skin (n = 5). Each dot represents an average number of
patches from three images from each mouse. Mann-Whitney test. (C) Quantifica-
tion of the size of K17 patches in non-dermabrased and dermabrased skin. Each
dot represents a K17 patch. Mann-Whitney test. **P < 0.01 and ***P < 0.001.

Wong et al., Sci. Adv. 9, eadf2384 (2023) 10 May 2023

by fivefold (0.35 versus 0.06 pre-BCCs per mm?®, P = 0.0079
Mann-Whitney) (Fig. 7B). There was also a significant reduction
in the size of K17" patches in the dermabrased site (15 versus 2.5
cells per BCC, P = 0.0006, Mann-Whitney) (Fig. 7C). These
results suggest that epidermal ablation results in a reduction of
cancer burden and size by lowering the skin mutation load.

DISCUSSION

It has become evident that normal skin that has been exposed to the
sun carries mutations. This implies that accumulation of mutations
might play an important role in skin field cancerization. By se-
quencing chronically sun-exposed epidermis from normal-
looking forearm skin, we showed that both mutation load and
allele frequency of individual mutations reflecting clone size in-
creased in a near linear manner with cumulative UV exposure.
We also showed that skin mutation load was associated with KC
burden and correlated with the number of KCs, possibly reflecting
one's sun damage and KC risk. Epidermal mutation load could be
reset to levels observed with lower UV exposure through ablation
techniques such as dermabrasion or laser ablation and significantly
reduced K17" pre-BCC lesions in a mouse model of UV induced
BCCs, which further reaffirmed the link between epidermal muta-
tion load and KC burden.

Multiple studies have consistently found mutations in normal-
looking skin, with a special focus on the same cancer-related
genes (TP53, NOTCHI, and FAT1I) that was previously identified
by Martincorena et al. (10) with various mutation burden. The
normal skin mutation load estimated by the current literature
ranges from 3 to 132 mutations/Mb (10-13). The variation may
be due to the different body site, punch size, the targeted panel of
genes, and the choice of variant caller. Fowler et al. (11) showed that
mutation load varied across five different body sites tested. The
highest mutation load ~20 mutations/Mb was found on the
forearm skin compared to that from the abdomen, head, leg, or
trunk (I11). In our study, we also focused on the forearm as a com-
monly sun-exposed site. There is no standardized panel for muta-
tion load estimation. The panel in previous studies ranged between
0.0055 and 0.67 Mb and targeted 12 to 74 of the most commonly
mutated genes in the skin (10-13). However, it has been shown
that a panel of at least 1.1 Mb is required to estimate mutation
load accurately especially for samples with 0 to 30 mutations/Mb
(27, 28). Furthermore, the choice of variant calling tool and the
use of blood, saliva, or dermal controls to filter germline variants
also varied between studies. Although these studies gave important
insight into skin mutation burden, they focused on smaller cohorts
to demonstrate variability of mutation load within an individual,
using panel size of up to 0.67 Mb that may affect reproducibility
of mutation load estimation. To overcome some of these challenges,
we used a panel of 3.96 Mb targeting 352 genes in the present study.
A cohort of 37 individuals including a case-control series with
matched age and sex was recruited in an attempt to eliminate the
potential contributing factors to mutation burden. Saliva was also
collected from everyone to filter germline variants to identify
somatic variants more accurately.

Consistent with previous studies, TP53, NOTCHI1, NOTCH2,
and FATI were among the most mutated genes in our samples. In
our cohort, an average of 88.3 mutations/Mb was identified in the
normal skin compared to 20 mutations/Mb previously found in the
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forearm skin (11). The higher mutation load found in our study is
likely due to the fact that we examined patients with skin cancers
and that Australia, particularly Brisbane, has a two to four times
higher level of UV irradiation compared to European countries
and the United Kingdom where most of the aforementioned
studies were carried out (29). In agreement with previous studies,
we found that the VAF reflecting clone size in a standardized
sample increased with the amount of UV exposure in mice or
with age in patients. This may reflect the promotional effect of
UV irradiation. It has been shown that some normal and mutated
epidermal clones increase in size upon chronic UVB irradiation,
and once the irradiation stops, these clones can regress in size (8,
30). In addition to the already identified driver genes (TP53,
NOTCHI, NOTCH2, and FATI), we found four driver genes
(PPM1D, ASXLI1, CHEK2, and MGA) that have not been reported
before in this context. Notably, PPM1D and CHEK?2 are involved in
cell cycle regulation upon environmental stress through TP53 (31,
32). Of interest, the number of oncogenic driver genes and their
VAF tended to be lower after epidermal ablative procedures.

Individuals with previous KCs are at high risk of developing
multiple subsequent cancers in the field of sun exposure (2, 5).
To reduce cancer burden, we tested a minimally invasive technique
that removed the surface epidermis to reduce mutation load and
cancer occurrence. We also showed that epidermal ablation pro-
moted the contribution from deeper hair follicle cells to the
surface epidermis. The lower mutation load after ablation supports
the previous finding that cells deeper in the skin are better protected
from UV irradiation and harbor fewer mutations (11). However, the
reduced mutation burden and mutation burden per cell shown in
our study could result also from a strong reduction in the size of
mutant clones, making them undetectable within the sequencing
depth of our study. Alternative possibilities also exist to explain
the reduction in mutation load. It has been shown that fractional
laser resurfacing reduced the size of p53 clones (33). Consistent
with our finding of fewer BCCs after dermabrasion, a previous
study has found that the number of KCs reduced from 24 on the
control arm to 2 on the single laser—treated arm (34). Although
our model addressed BCC carcinogenesis for simplicity, it is expect-
ed that addressing chronic sun damage may have more profound
effects on SCCs and actinic keratoses given the stronger epidemio-
logical link. In xeroderma pigmentosum, a genetic disease related to
defective DNA repair in response to UV exposure, dermabrasion of
the epidermis has been reported to protect from SCCs (35, 36).
Overall, these findings strongly support the reduction of the muta-
tion load as a potential mechanism for the effect of epidermal abla-
tion on skin cancer occurrence.

In summary, our study sheds light on the association between
mutation load and field cancerization and establishes epidermal
mutation load as a potential target for therapy and indicator of
risk. The findings in this study give insights into establishing a
threshold in particular CC > TT mutation load to estimate cancer
risk more objectively, opening avenues to guide and better evaluate
future treatments of field cancerization.

MATERIALS AND METHODS

Study design

The objective of this study was to investigate the association of epi-
dermal mutation load that can be used with KC burden and if it can
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be a target. For risk prediction cohort, patients aged 45 years or
older with skin phototypes I and II were recruited during scheduled
visits to the Dermatology Outpatients Department of the Princess
Alexandra Hospital (PAH), Brisbane. Informed consent was ob-
tained after the nature and possible consequences of the studies
were explained. This project was approved by the Metro South
Human Research Ethics Committee (HREC/17/QPAH/823).
High-risk patients defined as >10 KCs in the past 5 years and low
risk as <3 KCs in the past 5 years. Patients were excluded if they were
on immunosuppressive therapy; if they had used field therapy such
as topical fluorouracil, photodynamic therapy, ingenol or imiqui-
mod on the areas considered for biopsy in the past 6 months; if
they had an active bloodborne disease (e.g., HIV); or if they had a
hereditary genetic condition favoring skin cancer formation. The
use of nicotinamide or oral retinoids was permitted. A 2-mm-diam-
eter biopsy was collected from an area devoid of skin cancer on the
left dorsal forearms. Saliva samples were collected from everyone to
remove germline mutations in the downstream analysis. The
primary outcome was the difference in mutation load between
high- and low-risk patients. A higher mutation burden was expect-
ed in high-risk patients.

For the epidermal ablation trial (a single-arm, open-label, pilot
trial, registered as ACTRN12618001513202), high-risk patients
were recruited during scheduled visits to the Dermatology Outpa-
tients Department of the PAH, Brisbane. Inclusion criteria for the
definition of high risk were the same as that in the risk prediction
cohort. Eligible individuals were provided with project details as
well as the potential risks and benefits of the procedure. Upon
written informed consent, high-risk patients were subjected to a
single session of epidermal ablation on 2 cm—by-2 cm areas of
their dorsal forearms with three different modalities of Erbium
Yag laser (600-pum depth full ablation, 400-um full ablation, and
fractional 15% 200 J/cm?) versus a control area that was left untreat-
ed. Five weeks after the procedure, a 2-mm-diameter biopsy was
collected from each of the four areas on the dorsal forearms and
matching saliva samples used to remove germline mutations in
the downstream analysis. This project was approved by the Metro
South Human Research Ethics Committee (HREC/17/QPAH/823).

Tamoxifen induction and UVB irradiation

For K14CreERT x Ptch*/lox mice, P24 mice were injected with 1
mg of tamoxifen intraperitoneally for five consecutive days to
allow the activation of the Cre recombinase and the deletion of
one allele of the Ptchl gene (8, 37). Care of experimental animals
was in accordance with institutional guidelines.

For UV treatment, six UVB broadband lamps (referred as UVB
lamps) were used (TL 40W/12 RS SLV, Philips) as described previ-
ously by Roy et al. (8). The UV spectral emission of the setup can be
found in fig. S14. The dorsal hair was shaved using a hair clipper.
Mice were exposed to suberythemal dose of UVB (0.8 kJ/m?/min)
three times a week for 0.5 min initially and then increased by 0.5
min every 2 weeks. Mice were either not exposed to UVB or they
were exposed to 3, 6, 10, or 20 weeks of UVB irradiation. For
K14CreERT x Ptch*/lox mice, triweekly UVB irradiation com-
menced 2 days after the last dose of tamoxifen injection as described
above (8, 37).
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Dermabrasion on murine dorsal skin

Dermabrasion was performed 2 days after the last UVB irradiation
at 10 weeks. The day before dermabrasion, the shaved dorsal area
was treated with Veet cream to remove the remaining hair from
the skin surface. On the next day, the lower half of the back was der-
mabrased using a Scholl Velvet Smooth Electronic Foot Care System
until the skin appeared shinny and red. Mice were then allowed to
heal. After healing (~4 weeks), mice were subjected to 10 more
weeks of UVB irradiation. Samples were collected 48 hours after
the last UVB exposure. Tissue was fixed in 4% paraformaldehyde/
phosphate-buffered saline (PBS) solution for 2 hours and trans-
ferred to 30% sucrose solution for storage.

Whole-mount immunofluorescence staining of K17

Whole-mount staining of K17 was completed as previously de-
scribed (8). Briefly, whole-mount back-skin samples were permea-
bilized and blocked at 4°C overnight for 24 hours with 1x (PBS) +
0.5% Triton X-100, 2% bovine serum albumin and 20% normal goat
serum (NGS), 1% dimethyl sulfoxide, and 100 mM maleic acid (pH
at 7.5) before incubation with 1:50 (stock: 0.059 mg/ml) rabbit anti-
K17 (ab109725, Abcam, Cambridge, UK) diluted in the blocking
solution without NGS and left at 4°C for 24 hours. A secondary an-
tibody conjugated with Alexa Fluor 647 (Invitrogen) was incubated
at a 1:500 (stock: 2 pug/ml) dilution in blocking solution without
serum, for 24 hours at 4°C. Nuclei were revealed using a 4',6-diami-
dino-2-phenylindole (DAPI) counterstain at 0.2 pg/ml overnight at
4°C. Tissue was cleared in RapiClear for 3 to 6 hours (SunJin Lab
Co., Taiwan). Samples were then mounted with fluorescent mount-
ing media (Dako, Glostrup, Denmark) on single concave micro-
scope slides (Sail Brand, China). All experiments were approved
by the Animal Ethics Committee at the University of Queensland.

Epidermal DNA extraction for sequencing

Samples were snap-frozen for DNA sequencing. To extract epider-
mal DNA, the hypodermis was scrapped off using a scalpel. Skin
was placed floating on deoxyribonuclease- and ribonuclease-free
5 mM EDTA solution with only the dermis in contact with the sol-
ution. After overnight incubation at 4°C, the epidermis was peeled
from the dermis using sterile forceps. DNA was extracted from a 2-
mm (diameter) epidermis using the Qiagen QIAamp DNA Micro
Kit (560354) according to the manufacturer’s protocol. DNA was
stored at —80°C until sequencing.

Library preparation and variant calling

The Sureselect ClearSeq Cancer Comprehensive panel (0.78 Mb)
that targets 152 genes was used for the laser ablation trial. The
same 152 genes were targeted in the mouse samples (tables S1
and S2). For the samples in the risk prediction trial, the Agilent
SureSelect Community Design Glasglow Cancer plus panel (3.96
Mb) targeting 352 genes was used (tables S1 and S3). Input DNA
was between 50 and 100 ng. Libraries were generated as per the
manufacturer’s protocol and were sequenced in NovaSeq 6000 2
x 100 bp. The raw reads were trimmed using Agilent AGeNT
trimmer v2.0.3 and fastp v0.23 (38). The resulting reads were
aligned to GRCm38p6 (mml10) or GRCh38 (hgl9) reference
genome with BWA v0.7.17 (39). Duplicates were marked using
Agilent Locatit. After removing the duplicates, indel realignment
and base quality score recalibration were performed. Mutect2
GATK 4.1.9 was used to call variants (40). Variants were filtered
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using six liver samples for mouse samples, or they were filtered
using matching saliva samples for human samples. Variants were
annotated with Snpeff v5.0 (41). Dbsnp was annotated using
Snpsift (41). Maftools was used for mutation signature analysis
(42). Driver gene analysis was performed using dNdScv (43).

Statistical analysis

All analysis and graph construction were performed in Prism
version 9. Briefly, the Mann-Whitney test was used to compare
two independent groups, and the Wilcoxon test was used to
compare two dependent groups. Spearman correlation was used
to indicate the relationships between groups. Details of the statistical
tests used are stated in the figure legends and in-text. A P value of
<0.05 was considered significant.

Down-sampling analysis

Saturation analysis was performed by subsampling the reads with
Picard DownsampleSam (40) to 0.1, 0.2, 0.5, 0.7, and 0.9 of the orig-
inal number of reads, and the variant calling analysis was performed
as described above.

Estimation of mutation load and mutation burden per cell
Mutation load was calculated by the number of mutations divided
by the panel size. The average mutation burden per cell for a given
sample was estimated using the following equation as previously de-
scribed (10). Where Ly, is the number of megabases sequenced
with good coverage (>1000x). Per-base coverage was estimated
using mosdepth (44). Samples with a good coverage region less
than 1 Mb were excluded in the mutation burden per cell analysis
for dermabrasion and laser ablation group.

2°Y" (VAE)) /Ly
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This PDF file includes:

Figs. S1 to S14

Table S1 to S3
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