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Abstract

Nonmelanoma skin cancers (NMSCs) are the most common type of skin cancers. Major risk 

factors for NMSCs include exposure to ultraviolet (UV) irradiation. Ursolic acid (UA) is a natural 

triterpenoid enriched in blueberries and herbal medicinal products, and possess anticancer 

activities. This study focuses on the impact of UA on epigenomic, genomic mechanisms and 

prevention of UVB-mediated NMSC. CpG methylome and RNA transcriptome alterations of early, 

promotion and late stages of UA treated on UVB-induced NMSC in SKH-1 hairless mice were 

conducted using CpG methyl-seq and RNA-seq. Samples were collected at weeks 2, 15 and 25, 

and integrated bioinformatic analyses were performed to identify key pathways and genes 

modified by UA against UVB-induced NMSC. Morphologically, UA significantly reduced NMSC 

tumor volume and tumor number. DNA methylome showed inflammatory pathways IL-8, NF-κB 

and Nrf2 pathways were highly involved. Anti-oxidative stress master regulator Nrf2, cyclin D1, 

DNA damage, and anti-inflammatory pathways were induced by UA. Nrf2, cyclin D1, TNFrsf1b 
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and Mybl1 at early (2 weeks) and late (25 weeks) stages were identified and validated by 

quantitative PCR (qPCR). In summary, integration of CpG methylome and RNA transcriptome 

studies show UA alters anti-oxidative, anti-inflammatory and anti-cancer pathways in UVB-

induced NMSC carcinogenesis. Particularly, UA appears to drive Nrf2 and its upstream/

downstream genes, anti-inflammatory (at early stages) and cell cycle regulatory (both early and 

late stages) genes, of which might contribute to the overall chemopreventive effects of UVB-

induced MNSC. This study may provide potential biomarkers/targets for chemoprevention of 

early-stage of UVB-induced NMSC in human.
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1 ǀ INTRODUCTION

Approximately 1 million new cases of skin cancer are diagnosed annually in the United 

States, including basal cell carcinomas (BCCs), squamous cell carcinomas (SCCs), and 

melanomas. BCCs and SCCs are nonmelanoma skin cancers (NMSCs), which comprised 

96% of all skin cancers.1 Exposure to ultraviolet B (UVB) is a major causative factor for 

NMSCs, and inflammation is considered to play the most crucial role during carcinogenesis.
2 Short-term UVB exposure causes inflammatory responses with increased expression of 

cyclooxygenase-2 (COX-2) and production of carcinogenic prostaglandin (PG) metabolites 

in the early stage of UV-irradiation damage.3 Long-term exposure to UV irradiation induces 

inflammatory oxidative stress, causes DNA damage and mutation, and disrupts cell cycle 

and proliferation in nearly all stages of NMSC carcinogenesis.4 Thus, many studies have 

focused on the roles of both acute and chronic UV-irradiation-induced inflammation in the 

alteration of skin oncogenes and morphology.5–7 Recently, p53, PETN and other 

carcinogenesis genes have been reported to respond to UV irradiation in both in vitro and in 

vivo model.8–10 To comprehensively understand how UV irradiation influences the 

epidermis and identifies key regulatory genes for diagnosis and therapy development, it is 

necessary to integratively analyze multi-omic datasets, including the transcriptomes and 

DNA methylomes of human skin cancer samples treated with either commercial drugs or 

bioactive ingredients. Epigenetic deregulation has become an emerging hallmark for cancers 

and provides important insights into novel therapeutic targets and drug development.11–13 

The U.S. Food and Drug Administration has approved several histone deacetylase (HDAC) 

and DNA methyltransferase (DNMT) inhibitors as chemotherapeutics under limited usage.
14,15 For example, RAS oncogene inhibitors are currently under clinical evaluation for lung, 

colon and pancreatic cancers.16 Aberrant epigenetic alterations are observed in the 

development and progression of skin cancers.17–19 We recently established extensive gene 

methylation profiles in skin carcinogenesis by conducting global genome-wide epigenomic 

analysis of UVB-irradiated SKH-1 hairless mice and DMBA/TPA-treated CD-1 mice.20 The 

inflammatory genes IL-6 and SOCS1 (suppressor of cytokine signaling 1) were found to be 

significantly hypermethylated in the UVB-irradiation tumor samples. Epigenetic alterations 

of the Nrf2 and p21 genes are also observed in skin cancer cells.21,22 These findings suggest 
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a promising and effective method to develop skin cancer therapy by modifying the DNA 

methylation status of specific biomarker genes and pathways.

Dietary compounds isolated from fruits and vegetables show great potential for skin cancer 

prevention due to relative abundance and lower toxicity. Forte et al. reported that the 

cruciferous and leafy vegetable-enriched Mediterranean diet protects against cutaneous 

melanoma.23 In addition, a high intake of cruciferous vegetables and triterpenoids enriched 

beans showed a strong protective effect in non-melanocytic skin cancer in a case-control 

study conducted in Melbourne, Australia.24 Topical application of epigallocatechin gallate 

(EGCG) and sulforaphane extracted from tea and broccoli sprout exhibits a strong protective 

effect against skin carcinogenesis induced by UVB-irradiation.25,26 Ursolic acid (UA) is a 

natural pentacyclic triterpenoids enriched in blueberries and cranberries that has shown 

strong cancer prevention activity.27 Previous studies have demonstrated that UA and its 

derivatives have strong inhibitory effect on UVB-induced oxidative stress damage and skin 

carcinogenesis through p53, NF-κB pathway, mitochondrial membrane potential and other 

inflammatory pathways and cell cycle checking system28–32, as well as via epigenetic 

modification.33 However, a more comprehensive method of global assessment including 

integration of epigenome/DNA CpG methylome and transcriptome study of the protective 

effect of UA against UVB-induced carcinogenesis would be needed.

In this study, for the first time, we explored the protective effects of UA in SKH-1 hairless 

mice during UVB-induced skin carcinogenesis. Animals were exposed to UVB irradiation 

(60 mJ/cm2) for 25 weeks. Epidermal and tumor samples were collected at early (2 wk), 

transition (15 wk) and late (25 wk) stages, and RNA and DNA libraries were prepared 

according the protocol provided by supplier for next-generation sequencing (NGS). RNA-

seq and methyl-seq data were analyzed by multiple Bioconductor R packages including 

Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), regional 

methylation patterns, and Ingenuity pathway analysis (IPA) from Qiagen. In summary, our 

study identified a set of genes significantly modified by UA in both the DNA methylome 

and transcriptome potentially contributing to the overall chemopreventive effects of NMSCs 

and revealed unique biomarkers that will benefit future clinical trials of skin cancer 

prevention and treatment.

2 ǀ MATERIALS AND METHODS

2.1 ǀ Materials

UA was purchased from Sigma-Aldrich (Cat. No. U6753, >90% purity; St. Louis, MO, 

USA). Acetone (HPLC grade) and 10% phosphate-buffered formalin were obtained from 

Fisher Scientific (Hampton, NH, USA). UV lamps that emit UV0042 (280 – 320 nm; 75–

80% of total energy) and UVA (320–375 nm; 20–25% of total energy) were used as 

described in previous studies.34–37 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).
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2.2 ǀ Animal care

Female SKH-1 hairless mice were purchased from Charles River Laboratories (Wilmington, 

MA, USA) at 5 weeks of age, as described in previous studies.37,38 These mice were 

maintained at a controlled temperature (20 – 22°C) and humidity (45 – 55%) under 12-hour 

light and dark cycles at the Rutgers Animal Facility. Food and water were provided ad 
libitum. After one week of acclimatization, mice at 6 weeks of age were randomly assigned 

to three groups and tail-tattooed: Non-UVB with acetone (control) group, UVB with acetone 

(UVB) group and UVB with UA (UA) group (n = 20). All animal experiments were 

conducted under the animal protocol (04–003) approved by the Institutional Animal Care 

and Use Committee (IACUC) of Rutgers University.

2.3 ǀ Experimental design

The experimental design is summarized in Figure 1A. In brief, at the age of 8 weeks, all 

mice began exposure to UVB irradiation at the dose of 60 mJ/cm2, which is considered a 

medium UVB dosage based on our previous results (data not shown here). After irradiation, 

mice underwent topical application of: (1) 200 μL of acetone without UVB irradiation as the 

control group, (2) 200 μL of acetone with UVB irradiation as the UVB group, and (3) 200 

μL of 2 μmol UA in acetone with UVB irradiation as the UA group. All UVB-irradiated 

groups of mice were exposed twice per week and followed by topical applications of the 

above treatements on the same and the following day for a 25-week period. Body weight, 

skin condition and tumor growth were monitored daily and recorded biweekly. Tumor 

volumes were determined and calculated using the formula V = π/6 × Height × Length × 

Width. Mice were sacrificed by CO2 asphyxiation. The skin and tumor tissues were saved 

either for histological assays in 10% phosphate-buffered formalin or for molecular assays by 

being snap frozen and stored at – 80 °C.

2.4 ǀ Sequencing library preparation

UVB induces genomic alteration happens mainly at the skin epidermis layer. Therefore, we 

selected the epidermal tissues from both UVB and UVB+UA groups to perform epigenome/

transcriptome analyses. In addition, since whole skin tumor would contain epidermis, dermis 

and hypodermis layers, we selected tumor adjacent whole skin tissues as negative control for 

sequencing library preparation. Epidermal tissues from the UVB and UA groups at week 2 

(initiation stage), week 15 (promotion stage) and week 25 (progression stage) and tumor/

whole skin (adjacent normal) samples at week 25 were selected for RNA-seq and Methyl-

seq library preparation and sequencing. In brief, paired RNA and DNA were extracted using 

the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Valencia, CA, USA), following the 

manufacturer’s protocol provided by the supplier. The RNA-seq library was prepared using 

an Illumina TruSeq RNA preparation kit (Illumina, San Diego, CA, USA) and sequenced on 

the Illumina NextSeq 500 platform with 75 bp single-end reads to a minimum sequencing 

depth of 20 – 25 million reads per sample. The methyl-seq library was prepared using the 

Agilent SureSelect Methyl-Seq kit (Agilent Technologies, Santa Clara, CA, USA) as 

described in the manufacturer’s protocol. The captured methyl-seq library was bisulfite 

converted using the EZ DNA Methylation-Gold kit (Zymo Research, Orange, CA, USA) as 

described in the manufacturer’s protocol before indexing. The methyl-seq library was 
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sequenced on an Illumina NextSeq 500 platform with 75 bp single-end reads to a minimum 

sequencing depth of 40–50 million reads per sample.

2.5 ǀ Bioinformatics analyses for RNA-seq

RNA-seq reads were aligned to the reference mouse genome (mm10) provided by the UCSC 

database and processed by HISAT2 (version 2.1.0)39, SAMtools (Version 1.8)40, and 

Picard41. Deduplicated reads were then annotated by FeatureCounts with reference genomes 

from UCSC database42. Statistical analysis were performed by DEseq243. Principle 

component analysis (PCA) was performed to determine the modes of variance among RNA-

seq samples and results are summarized in Figure 2.

2.6 ǀ Ingenuity pathway analysis (IPA)

Genes were filtered as the following parameters: absolute value of log2 fold change greater 

than 2 with a false detection rate (FDR) less than 0.05, and analyzed through the use of IPA 

core analysis.44 Expression analysis was set up as the core analysis type, and Expr Fold 

Change was set up as the measurement type. The top canonical pathways associated with 

UA protective effects against UV-induced carcinogenesis were identified using epidermal 

samples. The results of all time point comparisons are summarized with Z-scores 

(activation-scores) on a scale from −4.0 to 4.0 (Figure 3).

2.7 ǀ GO and KEGG enrichment analyses

Raw Reads were input into bioconductor R packages clusterProfiler for GO and KEGG gene 

enrichment analysis and data visualization.45 The differentially expressed genes (DEGs) 

were filtered from raw reads based on the cutting off log2 fold change greater than 1 or less 

than −1 with q-value less than 0.05. The most significant GO biological process terms46,47 

and KEGG48–50 analysis were performed (Figure 4).

2.8 ǀ Bioinformatics analyses for Methyl-seq

Methyl-seq reads were mapped to reference mouse genome (mm10) with the Bismark 

(version 0.19.1).51 DMRfinder (version 0.1) was used to extract methylation counts and 

cluster CpG sites into DMRs.52 Genomic annotation was performed with ChIPseeker 

(version 1.16.0) in R (version 3.5.0).53

2.9 ǀ Validation by qPCR

The mRNAs significantly expressed by the induction of UA were determined using qPCR 

analysis. RNA (previously used for RNA-seq library preparation) was reverse transcribed by 

TaqMan and analyzed by the QuantStudio 5 Real-time PCR system using SYBR Green PCR 

Master Mix (ThermoFisher, Waltham, MA, USA). The primers for gene validation were 

selected from PrimerBank54–56 and ordered from Integrated DNA Technologies (IDT, 

Coralville, IA, USA). The relative fold change was normalized to the internal standard gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
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2.10 ǀ Statistical analysis

The data are presented as the mean ± standard deviation (SD), except as otherwise stated. 

One-way analysis of variance (ANOVA) was performed with Tukey’s multiple comparison 

test for multiple group comparisons. Student’s t-test was performed for simple comparison. 

Methylation differences were analyzed by the Mann–Whitney U-test. p-value less than 0.05, 

and False Discovery Rate (FDR) less than 10% were considered significant, except as 

otherwise stated.

3 ǀ RESULTS

3.1 ǀ Morphological Observations

The experimental design of animal study was shown in Figure 1A. 8-week old female 

SKH-1 hairless mice were used and body weight, tumor number and volume were measured 

biweekly for 25 weeks. At week 2, 15 and 25, mice were sacrificed and both epidermis and 

whole skin/tumor samples were collected. During the experimental period, UA significantly 

reduced the tumor volume and tumor number. As shown in Figure 1B, C, we observed the 

minor changes between UA and UVB group on tumor volume and number starting at week 

16, with significant reduction starting at week 22.

3.2 ǀ Observations of RNA-seq data

We performed PCA on epidermis alone, epidermis and tumor/whole skin tissues combined 

to identify the clustering profiles of the transcriptomic alterations induced by UA. All the 

epidermal samples from weeks 2, 15 and 25 clustered together but were significantly 

separated from tumor/whole skin tissues (Figure 2A). However, the epidermal samples 

without UVB or UA treatment (control groups) clustered together and were slightly 

separated from the UA and UVB groups, which were not significantly separated (Figure 

2B). These results reveal some fundamental facts about carcinogenesis induced by UVB 

irradiation: during the process, UVB induced larger-scale gene expression alterations, and 

UA exhibited protective effects via a small proportion of genes that may reverse the damage. 

Notably, these results indicate that the discovery of driver genes regulated by UA in UVB-

induced carcinogenesis may be very feasible.

To further explore the UA induced signal transduction pathways, IPA was performed to 

obtain signaling pathway information. Log2 fold change was set up as greater than 2 or less 

than −2 with FDR less than 0.05, and 1585, 1383, 1013 and 615 unique genes were obtained 

from week 2, 15 and 25 adjacent epidermis and week 25 tumor, respectively. These genes 

were analyzed by IPA and top canonical pathways and upstream regulators are summarized 

in Table 1. Then, a three-way combination analysis was performed to identify signaling 

pathways consistently and significantly activated or inhibited by UA across all time points, 

and they were visualized as a heatmap with activation Z-scores (Figure 3). Interestingly, UA 

plays multiple roles in the initiation, promotion and progression phases during UVB-induced 

carcinogenesis. Nrf2 is a major regulatory gene that responds to oxidative stress and is well 

known for its double-edged sword effects in the different phases of carcinogenesis.57–60 UA 

activates the Nrf2-mediated oxidative stress response in the initiation stage (week 2) but 

inhibits it during the promotion (week 15) and progression (week 25) stages. Nuclear 
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transcription factor-kappa B (NF-κB)61,62 and acute phase responses signaling 

pathways63,64 are associated with external stimuli, such as UV irradiation, oxidative and 

DNA damaging agents. UA also showed regulatory effects on these signaling pathways. 

Interleukin 8 (IL-8) plays key roles in inflammation, tumor proliferation and 

angiogenesis65,66, activates CXCR1/267 and vascular endothelial growth factor receptor 

(VEGFR)68. IL-8 also regulates NF-κB signaling pathway in some benign prostatic 

hyperplasia stromal cells.69 Similar to the Nrf2 and NF-κB signaling pathways, UA activates 

the IL-8 signaling pathway in the initiation phase but is inhibited during the promotion and 

progression phases. The IPA analysis also indicated other signaling pathways, but to fully 

interpret the RNA-seq data of UA’s preventive effects during UVB-induced carcinogenesis, 

future additional bioinformatics tools related to gene functions will be needed to further 

explore more potential clinical biomarkers.

GO is widely used to evaluate the biological functions systematically and usually applied on 

high-throughput sequencing dataset. Gene ontology enrichment analysis helps to identify 

both the gene and function by annotating sequencing raw reads to reference genome 

database. Multiple Bioconductor R packages such as clusterProfiler45, Goseq70, 

GOexpress71, are designed to interpret RNA-seq data and obtain information related to three 

types of gene ontology: biological process, molecular function and cellular component. 

KEGG is the database used for understanding and mapping large-scale datasets and 

exploring significant pathway information. The combined analyses would shed light on 

determining both the unique target genes and the pathways associated with RNA-seq reads. 

Hence, to identify representative genes and develop early-stage potential targets, the 

protective effects of UA were explored with a focus on the initiation phase and tumor/whole 

skin samples, using both GO and KEGG analysis. 2413 and 2798 unique genes were 

selected by filtration from the RNA-seq UA group at week 2 and tumor samples at week 25, 

respectively, based on log2 fold changes and p-values (Figure 4). Then, these genes were 

divided into UA up- and down-regulated genes, and GO and KEGG analysis were performed 

separately for each group. The top 20 significant GO terms (biological process) activated (or 

enhanced) by UA are listed in Figure 4A. Several UA-regulated biological processes that 

positively control cell division and the cell cycle; mitotic nuclear division, cell cycle phase 

transition, mitotic cell cycle process, etc. are among the pathways present. Cell division and 

the cell cycle play crucial roles in maintaining homeostasis in normal tissues but are 

disrupted in the carcinogenic process and cancer.72–74 Studies have determined that 

dysfunctions in certain genes, such as BRAC1 and BRAC2, as well as other cell cycle 

checkpoint genes, such as cyclin-dependent kinase 1, increase the risk of carcinogenesis.
75,76 KEGG pathway enrichment analysis revealed that UA positively regulates the cell cycle 

and the p53 and FoxO signaling pathways (Figure 4B), as reported previously.77–79 These 

pathways are highly associated with reactive oxygen species (ROS) and chronic 

inflammation driven carcinogenesis.80–82 The top 20 significant GO terms (biological 

process) deactivated or inhibited by UA are listed in Figure 4C. Wnt family of proteins are 

involved in a series of regulatory roles related to cell development, homeostasis and cell 

apoptosis.83 The Wnt/Ca+ signaling pathway is one of three major Wnt signaling pathways 

that respond to ROS both in vitro and in vivo.84–86 Other significant biological processes are 

associated with cell migration and cell motility, as well as skin and epidermis development. 
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KEGG analysis of UA down-regulated genes revealed several signaling pathways including 

cellular senescence and focal adhesion (Figure 4D). Cellular senescence is defined as the 

termination step of cell differentiation triggered by multiple factors, including oncogenic 

activation87, DNA damage88, ROS89 and UVB irradiation90–92. Focal adhesion kinases have 

been shown serving important roles in cell cycle, and cell motility in cancers.93,94 p5395, 

PTEN96, and pp125 FAK97 are linked to cellular senescence and focal adhesion signaling 

pathways. In tumor samples at week 25, UA up-regulated genes show opposing effects, 

activating or enhancing skin development, epidermal development and differentiation, and 

cell motility and migration compared to week 2 epidermis samples (Figure 4E). KEGG 

analysis revealed that UA also activated the focal adhesion, Rap1 signaling pathway and NF-

κB signaling pathways, which are related to ROS-induced inflammation and carcinogenesis 

(Figure 4F).98–100 The KEGG analysis of UA down-regulated genes shows that one possible 

mechanism underlying the protective effects of UA is DNA repair, including regulation of 

response to DNA damage stimulus and double-strand break repair signaling pathways.

3.3 ǀ Observations of methyl-seq data

One of the main purposes of interrogating the methyl-seq data is to determine the CpG 

methylation alteration induced by UA treatment following UVB exposure. The methyl-seq 

results were expressed as heatmap plots with Euclidean distance clustering and PCA 

analysis with and without tumor/whole skin tissue (Figure 5). Epidermal tissues at the 

initiation, promotion and progression phases are clustered together, while all tumor/whole 

skin tissues are separated from them in both the heatmap and PCA analysis (Figure 5A, B). 

The methyl-seq data show not only a clear division by UVB irradiation but also a significant 

separation by duration (Figure 5C, D). The results of RNA-seq and methyl-seq showed a 

consistent pattern in both analyses. In addition, the MA plot of DNA methylation alteration 

by UA treatment indicated that, over time, UA induced dramatic global changes in epidermal 

tissues. A significant methylation difference of 20% or more was observed between the UA 

group and the UVB group at each time point in the epidermal tissue, with FDR < 0.1 (Figure 

6). Each colored dot represents one significant DMR, and green and red dots represent DNA 

clusters that are significantly hypo or hypermethylated with UA treatment. The amount of 

significant DMRs were increased with time in adjacent epidermis samples, and also 

increased with tumor samples (Figure 6A–C). These observations suggest that the protective 

effects of UA occur gradually by altering the methylation status of genes during UVB-

irradiated carcinogenesis. Potent biomarker genes can thus be discovered by integrating 

RNA-seq and methyl-seq data to reveal the potential mechanism of skin carcinogenesis 

caused by UVB exposure.

Examining the methyl-seq data of CpG methylation alteration induced by UA treatment, 

shows the opposite pattern to that caused by UVB-induced carcinogenesis. All the 

significant CpG methylation changes from weeks 2, 15, and 25 and tumor tissues induced by 

UVB and reversed by UA are displayed in the circular heatmap plots (Figure 7A–D). The 

outer layer represents the genes that underwent UVB-induced methylation based on 

reference genome annotation, and the inner layer represents UA-induced methylation 

reversal. The full list of genes is provided in Supplemental Table S1.
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3.4 ǀ Cross-referencing the RNA-seq and methyl-seq data

Genes from the RNA-seq dataset with transcriptional differences of over 4-fold and p-values 

<0.05 were selected. Genes with CpG methylation changes of over 30% in promoter and 

distal intergenic regions with p-value < 0.05 were selected and cross-referenced with genes 

filtered from RNA-seq. In the week 2 epidermal tissue, a total of 305 genes were found in 

which CpG sites at the promoter and/or intergenic regions were highly hypermethylated, 

while transcriptional expression was significantly down-regulated. Fifty-three genes were 

identified as hypomethylated CpG sites at the promoter and/or intergenic regions, while 

transcriptional levels were significantly up-regulated. Nrf2 is shown in the hypo-/up-

regulated methyl-seq and RNA-seq crosstalk list, with significant transcriptional alteration 

(log2 fold change = 2.02) and 4 CpG sites significantly hypomethylated (between 30.6% to 

50.8% hypomethylated). These results indicate that, during the early phase of UVB-induced 

carcinogenesis, Nrf2 expression was significantly up-regulated potentially by the protective 

effects of UA in response to this small UVB dosage acute exposure. In the week 25 tumor/

whole skin tissue treated with UA, 88 genes were hypermethylated at the promoter and/or 

intergenic region, with transcriptional expression significantly down-regulated. A total of 

159 genes were found to be highly hypomethylated at the promoter and/or intergenic region, 

while transcript levels were significantly up-regulated. The gene expression of Nrf2 was 

significantly inhibited by 2.8-fold. Other genes following by similar patterns were also 

identified and top 10 genes from the week 2 and week 25 tumor samples are summarized in 

Table 2.

3.5 ǀ qPCR validation

Nrf2 (or NFE2L2), cyclinD1, TNF-receptor superfamily 1B (tnfrsf1b), and Mybl1 were 

selected for qPCR validation. The oligo primers are summarized in Supplemental Table S2. 

The relative mRNA expression levels of the genes are presented in Figure 8A. The RNA-seq 

data based on FPKM (fragments per kilobase of exon per million fragments mapped) of 

these genes are presented in Figure 8B. qPCR showed similar pattern consistent with the 

RNA-seq results, suggesting that the NGS approach used in this study can appropriately 

represent transcriptional expression.

4. ǀ Discussion

4.1 ǀ UA protective effect in UVB induced carcinogenesis

Over the last decade, the number of new cases of nonmelanoma skin cancer diagnosed in the 

United States has increased dramatically potentially due to chronic overexposure to UVB.101 

Conventional protective methods, including sunscreen and protective clothing, have been 

employed inadequately.102 In the present study, we performed topical application of UA to 

the skin of UVB-irradiated SKH-1 hairless mice, and the epidermis and tumor/whole skin 

tissues at weeks 2, 15 and 25 were collected for RNA-seq and methyl-seq multi-omic 

analyses. Computational Bioconductor R packages were utilized for comprehensive analyses 

of the transcriptome and methylome datasets, including PCA, GO, IPA and KEGG pathway 

analyses, and methylation patterns. Morphologically, UA reduced both the tumor volume 

and tumor number, suggesting the potent chemopreventive effect of UA. We next performed 

the significant grouping of epidermis and tumor/whole skin samples by PCA and clustering 
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analyses. Results show that not only are the tumor/whole skin samples epigenetically 

distinct from the epidermis, but UVB also induced dramatic changes and caused significant 

separation between the epidermal tissue groups in both the RNA-seq and methyl-seq data. 

UA appears to target a relatively small number set of genes to accomplish its protective 

effects when compared with the number of genes altered by UVB irradiation. For example, 

the Nrf2 and NQO-1 key antioxidant genes were significantly up-regulated by UA in the 

early phase of UVB carcinogenesis. Meanwhile, methylation analysis also revealed that the 

CpG sites of these genes were significantly hypomethylated. Furthermore, other potential 

driver genes of cell proliferation, differentiation and cell cycle regulatory pathways were 

also found to be impacted. Previously, we and others have conducted numerous studies on 

elucidating UA anti-inflammatory mechanisms in vitro32,103–107 and in vivo108–110, mainly 

through oral administration. Topical application of UA is also applied on mouse ear model 

and back side of skin for anti-inflammation activity measurement.111–113 However, our 

current study raises another level with the multi-omic high-throughput approaches on the 

UVB-irradiated skin carcinogenesis process, and explored the potential epigenetics/

epigenomic target genes impacted by chemopreventive agent UA from early-phase to late 

stage tumors using integrative analyses of transcriptome and CpG methylome.

4.2 ǀ Nrf2 is a key regulatory gene associated with ROS in UVB-induced carcinogenesis

Previously, we have reported several papers showing the important role of Nrf2-mediated 

signaling pathways in respond to ROS-induced inflammation in cancers.114–118 Epigenetic 

study with mouse skin epidermal JB6 P+ cell transformation found epigenetic modification 

of Nrf2 by cancer chemopreventive/natural phytochemicals including isothiocyanate119, 

focoxanthin120, taxifolin121 and reserpine122. Cross-examination of RNA-seq and DNA 

methyl-seq data shows many genes have cause-and-effect relationship between DNA CpG 

methylation versus RNA expression, including Nrf2 gene. Based on the results, Nrf2 is 

hypomethylated at 4 CpG sites coupled with concomitant increase in Nrf2 RNA expression 

during the early phase (2 weeks) of UVB-induced carcinogenesis development. It is a clear 

evidence to support that UA could modulate antioxidative stress/inflammation pathways 

such as Nrf2 with UVB-induced CpG modification in the skin at early phase. Further study 

of Nrf2 related genes such as Keap1, NQO-1 and HO-1 would be necessary to 

comprehensively understand the functional role of Nrf2 gene in the initial stage of NMSCs 

development including using Nrf2 knockout mice and Keap1 knockout or overexpression 

mouse models.

4.3 ǀ The cell cycle plays crucial roles in UVB-induced carcinogenesis

The cell cycle signaling pathways in general plays critical biological events in maintaining 

the homeostasis of cell division and cell fate.123,124 Our current integrative epigenome/

transcriptome study of UA treated UVB-induced mouse model shows many of these 

pathways and genes are modified epigenetically with CpG methylation and the 

corresponding alterations in RNA expression, including cyclinD1, CDK1/2 and CDK6. The 

functional significance of these pathways and genes would require further in-depth study 

down the road.
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In summary, in this study, we integrated the DNA methylome and RNA transcriptome in UA 

treated UVB-induced nonmelanoma carcinogenesis using NGS technology. RNA-seq and 

methyl-seq data were analyzed by multiple computational pipelines and R packages in UVB 

exposed SKH-1 hairless mice epidermis and tumor tissues. To identify potential epigenome 

modification, biomarker genes and the associated pathways impacted by UA, bioinformatic 

tools including PCA, GO and KEGG enrichment pathway analyses, IPA and DNA 

methylation patterns were applied to comprehensively understand the potential mechanisms 

associated with UA. Our results show several inflammatory pathways IL-6, NF-κB, Nrf2 

and cell cycle regulatory pathways are highly regulated by UA during UVB irradiation. 

Potential biomarker genes such as Nrf2, cyclin D1 are identified by RNA-seq and methyl-

seq integrative analyses and validated. Overall, our study reveals that UA protects UVB-

induced skin carcinogenesis potentially via epigenome modifications including DNA CpG 

methylome coupled with RNA transcriptome alterations. These pathways and genes could 

potentially be utilized for future clinical studies of UA or other cancer chemopreventive 

agents in prevention of early phase of UVB-induced NMSC in human.
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Figure 1. 
25-week UA treatment in UVB-induced skin carcinogenesis on SKH-1 hair-less mice. A, 

Experimental design of the animal study. Mice were 8 weeks old when the experiment 

began. B, Tumor volume per mouse measured at week 16 and 22. C, Tumor number per 

mouse measured at week 16 and 22. Only the tumor diameter greater than 2 mm is 

considered and recorded
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Figure 2. 
Principle component analysis of RNA-seq of UA and UVB adjacent skin and tumor samples 

across all time points. A, Adjacent normal skin and tumor/whole skin tissue. B, Adjacent 

normal skin samples only
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Figure 3. 
Top pathways induced by UA on adjacent skin samples from IPA. Pathway activation score 

is used as primary parameters. Multiple pathway comparison is used for RNA-seq results 

from week 2, 15 and 25 UA group
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Figure 4. 
Up- and Down-regulated gene GO terms and KEGG enriched pathway analysis on week 2 

adjacent normal skin samples and week 25 tumor tissues. A, Week 2 epidermis biological 

process GO term by up-regulated gene of UA treatment. B, Week 2 epidermis KEGG 

pathways by up-regulated genes of UA treatment. C, Week 2 epidermis biological process 

GO term by down-regulated gene of UA treatment. D, Week 2 epidermis KEGG pathways 

by down-regulated genes of UA treatment. E, Week 25 tumor biological process GO term by 

up-regulated gene of UA treatment. F, Week 25 tumor KEGG pathways by up-regulated 

genes of UA treatment. G, Week 25 tumor biological process GO term by down-regulated 

gene of UA treatment. H, Week 25 tumor KEGG pathways by down-regulated genes of UA 

treatment
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Figure 5. 
Global DNA methylation status heatmap with Euclidean distance clustering. A, DNA 

methylation of adjacent normal skin and tumor heatmap with Euclidean distance clustering. 

B, Principle component analysis of adjacent normal skin and tumors. C, DNA methylation 

of adjacent normal skin heatmap with Euclidean distance clustering. D, Principle component 

analysis of adjacent normal skins

Yang et al. Page 23

Mol Carcinog. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
MA plot of DNA methylation status and alteration by UA treatment cross all time points. A-

D, Week 2, 15, 25 epidermis and week 25 tumor tissues, respectively. The thresholds are set 

up as methylation different over 20% and false positive ratio (FDR) < 0.1. Dot represents 

raw sequence reads and annotated to specific gene. Green dots represent that at these gene 

promoter regions, CpG sites are significantly hypomethylated by UA. Red dots represent 

that at these gene promoter regions, CpG sites are significantly hypermethylated by UA. 

Black dots represent at these genes promoter region, CpG sites are not significantly hyper or 

hypomethylated
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Figure 7. 
DNA methylation alteration induced by UA treatment across all time points and tumor 

samples. A-D, Week 2, 15, 25 epidermis and week 25 tumor tissues, respectively. All 

significant CpG methylation changes induced by both UVB alone and UA treatment, and 

shows reserving pattern have been displayed in the circular heatmap plots. The outer layer 

represents the UVB induced methylation genes after annotated on genome reference, and the 

inner layer represents the UA induced methylation reversing
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Figure 8. 
UA protective representing gene validated by qPCR and cross referenced with RNA-seq. A, 

qPCR validation of relative RNA expression results in UVB and UA groups. B, RNA-seq 

fold-change results in UVB and UA groups
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Table 1

Summary of Top 5 canonical pathways and upstream regulators of week 2, 15 and 25 and tumor/whole skin 

tissues

Top canonical pathways p-value Overlap Top upstream regulators p-value

Week2

Antioxidant Action of Vitamin C 8.40E-04 19.6% 20/102 PLA2G10 1.79E-27

ATM signaling 1.10E-04 19.8% 19/96 CSF2 3.61E-25

Cell cycle: G2/M DNA damage checkpoint regulation 3.15E-04 24.0% 12/50 PTGER2 1.38E-17

GP6 Signaling Pathway 3.99E-04 16.8% 22/131 GSTP1 3.28E-17

p53 Signaling 4.75E-04 17.8% 19/107 TCF4 7.77E-15

Week15

Antigen Presentation Pathway 5.72E-13 53.6% 15/28 TRIM24 4.37E-22

Cdc42 Signaling 9.49E-07 16.3% 22/135 STAT1 5.89E-20

OX40 Signaling Pathway 3.85E-06 21.2% 14/66 IRF7 1.19E-17

Dendritic Cell Maturation 1.38E-05 13.5% 23/170 ACKR2 2.05E-17

Interferon Signaling 1.42E-05 29.0% 9/31 IRF3 7.63E-17

Week25

GP6 Signaling Pathway 7.34E-12 26.0% 34/131 IFNG 5.79E-29

Hepatic Fibrosis/Hepatic Stellate Cell Activation 2.19E-11 22.2% 40/180 Alpha catenin 1.43E-21

Dendritic Cell Maturation 4.26E-08 19.4% 33/170 IRF3 5.02E-20

Antigen Presentation Pathway 1.08E-07 42.9% 12/28 STAT1 8.17E-20

Complement System 9.16E-07 36.4% 12/33 IRF7 2.15E-18

Tumor/Whole skin

Antigen Presentation Pathway 1.33E-06 28.6% 8/28 IKBKG 8.32E-08

Graft-versus-Host Disease Signaling 1.60E-05 21.1% 8/38 CHUK 9.51E-08

Altered T Cell and B Cell Signaling in Rheumatoid Arthritis 3.95E-05 13.4% 11/82 IKBKB 1.25E-06

Type I Diabetes Mellitus Signaling 6.68E-05 11.8% 12/102 TP73 3.19E-06

Dendritic Cell Maturation 7.03E-05 9.4% 16/170 STAT6 5.41E-06
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