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Abstract

Sulforaphane (SFN), a potent antioxidant and anti-inflammatory agent, has been shown to protect
against cancers especially at early stages. However, how SFN affects UVB-mediated
epigenome/DNA methylome and transcriptome changes in skin photodamage has not been fully
assessed. Herein, we investigated the transcriptomic and DNA methylomic changes during tumor
initiation, promotion, and progression and its impact and reversal by SFN using next-generation
sequencing (NGS) technology. The results show that SFN reduced tumor incidence and tumor
number. SFN's protective effects were more dramatic in the early stages than with later stages.
Bioinformatic analysis of RNA-seq data shows differential expressed genes (DEGSs) and identifies
the top canonical pathways related to SFN treatment of UVB-induced different stages of epidermal
carcinogenesis. These pathways include p53 signaling, cell cycle: G2/M DNA damage checkpoint
regulation, Th1, and Th2 activation pathway, and PTEN signaling pathways. The top upstream
regulators related to UVB and SFN treatment as time progressed include dextran sulfate, TP53,
NFE2L2 (Nrf2), IFNB1 and IL10RA. Bioinformatic analysis of Methyl-seq data shows several
differential methylation regions (DMRs) induced by UVB were attenuated by SFN. These include
Notchl, Smad6, Gnai3, and Apc2. Integrative analysis of RNA-Seq and DNA-seq/CpG
methylome yields a subgroup of genes associated with UVB and SFN treatment. The changes in
gene expression were inversely correlated with promoter CpG methylation status. These genes
include Pik3cd, Matk, and Adm2. In conclusion, our study provides novel insights on the impact
of SFN on the transcriptomic and DNA methylomic of UVB-induced different stages of skin
cancer in mice.
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Introduction

Excessive exposure to ultraviolet (UV) radiation can not only cause sunburn but also can
lead to skin cancer. Both ultraviolet A (UVA) and ultraviolet B (UVB) exposure can induce
oxidative stress and inflammation, which play a significant role in photodamage, including
DNA damage, lipid peroxidation, apoptosis, protein oxidation and induce degradation of
extracellular matrix components (1,2). Moreover, extensive exposure to UVB radiation can
cause DNA damage, ensuing genetic changes and disrupt cell cycle at almost all stages of
UVB-induced skin carcinogenesis (3,4). UVB exposure is a major contributor to non-
melanoma skin cancers (NMSC), including squamous cell carcinomas and basal cell
carcinomas (4,5). There is growing evidence that inflammation is associated with epigenetic
changes, mediated by histone methylation, histone acetylation, DNA methylation, and
microRNAs, which drive the activation of many inflammatory genes (6). Therefore,
inflammation may be an important factor in the prevention of UVB-induced skin
carcinogenesis. Despite advances in UVB-induced skin cancer research, the complex
epigenomic signaling mechanisms that drive this process in different stages and potential
therapeutic strategies have not been fully investigated.

Currently, a variety of natural compounds are receiving increasing attention for their
potential chemoprevention of cancers. Several studies have shown that certain
phytochemicals from fruits and vegetables have enormous potential to prevent cancers,
including skin cancer (7-9). For instance, the topical application of caffeine or (-)-
epigallocatechin gallate shows a great protective effect against UVB- induced skin cancer
(10). More recently, we reported that triterpenoid ursolic acid (UA) can drive nuclear factor
erythroid 2-related factor 2 (NRF2) and its antioxidant response element signaling pathway,
anti-inflammatory, and cell cycle regulation genes, which may contribute to the overall
chemopreventive effects of UVB-induced MNSC (11,12). Sulforaphane (SFN), an
isothiocyanate derived from glucoraphanin, found abundantly in cruciferous vegetables,
possesses strong cancer-preventing activity, which can be linked to induction of Phase 2
detoxifying/antioxidant enzymes, and cell proliferation targets including apoptosis and cell
cycle arrest (13,14). The topical application of SFN in polyethylene glycol (PEG) base
formulation can significantly reduce the activation of AP-1 in mouse skin after UV
irradiation, indicating that SFN in this formulation is still effective (15). Moreover, the
anticancer effect of SFN on TPA-induced skin cell transformation may involve epigenetic
reprogramming of NRF2, causing epigenetic activation of Nrf2, and thus inducing
downstream target genes involved in cellular protection (16). Our previous study found that
SFN can effectively inhibit UVB-induced skin inflammation/photoprotection in Nrf2 WT
and KO C57BL/6 mice (17), as well as inhibiting DMBA-induced skin tumorigenesis in
Nrf2 wild-type but not in Nrf2 knockout C57BL/6 mice (18).
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The purpose of this study was to explore the topical application of SFN to prevent UVB-
induced skin carcinogenesis in SKH-1 hairless mice coupled with next-generation
sequencing (NGS) to comprehensively analyze changes in RNA transcriptome and DNA
methylome during tumor initiation, promotion, and progression. Our results show that the
topical application of SFN after UVB stimulation decreases tumorigenesis and attenuates
some of the UVB-induced alterations of RNA transcriptome and CpG methylome in
different stages of UVB-induced skin carcinogenesis.

Materials and methods

Animal and reagents

Female SKH-1 hairless mice were obtained from Charles River Laboratories (Wilmington,
MA, USA). D, L-Sulforaphane was obtained from Toronto Research Chemicals (5699115;
Toronto, Ontario, Canada.) Acetone (HPLC grade) was obtained from Fisher Scientific
(Hampton, NH, USA). UV lamps that emit UVB (280 — 320 nm; 75-80% of total energy)
and UVA (320-375 nm; 20-25% of total energy) were used as described in our previous
study (19). AllPrep DNA/RNA Mini Kit was obtained from Qiagen (Qiagen, Valencia, CA,
USA). EZ DNA Methylation-Gold kit was obtained from Zymo Research (Zymo Research,
Orange, CA). TruSeq RNA Library preparation kit was obtained from Illumina (Illumina,
San Diego, CA, USA). SureSelect Mouse Methyl-Seq Target Enrichment Library Prep Kit
was obtained from Agilent (Agilent Technologies, Santa Clara, CA).

Animal experimental design and sample collection

Mice were kept at the Rutgers Animal Facility with a 12/12 h light/dark cycle and offered ad
libitum access to food and water. The animal protocol was approved by the Institutional
Animal Care and Use Committee (IACUC). Female SKH-1 hairless mice at 6 weeks were
randomly divided into 3 groups (n=20 in each group): (1) control group: 200 L of acetone
without UVB treatment, (2) UVB group: 200 uL of acetone with UVB irradiation, and (3)
SFN group: 200 uL of 2 umol SFN in acetone with UVB treatment. At 8 weeks of age, the
mice in the UVB group and SFN group were exposed to UVB radiation of 60 mJ/cm2 two
times per week. The UVB was given every 2 days. The mice were given a topical application
of 200 uL of acetone with or without SFN after UVB exposure on the same day and the
following day, respectively. The mice were sacrificed using CO, asphyxiation and tissue
samples were taken immediately at each treatment time point (2 weeks, 15 weeks and 25
weeks). Bodyweight and tumor growth were recorded every week. Only when the tumor
diameter was larger than 2 mm, the tumor volume was calculated by the formula V = 1t/6 x
Height xLength x Width. Epigenome/transcriptome analysis was performed on epidermal
tissues from UVB and SFN groups at weeks 2 and weeks 15. Since the whole skin tumor
contains epidermis, dermis and subcutaneous layer, we selected the whole skin tissue in the
control group at weeks 25 and prepared the sequencing library. The separation of the
epidermis from the dermis was done as described previously (20).

RNA-Seq and Computational analyses

This RNA-seq assay was performed by RUCDR and as described previously (11,19,21).
Briefly, RNA was extracted from each group using the AllPrep DNA/RNA Mini Kit.
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Illumina TruSeq RNA library preparation kit was used to construct the library. The samples
were sequenced with 75 bp paired-end reads on the Illumina NextSeq 500 instrument, with a
minimum depth of 25-30 million reads per sample. The reads were compared with the
mouse genome (mm10) by HISAT2 and analyzed by DEGSeq.

Ingenuity pathway analysis (IPA)

To examine the signaling pathways of gene expression, the gene expression levels with Ilog2
fold changesl = 1 and with a p-value less than 0.05 were investigated by Ingenuity Pathway
Analysis Software. The canonical pathways, downstream effects, potential upstream
regulators, and diseases and disorders related to UVB and SFN treatment were identified.

Methyl-Seq and Computational analyses

The Methyl-Seq was carried out as previously described (11,19,21). Briefly, the Methyl-seq
library was prepared by the Agilent SureSelect mouse Methyl-seq kit following the
manufacturer's protocol. The captured methyl-seq library was converted to bisulfite using the
EZ DNA Methylation-Gold kit following the manufacturer's protocol. The methyl-seq
library was sequenced on an Illumina HiSeq 2000 platform with 75 bp single-end reads to a
minimum sequencing depth of 40 to 50 million reads per sample. This methyl-seq was
performed by RUCDR. The reads were aligned to the in silico bisulfite-converted mouse
genome (mm10) with the Bismark (version 0.15.0) alignment algorithm (22). After
alignment, DMRfinder (23) was used to extract methylation counts and identify
differentially methylated regions (DMRs) with each DMR containing at least three CpG
sites. Genomic annotation was performed with ChiPseeker in R. DNA methylation level was
calculated by methyl cytosine/(methyl cytosine + unmethyl cytosine). We then measured
DNA methylation difference by subtracting the individual CpG methylation values in the
UVB group from the control group, while subtracting the individual CpG methylation values
in SFN group from the UVB group.

Statistical analysis

Results

Statistical significance was calculated by the Student's t-test between two groups. p-value
less than 0.05 was considered statistically significant.

Non-melanoma skin carcinogenesis by UVB irradiation

To evaluate the potential anticancer effect of SFN, we employed the UVB-induced
photodamage model in female SKH-1 hairless mouse and topical administration of SFN.
During the UVB exposure, the tumor was observed in both SFN and non-SFN groups after
14 weeks of UVB treatment. However, compared with the UVB group, the tumor incidence
(Fig. 1A), as well as the tumor number (Fig. 1B), were decreased in the SFN group.
Interestingly, SFN appears to have better cancer-protective effects in earlier time points
(weeks 14 and 20) than later time point (week 24). The average tumor volume in the SFN
group was smaller than that in the UVB group (Fig. 1C). At weeks 20, SFN had significantly
fewer tumors with decreased total tumor volume and tumor number (p-value < 0.05).
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To examine the potential effect of UVB and SFN on the gene expression profiles, total RNA
was extracted from the early stage (weeks 2), middle stage (weeks 15) and later stage (25
weeks) of skin samples in each group. After 2 weeks of UVB treatment in epidermal tissue,
as shown in Fig. 2A, Euclidean distance clustering showed the effect caused by UVB
exposure and SFN treatment. The result showed that there was a significant separation
between the control untreated group and the other groups. To further evaluate clustering
characteristics, we measured principal component analysis (PCA) from epidermis samples at
week 2. The result showed that the characteristics of the control group and the UVB treated
groups were different (Fig. 2B). Next, as shown in MA plots in Fig. 2C and 2D, the
difference between the UVB group and the control group was significantly more than that
between the SFN group and the UVB group. To further measure the effects of UVB versus
SFN, we compared the gene expression profiles of the UVB versus control groups as well as
the SFN versus UVB groups. Cutoff threshold Ilog2 fold changel = 1 with p-value < 0.05
was used to select a subset of differentially expressed genes (DEGSs). Compared with the
control group, 1202 genes were downregulated by UVB and 792 were upregulated by UVB.
Comparing the SFN group versus the UVB group, 156 genes were downregulated by SFN
and 77 genes were upregulated by SFN. As shown in Fig. 2E and 2F, 100 genes that were
significantly upregulated by UVB (100/792) were downregulated after SFN treatment
(100/156). Also, 38 genes that were downregulated by UVB (38/1202) were upregulated
after SFN treatment (38/77). To further explore the potential protective effects of SFN, IPA
software was used to obtain signaling pathway information. Gene expression that showed a
[log2 fold changel = 1 with p-value < 0.05 was used from the UVB vs. control group and
SFN vs. UVB group to identify pathways and upstream regulators. From the integrative
analysis of RNA-seq data, the top 5 canonical pathways and top 5 upstream regulators were
presented in Table 1. These canonical pathways include cell cycle: G2/M DNA damage
checkpoint regulation, p53 signaling, Role of BRCAL in DNA Damage Response and Role
of CHK Proteins in Cell Cycle Checkpoint Control (Table 1a). The upstream regulators
include TP53, ERBB2, CDKN1A, and dextran sulfate (Table 1b).

Similarly, after 15 weeks of UVB treatment in epidermal tissue, the results showed that the
Euclidean distance clustering (Fig. 3A) and PCA (Fig. 3B) also showed clear separation.
The MA plots showed that the difference between the UVB group and the control group was
significantly more than that between the SFN group versus the UVB group (Fig. 3C and
3D). Compared with the control group, 642 genes were downregulated by UVB and 805
genes were upregulated by UVB. Compared with the UVB group, 108 genes were
downregulated by SFN and 36 genes were upregulated by SFN. As shown in Fig. 3E and 3F,
35 genes that were significantly upregulated by UVB (35/805) but were downregulated after
SFN treatment (35/108). Also, 11 genes that were downregulated by UVB (11/642) were
upregulated after SFN treatment (11/36). The top pathways from IPA results include the Thl
and Th2 activation pathway, glucocorticoid receptor signaling and mitotic roles of Polo-Like
kinase (Table 1a), and these upstream regulators include IFNG, NFE2L2 (Nrf2), and GSTZ1
(Table 1b).

Cancer Prev Res (Phila). Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 6

After 25 weeks of UVB treatment in the tumor/whole skin tissue, UVB groups are clustered
separately from the control group and SFN group by Euclidean distance clustering (Fig. 4A)
and PCA (Fig. 4B). The MA plots showed that the DEGs between the UVB group versus the
control group was significantly more than that between the SFN group versus the UVB
group (Fig. 4C and 4D). Compared with the control group, 520 genes were downregulated
by UVB and 375 genes were upregulated by UVB. Compared with the UVB group, 103
genes were downregulated by SFN and 115 genes were upregulated by SFN. As shown in
Fig. 4E and 4F, 18 genes that were significantly upregulated by UVB (18/375) were
downregulated after SFN treatment (18/103). Besides, 6 genes that were downregulated by
UVB (6/520) but were upregulated after SFN treatment (6/115). IPA identified several
signaling pathways in these DEGs. The top 5 canonical pathways and upstream regulators
are shown in Table 1. These pathways included granulocyte adhesion and diapedesis, PTEN
signaling, agranulocyte adhesion, and diapedesis (Table 1a) and these upstream regulators
include TNF, IL10RA, IFNG, and RXRA (Table 1b). Next, the IPA analysis showed that the
top 5 different diseases and disorders and the top 5 molecular and cellular functions were
significantly correlated with our gene set and treatment (Table 1c). Out of those diseases and
disorders, such as inflammatory disease, connective tissue disorders, organismal injury and
abnormalities, and cancer are shown at the top. Out of those molecular and cellular
functions, such as cellular growth and proliferation, cellular movement, cellular assembly
and organization, and protein synthesis are among the top.

DNA methylome alterations in UVB irradiation and SFN treatment in different stages of
carcinogenesis

Next, Methyl-Seq assay was used to analyze the DNA methylation profile of the UVB group
and the control group as well as between the SFN group and the UVB group from the early
stage (weeks 2), middle stage (weeks 15) and later stage (25 weeks). Cutoff threshold DNA
methylation differences > 0.2 with p-value at 0.01 was used to select a subgroup of DMRs.
After 2 weeks of UVB treatment in epidermal tissue, 555 DMRs were found between the
UVB group and the control group, comprising 433 hypomethylated DMRs and 122
hypermethylated DMRs associated with UVB in the promoter region (Fig. 5A and 5B). 198
DMRs between the SFN group and the UVB group, comprising 99 DMRs hypomethylated
and 99 DMRs hypermethylated in response to SFN in the promoter region (Fig. 5A and 5B).
In SFN-regulated DMRs, a total of 37 DMRs were found to have opposite methylation
directions. Particularly, 23 DMRs that were hypomethylated by UVB (23/433) were
hypermethylated by SFN treatment (23/99). 14 DMRs that were hypermethylated by UVB
(14/122) were hypomethylated by SFN treatment (14/99). Genes with differential
methylation between the two comparisons were shown in Fig. 5C. These genes include
Notchl, Hspdl, and Smad6.

After 15 weeks of UVB treatment in epidermal tissue, 190 DMRs between the SFN group
and the UVB group, comprising 82 DMRs hypermethylated and 108 DMRs hypomethylated
in response to SFN in the promoter region (Fig. 5D and E). In SFN-regulated DMRs, a total
of 31 DMRs were found to have opposite methylation directions. Particularly, 15 DMRs that
were hypomethylated by UVB (15/314) were hypermethylated by SFN treatment (15/82). 16
DMRs that were hypermethylated by UVB (16/211) were hypomethylated by SFN treatment
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(16/108). Genes with differential methylation between the two comparisons were shown in
Fig. 5F. These genes include Rap2c, Actal, and Gnai3.

After 25 weeks of UVB treatment in the tumor/whole skin tissue, 258 DMRs between the
UVB with the SFN group and the UVB group, comprising 108 DMRs hypermethylated and
150 DMRs hypomethylated associated with SFN in the promoter region (Fig. 5G and H). In
SFN-regulated DMRs, a total of 40 DMRs were found to have opposite methylation
directions. Particularly, 23 DMRs that were hypomethylated by UVB (23/640) were
hypermethylated by SFN treatment (23/108). 17 DMRs that were hypermethylated by UVB
(17/339) were hypomethylated by SFN treatment (17/150). Genes with differential
methylation between the two comparisons were shown in Fig. 5I. These genes include Cstf2,
Kcnk5, and Apc2.

Correlation between DNA methylation and Transcription

Next, the correlation between gene expression profiles and DNA methylation profiles at the
promoter region was studied to understand the link between DNA methylation and gene
expression from tumor initiation, promotion, to the late tumor progression. Genes were
filtered by DNA methylation difference and gene expression llog2 (Fold Change)l = 1. After
2 weeks of UVB treatment of the epidermal tissue, comparing the control group versus UVB
group, a total of 18 DMRS in the promoter regions were negatively correlated with the
expression of corresponding genes in the epidermal tissues (Fig. 6A). Comparing the UVB
group versus SFN group, 5 DMR in the promoter regions of the SFN group was negatively
correlated with the expression of corresponding genes (Fig. 6B). These DMRs-related genes
include Pik3cd, nudt7, and Ahsg.

Similarly, after 15 weeks of UVB treatment, comparing the UVB exposed epidermal tissue
versus the control (Fig. 6C), a total of 23 DMRs at the promoter regions displayed inverse
correlations with differential expression of the corresponding genes in the UVB group.
Compared with the UVB group, 4 DMRs in the promoter regions of the SFN group was
negatively correlated with the expression of corresponding genes (Fig. 6D). These DMRs-
related genes include Adgrg7, Matk, and Admz2.

After 25 weeks of UVB treatment, comparing the UVB exposed tumor/whole skin tissue
versus the control, as shown in Fig. 6E, 28 DMRs at the promoter regions of the UVB group
displayed inverse correlations with differential expression of the corresponding genes.
Compared with the UVB group, 7 DMRs in the promoter regions of the SFN group was
negatively correlated with the expression of corresponding genes (Fig. 6F). These DMRs-
related genes include Ntrk1, Bcl3, and Spon2.

Discussion

UVB-induced damage remains a common risk factor for skin carcinogenesis. The
production of ROS and inflammation are closely linked to UVB-induced carcinogenesis
(24). Studies have shown that SFN protects skin cells from UVB-induced damage mainly
through promoting anti-inflammatory, antioxidative and anticancer pathways (17,25). Here,
we designed this study to determine the effect of topical application of SFN after UVB
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exposure in female SKH-1 hairless mice using multi-omics RNA-seq and DNA methyl-seq
technologies. Our results show that the topical application of SFN after UVB irradiation
decreases tumorigenesis and attenuates some of the UVB-induced alterations of RNA
transcriptome and CpG methylome in the different stages of tumorigenesis. These results
may provide potential molecular markers and targets for the prevention and treatment of
UVB-induced skin carcinogenesis especially at early stages in humans.

UVB-induced skin carcinogenesis is a complex multistage process involving three general
stages: tumor initiation, promotion, and progression, mediated by various cellular,
biochemical and molecular changes (2). In this study, we observed the changes after 2, 15
and 25 weeks of UVB exposure, which would represent the three different stages of skin
cancer development. After 2 weeks of UVB exposure, we did not observe any obvious
tumors in the UVB group. But after 15 weeks of UVB exposure, some obvious tumors were
observed in the skin (Fig. 1A). Interestingly, SFN treatment effectively blocked the
occurrence of the skin tumorigenesis in the earlier time points after UVB exposure (Fig. 1),
suggesting its potential cancer chemopreventive effect. Previously, a study has shown that
topical application of SFN-containing broccoli sprout extracts has a protective effect on skin
cancer induced by UVB through various biological activities of SFN, including antioxidant
activity, antiproliferative and anti-inflammatory effects (26). Another study shows that
sulforaphane inhibits UVB-induced AP-1 activation by blocking c-fos binding to AP-1 DNA
binding site (27). In our current study, we found that the top signaling pathways including
p53 Signaling and Cell Cycle: G2/M DNA Damage Checkpoint Regulation and the top
upstream regulators including TP53, dextran sulfate, ERBB2, and CDKN1A were identified
in the early stage (weeks 2). The previous report has described that the p53 gene plays a role
in early events of precancerous lesions in the UVB carcinogenesis of human and mouse skin
and is involved in tumorigenesis by clonal expansion (28). For the upstream regulator of
Erbb2, UVB-induced Erbb2 activation increases the occurrence of skin tumors through
inhibiting Chk1 phosphorylation, maintenance of Cdc25a and suppression of S-phase arrest
by the PI3K/Akt-dependent mechanism (29). Moreover, the upstream regulators of IFNG are
involved in biomarkers of tumor immune response and melanoma patients (30). Therefore,
in our current study, identification of the top pathways and the top upstream regulators
(Table 1) after UVB irradiation corroborated with these previous findings. The top 5
regulators with SFN treatment during the initiation, promotion, and late progression stages
are shown in Table 1b. Interestingly, other top related signaling pathways, including mitotic
roles of Polo-Like kinase, Thl and Th2 Activation Pathway, and granulocyte Adhesion and
Diapedesis, and PTEN signaling are also identified. These pathways and regulators may also
have important roles in UVB-induced NMSC carcinogenesis and chemoprevention by
dietary phytochemicals including SFN.

DNA CpG methylation is one of the important hallmarks of epigenetic modification in
mammals, which involves the regulation of gene expression (31). Moreover, promoter
methylation has been shown to inhibit gene transcription (32). We have previously reported
that UVB irradiation can cause alterations in DNA CpG methylation in epidermis samples of
SKH-1 hairless mice (19,33). In our current study, SFN was found to alter UVB-induced
alterations of DNA methylation profiles, and importantly SFN treatment can attenuate some
of these DNA methylation changes. It was previously reported that SFN directly down-
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regulated histone deacetylase (HDAC) activity and indirectly changed gene promoter
methylation, thereby regulating gene promoter activity (34). It would be interesting to
compare the DNA methylation profile between SFN and other well-known HDAC inhibitors
such as Trichostatin A (TSA) and suberanilohydroxamic acid (SAHA).

Examining the relationship between DNA methylation and gene expression, an important
subgroup of genes related to SFN in UVB-induced skin carcinogenesis was found as shown
in Fig. 6. This result showed that some of the alterations of the CpG methylation by SFN
may not results in gene expression changes and conversely, some of the gene expression
changes induced by SFN may not be mediated by CpG methylation. Nevertheless, since
some of the DNA methylation changes can be used as potential biomarkers for diagnosis,
prognosis, and prediction of treatment response (35,36), our results suggest that the SFN’s
DNA methylation effects on UVB-induced DNA methylation may be used as potential
biomarkers or targets in patients clinically.

In conclusion, this study showed that SFN plays a highly regulatory role in various signaling
pathways during UVB irradiation, these pathways including p53 signaling, cell cycle: G2/M
DNA damage checkpoint regulation, Thi, and Th2 activation pathway, and PTEN signaling.
SFN impacts UVB-induced alterations of DNA methylation profiles, and importantly SFN
treatment attenuates some of these DNA methylation changes. Furthermore, by integrating
RNA-seq and DNA Methyl-seq data, we found a subset of genes associated with SFN
treatment, and the relevant changes in gene expression may be driven by promoter CpG
methylation status. The findings of this study suggest that these pathways and genes may
contribute to the overall chemopreventive effects of SFN and may provide potential
therapeutic markers/targets and strategies for UVB-induced skin carcinogenesis in humans.
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Fig. 1.

UVB-irradiation induces skin carcinogenesis. (A) Tumor incidence after UVB exposure. (B)
Tumor number per mouse during UVB exposure. (C) Average tumor volume per mouse. The
data are presented as the mean + standard deviation.
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Fig. 2.

Global gene expression pattern induced by UVB and SFN on week 2 after UVB exposure in
mouse epidermal tissue. (A) Euclidean distance clustering between pairs of the 3 groups. (B)
PCA for RNA-seq analysis in the 3 groups. MA plots for differential expression analysis of
UVB vs. Control (C) and SFN vs. UVB (D). (E, F) Venn diagrams of up-regulated genes,
and down-regulated genes in UVB versus control and UVB versus SFN.
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Fig. 3.
Global gene expression pattern induced by UVB and SFN on week 15 after UVB exposure

in mouse epidermal tissue. (A) Euclidean distance clustering between pairs of the 3 groups.
(B) PCA for RNA-seq analysis in the 3 groups. MA plots for differential expression analysis
of UVB vs. Control (C) and SFN vs. UVB (D). (E, F) Venn diagrams of up-regulated genes,
and down-regulated genes in UVB versus control and UVB versus SFN.
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Fig. 4.
Global gene expression pattern induced by UVB and SFN on week 25 after UVB exposure

in mouse tumor/whole skin sample. (A) Euclidean distance clustering between pairs of the 3
groups. (B) PCA for RNA-seq analysis in the 3 groups. MA plots for differential expression
analysis of UVB vs. Control (C) and SFN vs. UVB (D). (E, F) Venn diagrams of up-
regulated genes and down-regulated genes were compared between UVB versus control and
UVB versus SFN.
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Fig. 5.

Pr?)moter methylation changes at 2, 15, and 25 weeks of exposure to UVB and SFN. The
Venn diagram showed DMRs in the promoter region were significantly hypermethylated/
hypomethylated by UVB but hypomethylated/hypermethylated by SFN treatment using a
cutoff threshold DNA methylation difference greater than 0.2 with p-value < 0.01. Heatmap
of the overlapping DMRs between the two comparisons. The color of the heatmap is equal
to the methylation difference in each comparison.
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Fig. 6.
Correlation between gene expression and DNA methylation. Correlations between gene

expression and DNA CpG methylation in the promoter at 2 (A, B), 15 (C, D), and 25 (E, F)
weeks. The annotated genes had at least one CpG cluster in the promoter region with a
change in methylation level negatively correlated with the change in RNA expression.
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Top 5 canonical pathways (a), upstream regulators (b), and diseases and disorders, and molecular and cellular
functions (c) determined using IPA in comparison of UVB vs. Control and SFN vs. UVB.

a. Top 5 canonical pathways

Canonical Pathways p-value Overlap
Hepatic Fibrosis / Hepatic Stellate Cell Activation 2.96E-09 | 21.5% | 40/186
GP6 Signaling Pathway 1.42E-06 | 21.7% | 26/120
UVB vs. Control | Role of BRCAL in DNA Damage Response 2.24E-06 | 25.0% | 20/80
Hereditary Breast Cancer Signaling 3.06E-06 | 20.0% | 28/140
p53 Signaling 4.87E-06 | 22.4% | 22/98
Week 2 (epidermis)
Mitotic Roles of Polo-Like Kinase 1.83E-07 | 12.1% | 8/66
ATM Signaling 3.54E-05 | 7.2% 7197
SFN vs. UVB Cell Cycle: G2/M DNA Damage Checkpoint Regulation | 9.25E-05 | 10.2 % | 5/49
TR/RXR Activation 146E-04 | 7.1% 6/85
Role of CHK Proteins in Cell Cycle Checkpoint Control 1.91E-04 | 88% 5/57
Th1 and Th2 Activation Pathway 8.58E-08 | 16.8% | 29/173
Th1 Pathway 9.82E-07 | 17.9% | 22/123
UVB vs. Control | Glucocorticoid Receptor Signaling 1.91E-06 | 12.2% | 41/337
Th2 Pathway 2.01E-06 | 16.7 % | 23/138
Hepatic Fibrosis / Hepatic Stellate Cell Activation 4.24E-06 | 145% | 27/186
Week 15 (epidermis) Atherosclerosis Signaling 4.88E-05 | 4.8% 6/124
Synaptic Long Term Depression 3.06E-03 | 2.7% 5/187
SEN vs. UVB Mitotic Roles of Polo-Like Kinase 5.03E-03 | 4.5% 3/66
Sperm Motility 6.18E-03 | 2.3% 5/221
Role of MAPK Signaling in the Pathogenesis of 8.00E-03 | 3.8% 3/78
Influenza
Granulocyte Adhesion and Diapedesis 3.97E-16 | 19.0% | 34/179
Agranulocyte Adhesion and Diapedesis 1.35E-13 | 16.7% | 32/192
UVB vs. Control Egé&&ﬁ;:;gesﬁzgggnition Receptors in Recognition of | 3.86E-09 | 14.8 % | 23/155
Hepatic Fibrosis / Hepatic Stellate Cell Activation 6.57E-09 | 13.4% | 25/186
Week 25 (tumor/whole skin) Th1 and Th2 Activation Pathway 6.01E-07 | 12.1% | 21/173
Granulocyte Adhesion and Diapedesis 3.88E-03 | 34% 6/179
Agranulocyte Adhesion and Diapedesis 5.45E-03 | 3.1% 6/192
SFN vs. UVB MSP-RON Signaling Pathway 1.30E-02 | 5.1% 3/59
Neuroprotective Role of THOP1 in Alzheimer's Disease 1.60E-02 | 34 % 4/116
PTEN Signaling 2.10E-02 | 3.2% 4/126

b. Top 5 Upstream Regulators

Week 2 (epidermis)

Week 15 (epidermis)

Week 25 (tumor/whole skin)

Name

p-value

Name p-value

Name

p-value
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b. Top 5 Upstream Regulators
dextran sulfate 2.26E-34 dextran sulfate 5.91E-31 IFNG 5.94E-29
TP53 1.80E-31 IFNG 1.27E-29 lipopolysaccharide 7.07E-27
v | Eree2 1.15E-29 lipopolysaccharide | 1.07E-28 TNF 1.05E-25
CDKNI1A 1.21E-25 STAT1 1.62E-28 IFNAR1 4.90E-22
PLA2G10 2.31E-25 IFNB1 6.91E-28 IL10RA 2.55E-21
ZBTB17 2.40E-18 GSTZ1 3.11E-05 tetradecanoylphorbol 1.26E-05
acetate
dextran sulfate 4.53E-18 ZNF219 9.30E-05 RXRA 2.93E-04
SFN vs.
UvB PTGER2 8.72E-18 AR 1.07E-04 GATA4 3.96E-04
RABLG6 1.43E-15 NFE2L2 1.53E-04 KLK5 4.06E-04
CDKN1A 3.57E-15 RNF6 1.85E-04 IL10RA 4.33E-04
c. Diseases and Disorders, and Molecular and Cellular Functions at Week 25 (tumor/whole
skin)
Top 5 Diseases and p-value # Top 5 Molecular p-value range #
Disorders range Molecules and Molecules
Cellular
Functions
Inflammatory 1.62E-06 - 299 Cellular 1.62E-06 - 1.89E-24 230
Response 4.95E-25 Movement
Connective Tissue 8.98E-07 - 160 Cell-To-Cell 1.14E-06 - 4.76E-19 175
Disorders 6.91E-25 Signaling and
Interaction
UVB vs. fl Il R
Control Inflammatory 9.22E-07 - 245 Cellular Function 1.22E-06 - 1.00E-17 197
Disease 6.91E-25 and Maintenance
Organismal Injury 1.56E-06 - 721 Protein Synthesis 2.42E-07 - 1.86E-15 102
and abnormalities 6.91E-25
Skeletal and 8.98E-07 - 181 Cellular Growth 1.61E-06 - 5.45E-14 181
Muscular Disorders | 6.91E-25 and Proliferation
Inflammatory 1.65E-02 - 60 Cellular 1.65E-02 - 7.24E-06 55
Response 5.45E-06 Movement
Infectious Diseases 1.65E-02 - 6 Cellular 1.47E-02 - 1.92E-05 32
6.86E-05 Assembly and
Organization
SFN vs. Antimicrobial 5.67E-03 - 14 Cellular 1.45E-02 - 1.92E-05 55
uvB Response 8.55E-05 Development
Cancer 1.62E-02 - 154 Cellular Growth 1.55E-02 - 1.92E-05 55
1.43E-04 and Proliferation
Dermatological 8.30E-03 - 107 Molecular 1.34E-02 - 2.48E-05 44
Diseases and 1.43E-04 Transport

Conditions
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