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ARTICLE INFO ABSTRACT

Exposure to ultraviolet B (UVB) irradiation results in multitude of cellular responses including generation of
reactive oxygen species and DNA damage and is responsible for non-melanoma skin cancers (NMSCs). Although
genetic mutation is well documented, the epi-mutation, the alteration in epigenetics, remains elusive. In this
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Epigenetiﬁsl ) study, we utilized CpG Methyl-seq to identify a genome-wide DNA CpG methylation, to profile the DNA me-
gﬁ:gft ylation thylation in UVB-irradiated SKH-1 mouse skin epidermis and non-melanoma skin papillomas at various stages.
Mer_hyl-(s]eq Methyl-seq and RNA-seq were performed to examine the methylation and corresponding transcriptome altera-

tions. The methylation profiles in mouse epidermis were altered by UVB-irradiation as time progresses. Ingenuity
Pathways Analysis (IPA) identified many cancer related pathways including PTEN, p53, Nrf2 and inflammatory
signaling in UVB-irradiation induced carcinogenesis. Additionally, some novel genes involved in skin carcino-
genesis that were not previously reported were differentially methylated, including Enf2, Mgst2, Vegfa, and
Cdk4. Taken together, the current study provides novel profiles and insights of methylation and transcriptomic
changes at different stages of carcinogenesis in UVB-irradiation induced NMSC and offers potential targets for
prevention and treatment of NMSC at different stages of human skin cancer.

1. Introduction

Exposure to ultraviolet B (UVB) is one of the major causative factors
for non-melanoma skin cancers (NMSCs). Long-term exposure to UVB
radiation induces inflammation, oxidative stress, DNA mutation, and
damage, which are involved in initiation, promotion and progression of
NMSCs [1]. The early UV-exposure induces inflammatory responses
with the increased blood flow, vascular permeability, expression of
cyclooxygenases-2 (COX-2), and production of prostaglandin (PG) me-
tabolites [2]. UVB-induced inflammation is an important event in all
three stages of NMSCs [2], showing the importance of controlling the
UVB-induced inflammation for prevention of skin cancers.

For many years cancer research has focused on genetic alterations in
carcinogenesis, but during the last decade epigenetic deregulation has
been increasingly recognized as a hallmark of cancer [3-7]. Epigenomic
alterations, including DNA methylation, histone modifications and

miRNAs, are now well associated with cancer development and could
become useful biomarkers and novel targets for prevention or treat-
ment. DNA methylation can be altered by environmental influences and
provides a mechanism to affect the phenotypes in skin aging and car-
cinogenesis [8]. Currently, there are a few approaches commonly used
with the next-generation sequencing (NGS) platforms to profile the
genome-wide DNA methylation. We have previously applied protein-
affinity enrichment of methylated regions in two selected re-
presentative carcinogenesis models [9]. This method reports the
varying enrichment CpG density but would not provide the base-pair
resolution of methylated cytosines [10,11]. An unbiased method to
detect methylated CpG sites at base-pair resolution is the whole genome
bisulfite sequencing. However, only 70%-80% of the sequenced reads
provide useful DNA methylation information [12], and a more cost-
effective method is to detect the methylation at base-pair resolution
without bias of CpG dense and poor regions for the genome-wide DNA
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methylation. Our current study describes the application of Methyl-seq
for the mouse methylome and it reliably detects the DNA methylation
in different stages of skin carcinogenesis. This study will provide in-
sights in the understanding of the alterations of the genome-wide DNA
methylation signatures in UVB-induced skin carcinogenesis mouse
model.

In this study, we used UVB-induced skin cancer mouse models to
examine the transcriptomic and epigenomic changes during different
stages of skin cancer from imitation, promotion, to later progression.
The results from the study will contribute to the development of safe
and efficient biomarkers by natural phytochemicals chemopreventive
compounds to prevent skin cancers and to identify potential tran-
scriptomic and epigenomic biomarkers during skin carcinogenesis to
provide novel therapeutic strategies.

2. Materials and methods
2.1. Chemicals and reagents

Acetone (HPLC grade) and 10% phosphate-buffered formalin were
obtained from Fisher Scientific (Hampton, NH, USA). UV lamps that
emit UVB (280-320nm; 75-80% of total energy) and UVA
(320-375 nm; 20-25% of total energy), as described in previous studies
[13]. These UV lamps (FS72T12-UVB—HO; National Biological Corp.,
Twinsburg, OH, USA) emit little or no radiation < 280nm or >
375nm. The lamps emit UVB (280-320 nm; 75-80% of total energy)
and UVA (320-375 nm; 20-25% of total energy), as described in our
previous studies [14,15]. The dose of UVB was quantified using a UVB
Spectra 305 dosimeter (Daavlin Co., Bryan, OH, USA). The radiation
was calibrated with an IL-1700 research radiometer/photometer from
International Light Inc. (Newburyport, MA, USA).

2.2. UV-induced skin carcinogenesis model

The UV-induced model was generated as previously described [16]
and the procedure is presented in Fig. 1A. Six weeks old female SKH-1
hairless mice were randomly assigned into two groups and the tattoo of
mouse ID number was placed on the tail of each mouse. Starting at the
age of eight weeks, mice were applied 60 mJ/cm?® UVB-irradiation
twice per week for 25 weeks. Body weight was measured biweekly. The
health condition was monitored every three days, especially the skin
condition including UVB-induced epidermal hyperplasia, and the ac-
tinic keratosis as pre-cancers.

2.3. Animals and sample preparation

Female SKH-1 hairless mice were purchased from Charles River
Laboratories (Wilmington, MA, USA), as described in previous studies
[17]. Mice were housed at the Rutgers Animal Facility, maintained
under 12 h light and dark cycles, and provided ad libitum access to food
and water. These mice were housed in the animal facility for at least
one week before experiments. All animal procedures were approved by
the Institutional Animal Care and Use Committee (IACUC; protocol
number: PROT0999900171) of Rutgers University. Mice were sacri-
ficed followed by immediately extraction of skin epidermis. For Methyl-
Seq experiments, 2 biological replicates of these tissues were used. For
subsequent pyrosequencing sequencing validation, 2 identical speci-
mens of these tissues were used. DNA extraction was performed using
the DNA extraction kit (QIAGEN Cat. No. 80204) as described in the
manufacturer's protocol and previously [18].

2.4. Histopathological analysis
The histopathological analysis was performed as described pre-

viously [19]. Tissue blocks were serially sectioned (4 um) and mounted
on glass slides. The sections were stained with hematoxylin and eosin
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and were carefully evaluated by a histopathologist. Images of H&E
stained sections were captured at 200x total magnification.

2.5. Methyl-seq library preparation

Methyl-seq library preparation was performed using Agilent
SureSelect Mouse Methyl-Seq kit (Cat. No. G9651A) as described in the
manufacturer's protocol (Methyl-seq protocol, Version X, August 2017).
3 ug of DNA was used in the library preparation. 550 ng of adaptor li-
gated DNA was used for the hybridization capture and the final con-
centration of indexed library was 8-15 nM. The following changes were
made to minimize the loss of DNA in the process of enzymatic reactions.
AMPure XP beads (Cat. No. A63880, Beckman Coulter, USA) were in-
cubated with DNA reaction mix for 10 min at room temperature prior to
pelleting by magnetization. AMPure XP beads were then washed twice
with 80% ethanol and dried at 37 °C for 5 min. DNA was dissolved for
10 min at 37 °C. AMPure beads were retained in the solution for ade-
nylation and end-repair reaction. An equal volume of binding buffer
was added to this reaction mix at 1:1 ratio to enable the AMPure XP
beads to rebind to DNA, incubated at room temperature for 10 min.
DNA was further purified as described above. Concentration and size of
DNA fragments were determined by Agilent Bioanalyzer 2100.

2.6. Bisulfite conversion and next-generation sequencing

Bisulfite conversion was performed using EZ DNA Methylation-Gold
kit (Zymo Research, USA) as described in the manufacturer's protocol.
Sequencing was performed on an Illumina HiSeq 2000 platform with 75
bp single-end reads as described in the manufacturer's protocol.

2.7. Bioinformatics analyses of SureSelect methyl-seq

The reads were aligned to the in silico bisulfite-converted mouse
genome (mm10) with the Bismark (version 0.15.0) alignment algorithm
[20]. After alignment, DMRfinder (version 0.1) was used to extract
methylation counts and cluster CpG sites into DMRs [21]. Each DMR
contains at least three CpG sites. Methylation differences greater than
0.10 and with a P value smaller than 0.05 were considered significant.
Genomic annotation was performed with ChIPseeker (version 1.10.3) in
R (version 3.4.0) [22].

2.8. Bisulfite pyrosequencing

The bisulfite-treated DNA was amplified by PCR using Platinum
PCR Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA) with the
forward and reverse primers listed in Supplementary Table 1. Specifi-
cally, the reverse primers were biotinylated at the 5’ end. The PCR
product was separated by agarose gel electrophoresis and was visua-
lized by ethidium bromide staining using a Gel Documentation 2000
system (Bio-Rad, Hercules, CA, USA) to ensure purity of the PCR pro-
ducts. Later, the biotinylated PCR product was captured using strepta-
vidin-coated beads (GE Healthcare, Piscataway, NJ, USA). After an-
nealing with the sequencing primer at 80°C for 5min, the single-
stranded PCR product was pyrosequenced on a PyroMark Q24 ad-
vanced instrument (Qiagen).

2.9. RNA extraction, library preparation, and next-generation sequencing

Total RNA was extracted from snap-frozen skin tissue and/or tumor
samples from the control and experimental groups using the AllPrep
DNA/RNA Mini Kit (Qiagen, Valencia, CA, USA). The quality and
quantity of the extracted RNA samples were determined with an Agilent
2100 Bioanalyzer. The library was constructed using the Illumina
TruSeq RNA preparation kit (Illumina, San Diego, CA, USA) according
to the manufacturer's manual. Samples were sequenced on the Illumina
NextSeq 500 instrument with 75 bp paired-end reads, to a minimum
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Fig. 1. UVB-irradiation induces non-melanoma skin carcinogenesis. (A) Experimental design of the animal study. Mice were 8 weeks old when study began
(week 0). (B) The biweekly recording of body weight during the experiment. (C-E) Measurements of tumor incidence, tumor multiplicity and tumor volume during
the animal study. Note that tumor volume was calculated with formula V = (L*W*W)/2 only for tumors that had diameter greater than 2 mm. (F) Histopathological
examination of epidermal tissues at X 200 magnification. Arrows indicate epidermis and tumor for early (2 and 15 weeks) and late (25 weeks) stages, respectively.
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Fig. 2. DNA methylation alteration by aging and UVB-irradiation in mouse epidermal cells. (A) Distribution of annotated differentially methylated regions
(DMRs) by gene feature. Each DMR has at least three CpG sites. (B) Principal component analysis (PCA) on methylation profiles of the 16 samples. (C) Dendrogram
clustering by Euclidean distance on methylation profiles of 12 epidermis samples. It shows that the samples are first clustered by time point and within each time
point, samples are separated by condition. (D) Average methylation levels of DMRs based on gene regions for samples in Control and UVB groups. (E) Venn Diagram
showing number of significantly changed DMRs in promoter region in comparison of UVB versus Control for all three time points. The cutoff was 0.1 for methylation
ratios and 0.05 for q value. (F) Heatmap showing DMRs in promoter region and gene body with significant changes between UVB and Control groups for all three
time points. A total of 974 DMRs were identified with cutoff of methylation ratios at 0.1 and P value at 0.05.

23



Y. Yang, et al.

depth of 25-30 million reads per sample.
2.10. Computational analyses of RNA-seq data

The reads were aligned to the mouse genome (mm10) with TopHat
v2.0.9 [23]. Reference gene annotations from UCSC were supplied to
TopHat (-G genes.gtf0; otherwise, default parameters were used. The
Cufflinks v2.2.1 [24] program cuffdiff was used to calculate expression
levels, using the UCSC gene annotations and default parameters, as
previously described [25].

2.11. Ingenuity pathway analysis (IPA)

Genes that exhibited a log2 fold change greater than 1 and a false
detection rate (FDR) adjusted p value (q value) less than 0.01 were
subjected to Ingenuity Pathway Analysis (IPA 4.0, Ingenuity Systems,
www.Ingenuity.com). The input genes were mapped to IPA's knowledge
bases, and the relevant biological functions, networks, and pathways
related to the treatment of UA were identified.

2.12. Statistical analysis

The data are presented as means *= SD. Comparisons of multiple
groups were analyzed using one-way analysis of variance (ANOVA)
with Tukey's multiple comparison test, and simple comparisons be-
tween two groups were analyzed using Student's t-test. Tumor in-
cidence was examined by Fisher's exact test. Methylation differences
were analyzed by Mann-Whitney U test. For qPCR and pyrosequencing
data, a P value less than 0.05 was considered statistically significant
unless otherwise indicated.

3. Results
3.1. Non-melanoma skin carcinogenesis by UVB irradiation

The animal study was carried out according to scheme shown in
Fig. 1A. We initiated the study with 8-week-old female SKH-1 mice
(denoted as week 0). Body weight, tumor incidence, tumor multiplicity,
and tumor volume were measured every two weeks. Designated num-
bers of mice from both groups were sacrificed at three time points:
week 2, 15, and 25. Only epidermis were collected for the first two time
points while both epidermis and tumor (UVB group) or whole skin
(Control group) were collected for the last time point. During the ex-
perimental period, we did not observe noticeable body weight loss or
sickness in UVB-irradiated mice (Fig. 1B). Starting from week 16, no-
ticeable tumors were observed in the UVB group (Fig. 1C-D). For tu-
mors with diameter greater than 2 mm, we calculated the volume with
equation V = (L*W*W)/2, where V is the tumor volume, L is tumor
length, and W is tumor width. The average tumor volume in UVB group
reached 17 mm?® at week 24 (Fig. 1E). H/E stained slides show that UVB
irradiation increased the thickness of epidermis from two layers of cells
to 4-6 layers, starting as early as two weeks after UVB exposure
(Fig. 1F, lower panel, left and middle images). By week 22, UVB ex-
posure greatly increased tumor incidence attaining almost 100%, and
with further increased in tumor multiplicity and tumor volume at weeks
25 (Fig. 1C-E).

3.2. DNA methylation changes in UVB-irradiation induced non-melanoma
carcinogenesis

To identify DNA methylation changes in UVB-induced non-mela-
noma skin carcinogenesis, we performed single base-pair resolution
Methyl-seq with DNA samples from all three time points. For week-2
and week-15 groups, DNA was extracted from epidermis while for
week-25 group, both epidermis and whole skin (in Control group) and
tumor (in UVB group) were used for DNA extraction (Fig. S1A). A total
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of 16 DNA samples (n = 2 per group) were subjected to Agilent Sur-
eSelect Mouse Methyl-seq library preparation then sequenced on Illu-
mina Hiseq 2000 platform. Sequencing reads were aligned to in silico C-
T converted mouse genome (mm10) and deduplicated. Individual CpG
sites were clustered into DMRs according to the default settings in the
DMRfinder package [21]. Specifically, each DMR has at least three CpG
sites and has a maximum length of 500 bp with no more than 100 bp
between any two CpG sites. Average methylation ratio for each DMR
was calculated as aggregated counts of 5-mC (as C in bisulfite converted
sequencing) divided by the aggregated counts of 5-mC and C (as either
C or T in bisulfite converted sequencing) for all CpG dinucleotides in
that DMR. We then collected DNA methylation data for all 16 samples
with a total of 237,904 DMRs. These DMRs were further annotated with
gene features using ChIPseeker (v1.14.2). As shown in Fig. 2A, most of
the DMRs are located in the distal intergenic (> 3 kb upstream tran-
scription start site; TSS or downstream 3’ untranslated region; UTR)
regions and the promoters. All these 16 samples were clustered by
Euclidean distances of the methylation levels and it shows that DNA
methylation of whole skin versus tumor samples at week-25 are clearly
separated from the other epidermis samples (Fig. S1B). Principal com-
ponent analysis (PCA) also shows the same finding for these samples
(Fig. 2B). To further identify the methylation changes by UVB irradia-
tion and/or aging effects, Euclidean distance clustering was performed
with epidermis samples. As shown in Fig. 2C, irrespective of UVB ir-
radiation, Week-2 samples are clustered separately from Week-15 and
Week-25 samples. When comparing all samples at Week-15 and Week-
25, UVB irradiation has a stronger impact on methylation changes than
aging effect (Fig. 2C, dendrogram). These results suggest that both UVB
irradiation and aging effects can alter DNA methylation profiles of
mouse epidermal cells. We next compared the DNA methylation level of
samples from UVB group versus those samples from Control group. As
shown in Fig. 2D, no significant methylation difference was observed
from these two groups of samples. However, CpG methylation in the
promoters was much lower than in other regions for both groups. We
next focused on gene promoters (< 3kb) containing DMRs in com-
parison of UVB versus Control for all three time points, using a cutoff
for the methylation ratio difference of greater than or equal to 0.1 and a
P value of less than or equal to 0.05. The comparisons of UVB versus
Control at time points of Week-2 and Week-15 showed the greatest
differences with 2703 and 2550 DMRs, whereas only 81 DMRs were
observed with time point Week-25. The number of common DMRs
between these comparisons are shown in a Venn Diagram (Fig. 2E). MA
plots of methylation change in comparison of UVB versus Control for all
three time points are shown in Fig. S1C-E. When looking at DMRs for all
genomic locations except distal intergenic regions with a methylation
cutoff level of 0.1 and a P value of 0.05, the number of commonly
shared DMRs across the three comparisons increased from 16 to 974.
The methylation changes of these 974 DMRs for all three comparisons
are shown in a heatmap (Fig. 2F). About half of the DMRs were hy-
pomethylated (upper half heatmap, blue) by UVB irradiation while the
other half were hypermethylated (lower half heatmap, red).

3.3. DNA methylation changes during aging and in different stages of
carcinogenesis

To further dissect the UVB-irradiation induced methylation changes
at different stages of non-melanoma skin carcinogenesis, we performed
principal component analysis (PCA) on the 12 epidermis samples. As
shown in Fig. 3A, all six groups are clustered separately with aging
effects shifting right (blue arrows) and UVB induced carcinogenesis
shifting down (orange arrows). When clustering the 974 DMRs (iden-
tified in Section 3.2 above) with Euclidean distance, as shown in the
dendrogram in Fig. 3B, samples in the Control groups for all three time
points are clustered together and are separated from samples in the
UVB groups for all three time points. And within these two conditions,
Week-15 and Week-25 are clustered together and are separate from
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Fig. 3. DNA methylation changes at different stages of carcinogenesis. (A) Principal component analysis (PCA) on the same 12 samples. Two blue arrows
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UVB condition (lower three plots).

Week-2. Using a cutoff of methylation level of 0.1 and a P value of 0.05,
we also compared and contrasted the methylation changes between
timepoints for each condition, i.e., Control and UVB. As shown in
Fig. 3C, substantial number of DMRs are hyper- (blue) or hypo- (yellow)
when comparing late stages (Week-15 and Week-25) versus the early
stage (Week-2), while only a few DMRs are changed when comparing
Week-15 with Week-25. Similar trends are also observed for both the
Control and the UVB conditions, which is consistent with the findings in
Fig. 3B (Dendrogram).

3.4. Gene expression changes in UVB-irradiation induced non-melanoma
carcinogenesis

Matching RNA-seq for the samples mentioned above in Methyl-seq
was performed (Fig. S2A). Principal component analysis (PCA) reveals
that, similar to the methyl-seq analysis above, tumor and whole skin
samples from Week-25 UVB group are clustered separately from the
epidermis samples from all time points (Fig. S2B). Dendrogram and
heatmap for the top 1000 most regulated genes across all 16 samples
show that similar trends of results as shown in PCA plot (Fig. S2C).
Additionally, the dendrogram shows that the epidermis samples are
separated by UVB-exposed condition rather than aging time point.
These findings suggest that UVB irradiation dominates over aging ef-
fects in the regulation of RNA expression in mouse epidermal cells. Due

25

to the large differences between epidermis samples and tumor or whole
skin samples, we next focused on comparing the RNA expression be-
tween UVB and Control groups in epidermis samples only. Principal
component analysis (PCA) of these 12 samples shows that samples in
UVB groups are clustered separately from the samples in the Control
groups and the difference between time points in UVB appears to be
minimal (Fig. 4A). When comparing the RNA expression of UVB groups
to Control groups, a list of 2301 genes was obtained with false discovery
rate (FDR) adjusted P value (q value) of less than 0.01, among which
569 genes had at least two-fold change in RNA expression. The relative
RNA expression of these genes is shown in a heatmap (Fig. 4B). Of these
569 genes, 323 were upregulated and 246 were down-regulated in UVB
groups when compared to Control groups. Ingenuity Pathway Analysis
(IPA) on these 569 genes identified a list of 56 significantly regulated
signaling pathways (p < 0.01, Table S2). The top 15 significant
pathways are shown in Fig. 4C. These pathways are primarily clustered
in three categories: Cancer, Cell cycle regulation, and cell growth.
When comparing the RNA expression of week-25 tumor samples (UVB
group) with that of Week-25 whole skin samples, we obtained a list of
50 significantly (q < 0.01) expressed genes, with 41 of them had at
least two-fold change in RNA expression. These genes are listed in Table
S3. We also performed IPA analysis with a much looser cutoff
(p < 0.05) on input genes and obtained a list of 29 significantly
regulated pathways (Table S4).
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Fig. 4. Gene expression change by UVB-irradiation induced non-melanoma skin carcinogenesis. (A) Principal component analysis (PCA) on RNA expression of
the same 12 samples as mentioned in Fig. 2. RNA expression profiles of samples in the Control groups for all time points are discrete (blue oval), whereas all samples
in the UVB groups are clustered together (orange oval), suggesting UVB-irradiation has prevailing effects over aging on gene expression in mouse epidermal cells. (B)
Dendrogram clustering by Euclidean distance and heatmap showing top 569 regulated genes by UVB-irradiation with cutoff ¢ < 0.01 and log2(Fold Change) > 1
or < —1. The dendrogram shows the samples are first clustered by treatment condition then by time point, which is consistent with the PCA in Figure A. (C) Top 15
regulated pathways that were regulated by UVB-irradiation. Pathways were identified by Ingenuity Pathway Analysis (IPA) with the list of 569 regulated genes in
Figure B. These pathways have P values smaller than 0.0001 (shown as - log (P values) on x-axis). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

3.5. Correlations between DNA methylation and RNA expression in UVB-
irradiation induced non-melanoma skin carcinogenesis

One of the current fundamental biological questions is the correla-
tion or lack of correlation between CpG methylation and RNA expres-
sion. Previous DNA methylation analysis and RNA expression analysis
showed that UVB-irradiation had profound effects over aging. We next
combined DNA methylation profiles with RNA expression profiles in the
comparison of UVB vs Control and obtained a list of 6357 DMRs with
corresponding RNA expression data. A representative image of the list is
shown in Fig. 5A. DNA methylation data are shown on the left columns
(in light blue background) that include the DMR positions, gene fea-
tures, distance to transcription start site (TSS), absolute methylation
ratios, methylation differences between the Control and UVB groups,
and statistics. RNA expression data are shown on the right columns (in
light green background) including log2 fold-change between UVB and
Control groups and statistics. When filtering the list by a cutoff of 0.1
for DNA methylation ratio change and a cutoff of two-fold change for
RNA expression change, 502 DMRs with changes in both DNA methy-
lation and corresponding RNA expression change were identified. The
DNA methylation and RNA expression profiles of these 502 DMRs are
shown in Fig. 5B. Each dot represents a DMR and their corresponding
features are indicated by different colors. These DMRs were separated
into two lists with one containing 296 DMRs that have an inverse re-
lationship between DNA methylation and RNA expression and the other
one containing 206 DMRs that have no such inverse correlation (Tables
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S5 and S6). Of these DMRs, we further focused on the DMRs and genes
that were involved in the previously identified 56 pathways (Table S1)
that were regulated by UVB-irradiation to finally obtain a list of 19
genes. The RNA-seq data and Methyl-seq data of these genes are shown
in Fig. 5C. Of these 19 genes, 18 have an inverse relationship between
DNA methylation and RNA expression, which is consistent with the
dogma of suppressive effect of DNA CpG methylation on gene expres-
sion. However, with Encl, both decreased RNA expression and de-
creased CpG methylation were observed.

3.6. Validation of key genes regulated in UVB-irradiation induced non-
melanoma skin carcinogenesis

We next performed pyrosequencing and qPCR on E2f2, [14ra, Mgst2
and Vegfa to validate the Methyl-seq and RNA-seq results. The oligo
primers used for validation are listed in Table S1. Each gene has several
DMRs and the methylation ratio are shown in the heatmap in Fig. 6A.
The average methylation ratios of all DMRs for each gene are shown in
Fig. 6B. Methylation ratios of one DMR in promoter region for each
gene are shown in Fig. 6C. Due to the limitation that pyrosequencing
can only practically cover less than 200 bp of DNA, the selected regions
for validation in Fig. 6C are not the same as any DMRs in Fig. 6A.
Methylation ratio of individual CpG sites for these genes are shown in
Fig. S3. These results show that data from pyrosequencing showed si-
milar methylation changes by UVB irradiation for these four validated
genes, although the trends among the three time points are not exactly



Y. Yang, et al.

DNA Methylation (UVB vs Control) RNA (UVB vs Control)|
ma  ra
Gene DOMR o Start End 6 Feature Distancele sty eyl et mothyl.dr In:;:'c pvalte padi
Bmp4 1 chr14 46418770 46418897 5 Distal Intergenic -28172 0.18 0.06 0.073 0.697 -1.40 8.9E-07 1.3E-05]
Bmp4 2 chr14 46397476 46397520 3 Distal Intergenic  -6878 0.59 047 0.324 0.983 -1.40 8.9E-07 1.3E-05]
Bmp4 3 chr14 46391579 46391949 7 Promoter (<=1kb) -981 059 043 0.001 0.067 -1.40 8.9E-07 1.3E-05]
Bmp4 4 chr14 46389783 46389869 6 Promoter(<=1kb) 730 0.10 0.25 0.029 0.496 -1.40 8.9E-07 1.3E-05]
Bmp7 1 chr2 172935087 172935323 10 Intron 4998 0.61 0.49 0.077 0.710 0.31 0.00228 0.01
Bmp7 2 chr2 172901761 172901915 3 Intron 38406 0.86 0.74 0.060 0.652 0.31 0.00228 0.01
Bmp7 4 chr2 172818739 172818897 4 Distal Intergenic 121424 0.56 0.68 0.077 0.710 0.31 0.00228 0.01
Bmp7 5 chr2 172756336 172756428 4 Distal Intergenic 183893 0.80 0.63 0.069 0.684 0.31 0.00228 0.01
E2f2 1 chr4 136178476 136178692 10 Promoter (2-3kb)  -2090 0.75 0.63 0.005 0.206 -0.67 1.3E-07 2.6E-06
ll4ra 1 chr7 125551223 125551383 4 Promoter (<=1kb) -899 0.17 0.31 0.000 0.012 0.91 1.2E-13 1.1E-11
lldra 2 chr7 125555888 125556236 13 Intron 3607 029 044 0.000 0.008 0.91 1.2E-13 1.1E-11
ll4ra 3 chr7 125561813 125561892 4 Intron 9532 072 0.88 0.001 0.066 0.91 1.2E-13 1.1E-11
li4ra 4 chr7 125572240 125572401 6 Intron 19959 046 0.57 0.033 0.523 0.91 1.2E-13 1.1E-11
li4ra 5 chr7 125576885 125577030 5 Exon 24604 021 0.32 0.023 0452 0.91 1.2E-13 1.1E-11
Mgst2 1 chr3 51662647 51663039 8 Promoter(1-2kb) 1455 0.28 043 0.002 0.143 1.43 1.8E-22 8.7E-20|
Mgst2 2 chr3 51663161 51663307 6 Promoter(1-2kb) 1969 0.36 047 0.131 0.826 1.43 1.8E-22 8.7E-20
Mgst2 3 chr3 51668716 51668875 3 Intron 7524 060 048 0.007 0.264 1.43 1.8E-22 8.7E-20
Mgst2 4 chr3 51673443 51673790 16 Intron 12251 0.16 0.27 0.001 0.069 1.43 1.8E-228.7E-20|
Mgst2 5 chr3 51709631 51709676 3 Intron 48439 0.50 0.61 0.036 0.540 1.43 1.8E-228.7E-20
Vegfa 1 chr17 46033454 46033677 7 Promoter(1-2kb) -1078 048 063 0.000 0.019 0.66 0.0004 0.00242
Vegfa 2 chr17 45998294 45998368 3 Distal Intergenic ~ 26795 0.58 0.46 0.083 0.725 0.66 0.0004 0.00242f
Vegfa 3 chr17 45960848 45960928 3 Distal Intergenic =~ 64235 042 0.59 0.001 0.071 0.66 0.0004 0.00242
Vegfa 4 chr17 45958222 45958270 3 Distal Intergenic 66893 0.08 0.21 0.000 0.013 0.66 0.0004 0.00242|
Vegfa 5 chr17 45907207 45907324 7 DistalIntergenic 117839 0.30 0.56 0.000 0.046 0.66 0.0004 0.00242
Vegfa 6 chr17 45902251 45902390 5 Distal Intergenic ~ 122773 0.34 0.61 0.016 0.387 0.66 0.0004 0.00242f
Vegfa 7 chr17 45885992 45886426 19 Distal Intergenic 138737 0.36 048 0.000 0.046 0.66 0.0004 0.00242
Vegfa 8 chr17 45880824 45881004 5 DistalIntergenic 144159 0.16 0.34 0.000 0.013 0.66 0.0004 0.00242
B UVB vs Control
—
[ 1
(o)) 1
N 1
< 1 L]
O 1
k=] @00
S Y Feature
L P A
S 8 o o o Promoter
(o) Pgilg Luimun IRl
= i o Exon
Q 1
g 1 o Intron
(0] 1
o ; o 5'UTR
£ 1
5 | o 3'UTR
c 1 . :
O -1 e e oo e (e e IOl PG Iy e 13 o Distal Intergenic
= 5} °
(72}
e & oo o Downstream
a o
(o)
) &y &
o o
<
é I @
. . . . | ! | ! . ! !
-05 -04 -03 -02 -01 00 01 02 03 04 05
C DNA methylation ratio difference
Bcel211 E2f1 Fgfrt
RNAseq 5, .2 ¢ Methyl-seq RNAseq 45 23 Methyl-seq RNA-seq g 2, Methyl-seq
ol Hp olg g2y A N @ Control
BES EX — g 4|2
E Eos . ofF Sloa = &2 uvB
o Elos T ol Zloo ’/\ o Eha
2 15 25 2 15 25 2 15 25 2 15 25 2 15 25 2 15 25
Timi
E212 Im mad1
RNASeq g, £ g Methyi-seq RNASeq g 25 Methyiseq RNASeq g £ gq Metnylseq
S o s
= = Hose __~ s 8T F02 = = 3
ol Zlos ol Zloo w2
2 15 25 2 15 25 2 15 25 2 15 25 1 15 25
Time point (weeks) Time poit (weeks) Time point
mp4 if4ebp’ 114 Tgfbr2
RNAseq g 2 g Methyl-seq RNASeq gy £ 5 Methylseq RNA-seq g 2, Methylseq
7" alncloss - - I sfo3 ™~ _—* o
P aZFloa e \-7. 2(Z g o.nlﬁ‘\‘/ 2Zg2 T H
2" 21085 S / o 204
1 2loso 16) 2lo2s" ! 2lo 8
2 15 25 2 15 25 25 2 15 25 15 25 2 15 15 25

Z
Time point (weeks)

% Z
Time point (weeks)

Cdk4 Enc1 Mgst1 raf5
RNASeq 13y 2 59 Methyl-seq RNAseq g 205 Methylseq RNA-seq g5 25 Methylseq RNAseq 3 2 .50 Methyl-seq
e ¥ § E
L sfess — olmgtd, e - o 16]7 =lo4s
. 2 £lo3s g3 ELa {2 £loaon
e IR e afE 02 e wfEF02 4 ’Eaa:‘\;
£lo2s £loa — " Fpo1 g —3
o) 2oz 2 Zloo 2l Zoo 2l Zloso
P 7 15 % S DR i % 25 7 15 25 7 15 % 7 15 %
ks1b Pik: Vegfa
RNAseq g, RNA-seq gy 2 .5 Methyl-seq RNA-s€q 15 RNA-seq g 2.
c c Slos0 c
a2 o p[E Foss \ - ~ 23 §
AN <2 E g Ne—s SrEE
2ot . - z
3 6] 2o 2 sl Zloo
i B B L P i B 5 L P

‘Time poi

the same. RNA-seq data for these four validated genes are shown in a
heatmap (Fig. 6D) and the values are plotted in Fig. 5E, upper half.
gPCR data are shown in Fig. 5F. Both RNA-seq data and qPCR data
showed similar expression change by UVB irradiation except for the
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Fig. 5. Correlations between DNA methylation
and RNA expression. (A) A representative image
of the 6357 DMRs that have corresponding RNA
expression data in comparison of UVB vs Control.
Gene names are shown in the first column. Each
gene has several coupling DMRs as shown in the
second column. DMR information including lo-
cation, number of CpG sites and methylation ra-
tios in Control and UVB groups are shown in blue
background and RNA expression data including
log2(Fold Change) and statistics are shown in
green background. (B) Scatter plot showing 502
DMRs with cutoff 0.1 for DNA methylation and 2-
fold change for RNA expression. DMR locations
(gene features) are indicated by colors. (C) A list
of genes that were involved in the pathway reg-
ulations and their methylation and expression
profiles. Time points are shown on x-axis. Control
and UVB conditions are shown with blue and
orange lines, respectively. (For interpretation of
the references to color in this figure legend, the
reader is referred to the Web version of this ar-
ticle.)

E2f2 gene, where qPCR data were not in line with RNA-seq data. These
results suggest that UVB-irradiation induced DNA methylation change
and RNA expression change were mostly accurately measured by NGS

ap

proaches.
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Fig. 6. Validation of 4 genes by pyrosequencing and qPCR. (A) Heatmap showing methylation ratio of the DMRs for these 4 genes from Methyl-seq data. Note
each gene has several coupling DMRs, which are shown to the right of the heatmap. (B) Average methylation levels of DMRs for each gene. (C) The met + hylation
ratio of one DMR in promoter region for each gene was determined by pyrosequencing. (D) Heatmap showing gene expression from RNA-seq (log2FPKM) of these for
genes. These values are plotted in Figure E. Values from qPCR are plotted in Figure F.

4. Discussion

Non-melanoma skin cancers, including basal cell carcinomas (BCCs)
and squamous cell carcinomas (SCCs), account for approximately 80%
and 16% of all skin cancers, respectively, while malignant melanomas
account for only 4% of all skin cancers [26]. BCCs and SCCs develop
primarily on sun-exposed areas of the body such as the head and neck.
The process of non-melanoma carcinogenesis is generally divided into
three stages — initiation, promotion and progression. The initiation
process involves generation of reactive oxygen species and UVB-irra-
diation induced DNA damage, which can further introduce mutations to
genome, including tumor-suppressor genes such as Trp53. Both UVA
and UVB irradiation can impact on mouse skin models as a complete
carcinogen. UVB light has been shown to initiate the benign tumors
called papillomas in mouse-skin studies [27,28].

The present study provides unique new insights into the alterations
induced by UVB-irradiation for both DNA Methylation and gene ex-
pression and more specifically, how different stages of DNA CpG me-
thylation could regulate gene expression. We observed skin tumor
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development as early as 16 weeks after the first dose of UVB irradiation,
which is consistent with findings reported by other investigators [29].
In this study, we got a list of 502 DMRs that had at least 0.1 (10%) in
methylation ratio change and 2-fold change in RNA expression after
UVB irradiation. About 60% of these DMRs showed inversive re-
lationship between DNA methylation and RNA expression, i.e., hy-
permethylation coupled with suppression of transcription or hypo-
methylation coupled with promotion of transcription, while the other
40% of these DMRs did not show such relationship. We have identified
19 genes with altered CpG methylation in the different stages of UVB-
induced skin carcinogenesis's progression and 18 of these showed in-
verse relationship between DNA methylation and RNA expression
(Fig. 5C). For instance, cyclin-dependent kinase 4 (Cdk4), a gene in-
volved in cell cycle regulation [30], was up-regulated by UVB irradia-
tion and was also CpG demethylated. Ming et al., reported that PTEN
pathway was involved in the survival of epidermal keratinocytes upon
UVB irradiation [31], here we also found that a number of genes in the
PTEN pathway were regulated by UVB irradiation and many of them,
including Tgfbr2, Fgfrl, Bcl2ll, and Pik3cb had inverse DNA
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methylation-RNA expression patterns, which would be a new discovery
for the first time in an in vivo skin cancer model. While UVB irradiation
could induce generation of ROS, Nrf2-mediated oxidative stress re-
sponse was also activated by UVB for removal of excessive ROS. Spe-
cifically, Nrf2-mediated anti-oxidative stress genes Gelm, Mgst2, Fgfrl,
and Pik3cb were regulated by UVB irradiation, implicating potential
regulation by DNA methylation in the promoter regions of these genes.
Lahtz et al. reported that UVB irradiation does not directly induce de-
tectable changes of DNA methylation in human keratinocytes [32], the
discrepancy between their study and our current study could be due to
different responses between animal and cell line models and/or dif-
ferent coverage of CpG sites in these studies. As the Agilent SureSelect
Kit targets about 3 million CpG sites in the mouse genome and we only
identified about 1% of that CpG sites/DMRs (2703 DMRs in Fig. 2E
versus 237,904 DMRs in Section 3.2) were differently methylated by
UVB irradiation, the microarray system, which targeted the 3 KB pro-
moter region of 27,728 RefSeq genes, could miss most of the DNA CpG
sites and islands that were regulated by UVB irradiation in Lahtz's
study.

In general, UVB irradiation can trigger the activation of several
pathways/genes including Tumor Necrosis Factor Receptor (Tnfr),
Epidermal Growth Factor Receptor (EGFR) and mitogen-activated
protein kinases (MAPKs) as a response to UVB-induced ROS and or DNA
damage. Kim et al., reported that matrix metalloproteinase genes were
activated in human keratinocyte cells [33,34], however, we did not
observe such inductions of these genes in our current in vivo study. The
discrepancy could be due in part to different responses between human
and mouse cells and/or difference between the in vivo and in vitro cell
culture model systems. Chitsazzadeh et al. performed a similar animal
study and found that matrix metalloproteinase genes were over-
expressed in UV irradiation-induced cutaneous squamous cell carci-
noma samples [35]. However, the transcriptomic analysis in that study
was performed with whole skin and tumor samples, which are different
from (mainly) epidermis samples in our study. One of the advantages in
Chitsazzadeh's study is that mutations were detected in tumor sup-
pressor genes such as p53. Similar approaches could be utilized in our
future studies on UVB irradiation and skin cancer.

In summary, we have utilized the latest Methyl-seq and RNA-seq
approaches to dissect the epigenomic CpG methylation changes and
gene expression changes in different stages of UVB-induced non-mela-
noma skin carcinogenesis. DNA methylation was altered by both UVB
irradiation and aging, while RNA expression was mainly affected by
UVB irradiation. RNA-seq data revealed a list of regulated pathways by
UVB irradiation and the top regulated pathways were cancer, cell cycle
regulation and cell growth. A list of key genes involved in cancer and
cell cycle regulations were also identified with the concomitant epige-
netic CpG modifications of these genes’ promoters and or gene body by
UVB irradiation. Taken together, our current findings could benefit
future studies in targeting these genes for prevention and treatment of
skin cancers, focusing on the epigenetically regulated genes and path-
ways.
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