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Abstract
Overexposure to ultraviolet radiation and environmental carcinogens drive skin cancer development through redox imbal-
ance and gene mutation. Antioxidants such as triterpenoids have exhibited anti-oxidative and anti-inflammatory potentials to 
alleviate skin carcinogenesis. This study investigated the methylome and transcriptome altered by tumor promoter 12-O-tet-
radecanoylphorbol-13-acetate (TPA) or TPA with 2-cyano 2,3-dioxoolean-1,9-dien-28-oic acid (CDDO). The results show 
that CDDO blocks TPA-induced transformation dose dependently. Several differential expressed genes (DEGs) involved 
in skin cell transformation, while counteracted by CDDO, were revealed by differential expression analysis including Lyl1, 
Lad1, and Dennd2d. In CpG methylomic profiles, the differentially methylated regions (DMRs) in the promoter region 
altered by TPA while showing the opposite methylation status in the CDDO treatment group were identified. The correlation 
between DNA methylation and RNA expression has been established and DMRs showing inverse correlation were further 
studied as potential therapeutic targets. From the CpG methylome and transcriptome results, CDDO significantly restored 
gene expression of NAD(P)H:quinone oxidoreductase 1 (Nqo1) inhibited by TPA by decreasing their promoter CpG meth-
ylation. Ingenuity Pathways Analysis (IPA) shows that CDDO neutralized the effect of TPA through modulating cell cycles, 
cell migration, and inflammatory and immune response regulatory pathways. Notably, Tumor Necrosis Factor Receptor 
2 (TNFR2) signaling was significantly downregulated by CDDO potentially contributing to prevention of TPA-induced 
cell transformation. Overall, incorporating the transcriptome, CpG methylome, and signaling pathway network, we reveal 
potential therapeutic targets and pathways by which CDDO could reverse TPA-induced carcinogenesis. The results could 
be useful for future human study and targets development for skin cancer.
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Introduction

Non-melanoma skin cancer (NMSC), comprising basal 
cell carcinoma, cutaneous squamous cell carcinoma, and 
Merkel cell carcinoma, is the most prevalent cancer in the 
USA, and its new case number surpasses the combination 
of all the other human malignancies (1). The most recent 
estimated annual new cases of NMSC increased up to 5.4 
million in the USA (2). The increased incidence rate of 
NMSC worldwide is highly relevant to cumulative expo-
sure to UV irradiations and chemical carcinogens (3–5). 
Chemical-induced skin tumorigenesis in mouse skin or 
mouse skin cells has been widely employed to understand 
the mechanisms of skin carcinogenesis and evaluate poten-
tial interventions (6). 12-O-tetradecanoylphorbol-13-ace-
tate (TPA) is a frequently used skin tumor promoter that 
exerts its effect by enhancing the production of reactive 
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oxygen species (ROS) and pro-inflammatory cytokines 
both in vitro and in vivo (6, 7).

Over the last few decades, epigenetic reprogramming has 
been considered a hallmark of cancer. Growing evidence 
suggest that DNA methylation leading to the addition of a 
methyl group to cytosine nucleotide adjacent to guanine base 
in CpG island is one of the best-described epigenetic modi-
fications in various cancers including melanoma and NMSC 
(8, 9). Naturally abundant phytochemicals have received 
considerable attention due to their chemopreventive ability 
through the alteration of diverse epigenetic processes such 
as DNA CpG methylation (10). Triterpenoids are naturally 
occurring compounds synthesized in plants, fungi, or marine 
organisms through cyclization of squalene and possess anti-
oxidant, anti-inflammatory, and anticancer activities (11, 
12). Our previous studies showed that various triterpenoids 
including corosolic acid and ursolic acid exert skin cancer 
protective effects through epigenetic regulations (13–15).

CDDO (2-cyano 2,3-dioxoolean-1,9-dien-28-oic acid, 
also known as bardoxolone), a synthetic derivative of 
oleanolic acid, was found to be one of the most potent 
anti-inflammatory and anti-carcinogenic triterpenoids with 
activities found at concentrations below 1 nM (16). A pre-
vious review has shown that CDDO and its C28 modified 
derivative, CDDO-Me (2-cyano-3,12-dioxooleana-1,9(11)-
dien-28-oic acid methyl ester), exert their anti-cancer effect 
through multifunctional pathways in various cancers, 
including melanoma, lymphoma, lung, breast, prostate, and 
colorectal cancers (11). We further illustrated the chemo-
prevention signaling and epigenetic mechanism of CDDO 
derivatives and other triterpenoids (17). In vitro and in vivo 
studies have shown that CDDO and CDDO derivatives pre-
sented differentiating, antiproliferative, anti-inflammatory, 
and tumor suppression activities (18–22). In addition, 
CDDO activates transcription factor, nuclear factor-eryth-
roid factor 2-related factor 2 (Nrf2), and its downstream 
phase 2 cytoprotective enzymes including NAD(P)H qui-
none dehydrogenase 1 (NQO1), heme oxygenase 1 (HO1, 
HMOX1), superoxide dismutase (SOD), thioredoxin, and 
catalase to alleviate the electrophilic and oxidative stress in 
various cancer models (23–26). Several studies investigated 
CDDO’s epigenetic/epigenomic modifications in cancers, as 
summarized in our review (17). A previous study reported 
that CDDO-Me inhibited the expression of epigenetic mark-
ers DNMT1 and DNMT3a to regulate CpG methylation in 
the hTERT promoter in pancreatic cancer (27). Moreover, 
CDDO reversed the human hepatocarcinogen aflatoxin 
 B1–induced epigenetic changes to block the early-stage car-
cinogen in rats (28). However, the epigenetic regulation by 
CDDO to protect NMSC has not been studied yet.

To fill the gap, this study characterized differentially 
methylated regions (DMRs) and gene expression changes 
after CDDO treatment using methyl-seq and RNA-seq. The 

comparison of DMRs with the corresponding gene expres-
sion revealed genes and regulatory regions of interest for 
skin cancer chemoprevention.

Materials and Methods

Materials

Minimum Essential Medium (MEM), fetal bovine serum 
(FBS), penicillin–streptomycin (10,000 U/mL), puromycin, 
versene, and trypsin-EDTA were supplied by Gibco (Grand 
Island, NY, USA). Dimethyl sulfoxide (DMSO) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). TPA was 
obtained from Alexis Biochemicals (San Diego, CA, USA). 
CDDO compound is a generous gift from Dr. Michael Sporn 
(Dartmouth).

Cell Culture and Treatment

Mouse epidermal JB6 P+ cell line was purchased from 
American Type Culture Collection (ATCC, Manassas, VA, 
USA) and maintained in MEM with 5% FBS in a humidified 
5%  CO2 atmosphere as instructed by ATCC. The cells were 
first seeded and grown in plates for 24 h. Then, the cells 
were treated with various concentrations of CDDO in 1% 
FBS medium every other day for 1, 3, or 5 days, and 0.1% 
DMSO was used as vehicle control.

Cell Proliferation Assay (MTS Assay)

JB6 P+ cells were seeded into a 96-well plate at a density 
of 5 ×  102 cells per well and grown for 24 h. Then, the cells 
were incubated in different concentrations of CDDO (12.5, 
25, 50, 100, 200, 400, 800, or 1600 nM) or 0.1% DMSO 
(vehicle control) for 1, 3, or 5 days. The complete solubility 
of CDDO was maintained in DMSO over the concentration 
ranges from 12.5 to 1600 nM with no precipitation observed. 
The treatment with CDDO in the cell culture medium was 
renewed every other day. Cell viability at different con-
centrations for different durations was quantified with the 
CellTiter 96 AQueous One Solution Cell Proliferation Assay 
System (Promega, Madison, WI, USA) at 490 nm absorb-
ance according to the manufacturer.

Anchorage‑Independent Cell Transformation Assay

TPA-induced JB6 cell neoplastic transformation was estab-
lished in our previous publication (29). JB6 P+ cells (8 × 
 103) were seeded in 6-well plates for 24 h and then treated 
with different concentrations of CDDO (12.5, 25, 50, or 100 
nM) or 0.1% DMSO for 5 days. The cell culture medium 
with CDDO was renewed every other day. Then, pretreated 

 Page 2 of 13115



The AAPS Journal (2022) 24:115

1 3

cells were subjected to an anchorage-independent cell trans-
formation assay in 6-well plates with 0.3% BME (Basal 
Medium Eagle) agar as the upper agar and 0.5% BME agar 
as the bottom agar. The 0.3% and 0.5% BME agar were made 
by mixing 10% FBS-containing BME medium with 0.6% 
or 1% bacteriological agar (Sigma-Aldrich) in a 1:1 propor-
tion. The cells pretreated with CDDO or 0.1% DMSO were 
maintained in the upper agar, containing 10 ng/mL TPA or 
0.1% DMSO (vehicle control). After 14 days of incubation, 
we captured the images of the cell colonies in the soft agar 
by a microscope camera using Nikon ACT-1 software (ver-
sion 2.20; LEAD Technologies, Charlotte, NC, USA). The 
colonies were quantified with the ImageJ program (version 
1.52a; NIH, Bethesda, MD, USA).

Nucleic Acid Isolation and Next‑Generation 
Sequencing

Total RNA and DNA were isolated using an AllPrep DNA/
RNA Mini Kit (QIAGEN, Germantown, MD, USA). The 
concentration and quality of extracted nucleic acids were 
measured using a NanoDrop spectrophotometer and an 
Agilent 2100 Bioanalyzer. RNA samples from all treat-
ment groups with one replicate were subjected to RNA-
seq with library preparation and sequencing performed by 
RUCDR Infinite Biologics (Piscataway, NJ, USA). First, 
the RNA library was prepared using an Illumina TruSeq 
RNA preparation kit (Illumina, San Diego, CA, USA) based 
on the manufacturer’s manual. Next, the RNA library was 
sequenced on an Illumina NextSeq 500 instrument (75 bp, 
single end), generating 30–40 million reads per sample. On 
the other hand, DNA samples from all treatment groups 
with one replicate were subjected SureSelect Methyl-seq, 
and library preparation and sequencing were conducted by 
RUCDR Infinite Biologics. First, the DNA samples were 
processed using an Agilent Mouse SureSelect Methyl-seq 
Target Enrichment System (Agilent Technologies, Santa 
Clara, CA, USA). Then, EZ DNA Methylation-Gold Kit 
(Zymo Research, USA) was applied to perform bisulfite 
conversion as instructed by the manufacturer. Finally, the 
DNA library was sequenced on an Illumina NextSeq 500 
instrument (75 bp, single end), generating 30–40 million 
reads per sample.

RNA‑Seq Analyses

The RNA-seq reads were preprocessed by Cutadapt for Illu-
mina Universal Adapter sequence recognition and removal 
(30). The reads were then aligned to the mouse genome 
(mm10) with HISAT2 (31), and PCR duplicates were 
removed. Next, we quantified the reads overlapping predeter-
mined genomic features in different treatment groups using 
the FeatureCounts program (version 1.5.1) (32). Finally, the 

reads were analyzed for differential expression with DEGSeq 
(version 1.36.0) in R (version 3.4.0), and the genes with the 
total reads across samples less than 10 were removed (33). 
The raw counts in FASTQ format and FeatureCounts results 
were uploaded to Gene Expression Omnibus (GEO) reposi-
tory (GSE206168).

DNA SureSelect Methyl‑Seq Analyses

The DNA reads were aligned to the bisulfite-converted 
mouse genome (mm10) with the Bismark (version 0.15.0) 
alignment algorithm (34). After alignment, DMRfinder (ver-
sion 0.1) was used to extract CpG counts and cluster CpG 
sites into DMRs (35). Each DMR contained at least three 
CpG sites. Methylation differences greater than 0.10 with p 
values less than 0.05 were considered significant. Genomic 
annotation was performed with ChIPseeker (version 1.10.3) 
in R (version 3.4.0) (36). The raw data in FASTQ format and 
CpG methylation ratio result files were uploaded to GEO 
repository (GSE206168).

Correlation Study between DNA Methylation 
and RNA Expression

DNA methylation on cytosine bases at C5 in gene pro-
moters was linked to gene repression (37, 38). This study 
compared DMRs with corresponding gene expression in 
TPA versus control and CDDO with TPA versus TPA com-
parisons to understand the correlation between methylome 
and transcriptome. We obtained a list of 88062 and 85613 
DMRs with their corresponding gene expression in both 
comparisons. We then filtered the results by applying the 
thresholds of 10% changes in DNA methylation ratio and 
 log2 2-fold changes for gene expression and visualized the 
correlations between DMRs and DEGs in a starburst plot 
(Fig. 5a). With the thresholds, the DMRs with an inverse 
correlation between the change of CpG methylation ratio 
and gene expression in the promoter region were labeled by 
their gene names.

Canonical Pathway Analysis and Pathway Network 
Analysis by Ingenuity Pathway Analysis Software

Canonical pathway analysis was performed using the dif-
ferential expression results from RNA-seq. The Comparison 
Analysis program of IPA was applied to determine the most 
significant biological pathways and upstream regulators 
involved in skin cell transformation and CDDO treatment 
using expression patterns (Fig. 5b). In addition, the Path 
Explorer tool of IPA was applied to build a pathway network 
(Fig. 6) based on the direct and indirect interactions among 
gene of interest with an inversed correlation between gene 
expression and CpG methylation (Table I). The analyses 
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were generated using QIAGEN IPA (QIAGEN Inc., https:// 
digit alins ights. qiagen. com/ IPA).

Statistical Analysis

The quantitative results of MTS assay, cell transformation 
assay, and qPCR are expressed as mean ± SEM from at least 
three independent experiments. Welch’s t-test was applied to 
evaluate the significance of statistical analysis with * indi-
cating p <0.05 and ** indicating p <0.01, compared to the 
control group. In addition, # symbolizes p <0.05, and ## 
symbolizes p <0.01, compared to TPA-alone group. The 
cutoffs of p <0.05 and absolute value of  log2 fold change ≥2 
were used for RNA-seq analysis and visualization includ-
ing the results presented in MA plots, Venn diagrams, and 
a heatmap (Fig. 3) with Benjamini–Hochberg procedure 
applied to control the false discovery rate. The threshold of 
p <0.05 and 10% DNA methylation ratio difference were 

used for Methyl-seq analysis. The threshold of p <0.05 was 
used for IPA canonical pathway analysis.

Results

CDDO Reduced Cell Viability in a Dose‑ 
and Time‑Dependent Manner

Determination of optimal treatment duration and concentra-
tion involves a trade-off between toxicity and efficacy. The 
concentration and treatment duration were determined by 
cytotoxicity of CDDO assessed with an MTS cell prolif-
eration assay as elaborated in the “Materials and Methods” 
section. CDDO inhibited cell viability in a time- and dose-
dependent manner (Fig. 1b). The cell viabilities after 1, 3, 
and 5 days of 50 nM CDDO treatments are 99.67%, 92.63%, 
and 87.26%, respectively. The effect of CDDO 5-day treat-
ment at concentrations around 50 nM was further tested in 
the subsequent efficacy and mechanistic studies.

CDDO Prevented TPA‑Mediated JB6 P + Cell 
Transformation

The cells which showed anchorage‐independent growth 
ability in the soft agar colony formation assay reflect their 
neoplastic transformation. TPA, a well-established pro-
moter of skin carcinogenesis both in vitro and in vivo (39, 
40), was applied to induce transformation in JB6 P + cells 
and was shown to effectively increase colony formation 
by 14.6-fold compared to the vehicle control (Fig. 2). 
CDDO treatment significantly attenuated the anchorage‐
independent growth by 41.0%, 54.2%, 57.5%, and 81.1% 
at the concentration of 12.5, 25, 50, and 100 nM, respec-
tively (Fig. 2). To conclude, the above result indicates 
that CDDO can significantly inhibit the TPA-induced 
anchorage‐independent growth of JB6 P + cells from 12.5 
to 100 nM in a dose-dependent manner.

Table I  Genes with Inverse Correlated Change in Gene Expression 
and CpG Methylation Status That Was Involved in Significantly Reg-
ulated Pathways in TPA + CDDO vs. TPA Comparison

The thresholds of 10% difference in CpG methylation ratio and log2 
fold change of 2 for gene expression were applied to subset the sig-
nificant changed genes in TPA + CDDO vs. TPA comparison. Then, 
we screened the subset of genes by the list of molecules involved in 
the significant regulated pathways (Table S2) and narrowed down to 
a list of five genes
* Log 2 fold change and methylation ratio differences were obtained 
from comparing CDDO + TPA group to TPA−alone group

Gene Log2 fold change* Methylation ratio 
difference (%)*

Gene region

Tas1r2 2.47  − 22.46 Distal intergenic
Nudt14 2.02  − 12.03 Promoter
Nqo1 2.83  − 10.24 Promoter
P2rx7  − 3.08 11.58 Distal intergenic
Prkcg  − 2.29 15.79 Promoter

Fig. 1  a Chemical structure of 
CDDO. b Effect of CDDO on 
the viability of JB6 P + cells. 
JB6 P + cells were treated 
with various concentrations of 
CDDO for 1, 3, or 5 days as 
described in the “Materials and 
Methods” section. Cell viability 
was determined with an MTS 
cell proliferation assay and is 
presented as the mean ± SEM 
from three independent experi-
ments
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CDDO Reversed Part of Transcriptome Dysregulated 
during TPA‑Induced Neoplastic Transformation

Differential expression analysis by DEGSeq was employed 
to probe into the gene expression profiles of TPA and 
CDDO treatments. The p value was adjusted to q value by 
the Benjamini–Hochberg methods, considering the false 
discovery rate (41). The  log2 fold changes between sam-
ples were used to describe the gene expression differences. 
As shown in the MA plot (Fig. 3a), q value less than 0.05 
and an absolute value of  log2 fold changes greater than 2.0 
were set as thresholds. The genes with q value smaller than 
0.05 and were upregulated and downregulated by 4-fold 
(red dots) were considered significant differential expres-
sion genes (DEGs). With these thresholds, TPA upregu-
lated 629 DEGs, out of which CDDO reversed 359 DEGS; 
in contrast, TPA downregulated 330 DEGs out of which 
CDDO reversed 62 DEGs (Fig. 3b). The top 20 DEGs 
showed the opposite expression between comparisons of 
TPA versus control and TPA with CDDO group versus 
TPA group are presented in a heatmap (Fig. 3c). These 
DEGs may be critical genes regulated by CDDO to neu-
tralize TPA-induced skin carcinogenesis. The genes show-
ing the most significant difference in gene expression in 
the two comparisons are LYL1 basic helix-loop-helix fam-
ily member (Lyl1), ladinin 1 (Lad1), and DENN domain 
containing 2D (Dennd2d), and CDDO suppressed Lyl1 and 
Lad1 while upregulated Dennd2d. These genes may be 
possible therapeutic targets of CDDO to counteract TPA-
induced skin JB6 cell transformation. Moreover, Gene Set 
Enrichment Analysis (GSEA) was performed using DEGs 
(p < 0.05) with  log2 fold changes. The overrepresentation 

of pre-defined hallmark (H) and oncogenic signature 
(C6) gene sets from the Molecular Signatures Database 
(MSigDB) (42–44) were analyzed by GSEA software (42, 
45). The gene sets which showed statistical significance 
(p ≤ 0.05) between TPA + CDDO versus TPA and TPA 
versus C comparisons are presented in Fig. S2 by the order 
of the NES magnitude. The magnitude represented the cor-
relation of the gene with the phenotype (TPA + CDDO 
vs. TPA or TPA vs. C) with p values shown by the color 
gradient.

CDDO Altered CpG Methylation Profile in Response 
to TPA Treatment

Methyl-seq was performed to understand CpG methylation 
at single base-pair resolution during TPA-induced transfor-
mation and CDDO treatment. It is conducted on an Illumina 
NextSeq 500 platform using the Agilent SureSelect Mouse 
Methyl-seq library. The sequences obtained from differ-
ent treatment groups were aligned parallelly to a bisulfite-
converted mm10 mouse genome and underwent dedupli-
cation. Then, DNA methylation profiles were established 
using DMRfinder based on a total of 140,640 differentially 
methylated regions (DMRs) and were annotated using ChIP-
seeker (v1.14.2). Our result notably indicated that most of 
the DMRs were found in the promoter regions (Fig. 4a), 
which are the regions that have been shown highly related 
to the transcriptional regulation of gene expression. The 
average CpG methylation level in the promoter regions was 
greater than in other regions (Fig. 4a). In addition, CDDO 
reversed the methylation status of 32 DMRs methylated by 
TPA and 28 DMRs demethylated by TPA (Fig. 4b). The 

Fig. 2  Inhibitory effects of CDDO on TPA-induced JB6 P + cell 
transformation. JB6 P + cells (3 × 10.5/10-cm dish) pretreated with 
12.5, 25, 50, and 100  nM of CDDO for 5  days were transferred to 
soft agar containing TPA and CDDO for another 14 days. Then, the 
colonies showing anchorage-independent growth on soft agar were 

measured under a microscope and analyzed using ImageJ software. 
a Representative images of transformed JB6 colonies. b The quanti-
ties of colonies presented as the mean ± SEM from at least three inde-
pendent studies. Significant differences were evaluated by Welch’s 
t-test (*p < 0.05; **p < 0.01)
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Fig. 3  a MA plots showing differentially expressed genes (DEGs) in 
response to TPA or CDDO treatment. The p value less than 0.05 and 
absolute value of  log2 fold change greater or equal to 2 (dash line) 
were applied as the threshold. b Venn diagrams presenting the num-
ber of DEGs significantly regulated by TPA (10 ng/mL) and CDDO 
(50  nM) treatment. CDDO inhibited the expression of 359 DEGs 

TPA upregulated and activated the expression of 62 DEGs TPA 
downregulated as shown in the intersections. The downregulated gene 
set is marked with red, and the upregulated gene set is marked with 
green. c Heatmap showing gene expression change of top 20 DEGs 
significantly upregulated or downregulated by TPA but reversed by 
CDDO treatment (p < 0.05, absolute value of log2 fold change ≥ 2)

Fig. 4  a Distribution of differentially methylated regions (DMRs) 
annotated by gene feature. b Venn diagrams presenting the number 
of DMRs which TPA (10 ng/mL) and CDDO (50 nM) significantly 
altered. CDDO demethylate 32 DMRs methylated by TPA and meth-

ylate 28 DMRs demethylated by TPA shown by the intersection. c 
Top 21 genes showing significant changes in CpG methylation ratio 
between TPA-vs.-control and TPA with CDDO-vs.-TPA comparisons 
with DMRs in their promoter regions (p < 0.05)
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top 21 genes with significant differences (p value < 0.05) 
in methylation ratio between comparisons of TPA versus 
control and TPA with CDDO versus TPA were identi-
fied (Fig. 4c). In counteracting TPA-induced methylation 
changes, several DMRs in genes including transmembrane 
(Tmem) 253, Beta-Carotene Oxygenase 2 (Bco2), and MAP 
Kinase Activating Death Domain (Madd) were significantly 
modified by CDDO.

Inverse Correlation between DNA Methylation 
and RNA Expression Revealed Potential Targets 
of CDDO Treatment

Previous literature showed that DNA methylation on cyto-
sine bases in gene promoters was linked to gene repression 
(37, 38). Here, we integrated methylome with transcriptome 
by arranging DMRs with corresponding gene expression in 
TPA versus control and CDDO with TPA versus TPA com-
parisons. We acquired a list of DMRs with their correspond-
ing gene expression in both comparisons and then narrowed 
down the results by applying the thresholds of 10% DNA 
methylation ratio difference and  log2 twofold change for 
gene expression. As shown in the correlation starburst plot 
(Fig. 5a), the DMRs in specific genes were illustrated as dots 
with different colors representing annotated features/gene 
regions. The DMRs with an inverse relationship between the 
change of CpG methylation ratio and gene expression are in 
quadrants II and IV. A subset of DMRs in the promoter with 
greater than 10% DNA methylation ratio difference and  log2 
fold change of 2 was labeled by their gene names.

Pathway Analysis Characterizes the Effect 
of CDDO on Canonical Signaling Pathways 
during TPA‑Induced Carcinogenesis

To perform pathway analysis, the DEGs were first filtered 
by p value less than 0.05 and an absolute value of  log2 fold 
change greater than 0.7, which we obtained 2530 genes in 

Fig. 5  a Correlations between change in gene expression and DNA 
CpG methylation ratio in different gene regions. A cutoff of 10% 
for DNA methylation ratio difference and absolute value of log2 
fold change of 2 for gene expression were applied with different 
colors representing annotated features/gene regions. The genes that 
show inverse relationship between CpG methylation status change 
in promoter and corresponding gene expression change are labeled 
with gene names on starburst plot. b Ingenuity Pathway Analysis 
(IPA) identified signaling pathways that were significantly regulated 
(p < 0.05) by TPA (10  ng/mL) or CDDO (50  nM) with TPA treat-
ments compared with control or TPA treatment. The heatmap is 
based on the z-scores of IPA representing the predicted overall acti-
vation or inhibition of the pathways. By inter-comparing transcrip-
tomes, we found that Tumor Necrosis Factor Receptor 2 signaling is 
a pathway that showed the most significant difference between TPA-
vs.-control and TPA with CDDO-vs.-TPA comparisons

▸
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the TPA versus control comparison and 2422 genes in the 
TPA with CDDO versus TPA comparison. Canonical path-
way analysis was performed using IPA to reveal the inter-
actions between these DEGs and the associated pathways 
during the treatment of TPA and CDDO. We then obtained 
117 pathways that TPA regulated (compared with control) 
and 62 pathways that CDDO regulated in response to TPA 
(compared with TPA alone group) (Tables S1 and S2). The 
pathways significantly regulated (p value < 0.05) in both 
comparisons were displayed in a heatmap with the activa-
tion z-scores (Fig. 5b). In response to TPA treatment, CDDO 
significantly downregulates Tumor Necrosis Factor Recep-
tor 2 (TNFR2) signaling, implying that it may be a critical 
pathway for CDDO to mitigate TPA-induced cell transfor-
mation. Using qPCR, we validated that CDDO with TPA 
treatment significantly reduced Tnfr2 mRNA expression by 
38.2% after 24-h treatment compared to control and CDDO 
reversed the TPA-induced Tnrf2 expression by 16.4% after 
2-h treatment (Fig. S1).

Pathway Network Analysis Illustrated 
the Interactions between CDDO‑Regulated Genes 
with Inverse Correlation in Gene Expression 
and CpG Methylation

Integrating transcriptome, methylome, and significantly 
affected pathways, we studied if DMRs with an inverse cor-
relation in gene expression and CpG methylation have been 
involved in the previously discovered 62 CDDO-regulated 

pathways during TPA-induced skin cell transformation. 
We obtained a list of five genes, and Nudix Hydrolase 14 
(Nudt14), NAD(P)H quinone dehydrogenase 1 (Nqo1), and 
protein kinase C gamma (Prkcg) are in the promoter regions 
(Table I). These genes may be potential therapeutic targets 
of CDDO for skin cancer prevention. We further built and 
explored the pathway network based on the direct and indi-
rect relationship associated with Nudt14, Nqo1, Prkcg, and a 
CDDO derivative, CDDO-Me, in the Ingenuity Knowledge 
Base (IPA, QIAGEN). The CDDO-Me molecule with a simi-
lar mechanism and biological activities to CDDO (46–50) 
was used for pathway network analysis because of the lim-
ited data availability of CDDO in Ingenuity Knowledge 
Base. The pathway network from signaling to transcription 
was characterized and arranged according to the subcellular 
compartments (Fig. 6). The interactions between CDDO-
altered genes and CDDO-Me involved phosphorylation cas-
cades, transcription, and protein–protein/chemical–protein/
protein–DNA interactions, as consolidated in Table S3. The 
pathway network result shows that CDDO-Me can induce 
ROS, activate Ho-1, and translocate Nrf2, increasing the 
transcription and expression of Nqo1. In addition, CDDO-
Me inhibits Tnf, downregulating the expression of Prkcg 
and modulating the expression of Nqo1. We further applied 
qPCR and validated that CDDO significantly upregulates 
the mRNA expression of Nqo1, Nrf2, and Ho-1 by 2.0-, 
2.4-, and 20.5-fold after 2-h treatment compared to control, 
whereas NAC pretreatment reduced the CDDO-activated 
changes by 15%, 12.5%, and 43.4% (Fig. S1), implicating 

Fig. 6  The CDDO-regulated 
pathway network from signal-
ing to transcription presented 
according to the subcellular 
compartments. The interaction 
network was built and explored 
by IPA, characterizing the 
direct and indirect interactions 
between CDDO-altered genes 
(Nqo1, Prkcg, and Nudt14) and 
CDDO-Me including phospho-
rylation, activation/inhibition, 
and protein–protein/chemical-
protein/protein-DNA interac-
tions. The relationships between 
these genes and molecules were 
elaborated in Table S3
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that CDDO potentially induced ROS acutely to activate Nrf2 
pathway. In addition, CDDO significantly upregulated Nqo1 
and Ho-1 by 7.5- and 2.8-fold after 24-h treatment, implying 
that the effect of CDDO persisted in the long term.

Discussion

Skin cancer is the most common cancer in the USA (51, 
52), and the major types are basal cell carcinoma (BCC), 
squamous cell carcinoma (SCC), and melanoma. The 
development of skin cancers is highly associated with the 
accumulation of DNA mutations induced by UV radiation 
(53) and environmental carcinogens (54). To decode skin 
cancer treatment, profiling of the molecular events during 
skin carcinogenesis is a desperate need in order to improve 
therapeutic treatment.

In the past few decades, RNA-seq was widely applied 
to study skin cancer progression efficiently. Chitsazzadeh 
et al. performed RNA-seq on the Illumina Hi-Seq plat-
form to profile differentially expressed genes and tran-
scription factor motifs from normal skin, actinic kerato-
sis, to cutaneous squamous cell carcinoma (cuSCC) in 
the SKH-1 mouse model and patient samples (55). Hoang 
et al. performed RNA-seq to determine genes consistently 
expressed on non-melanoma skin cancer lesions, includ-
ing actinic keratosis, intraepidermal carcinoma, and SCC 
in clinical samples (56). Our study implemented RNA-
Seq technology to determine the gene expression profile 
during TPA-induced JB6 P + skin cell transformation. 
A total of 24,421 genes from the RNA-seq library have 
been analyzed for TPA and CDDO treatment. The most 
significant DEGs dysregulated by TPA and restored by 
CDDO are presented (Fig. 3c), which can be potential 
molecular targets against skin cell transformation. Most 
of the genes have not been thoroughly studied yet, such 
as Lyl1, Lad1, and Dennd2d. Lyl1 as a member of the 
basic helix-loop-helix transcription factor family was 
known to regulate cell proliferation/differentiation (57) 
and lymphocytic differentiation (58, 59). Aberrant LYL1 
expression triggered by super-enhancers was associated 
with cell growth and survival of acute myeloid leukemia 
(AML) in human samples (60). LAD1 (Ladinin-1) as an 
anchoring filament protein of basement membrane was 
found to strengthen the association of dermal–epidermal 
junction, contributing to the stability of the connection 
between the epithelial and the mesenchyme tissues (61, 
62). The expression of LAD1 has been implicated in vari-
ous cancers including lung adenocarcinoma (63), thyroid 
cancers (64), and prostate cancer (65) based on human 
and mouse models. In addition, LAD1 is a downstream 
phosphorylation substrate of EGFR which regulated actin 
polymerization controlling cell migration and proliferation 

as a marker of aggressive breast tumors in clinical samples 
(66). The elevated Lad1 expression in TPA-induced skin 
cell transformation is comparable to the pathology results 
from human skin cancer tissues in Human Protein Atlas 
database (67–69). DENND2D can function as a guanine 
nucleotide exchange factor (GEF) promoting the release of 
GDP from Rab GTPases to regulate membrane trafficking 
events (70–72). It has been reported as a candidate tumor 
suppressor gene in various cancers including esophagus/
oral squamous cell carcinoma (73, 74), gastric cancer (75), 
hepatocellular carcinoma (76), and non-small cell lung 
cancer from analyses of in vitro samples and human speci-
mens. The reduced expression of DENND2D in esophagus 
squamous cell carcinoma and gastric cancer was shown to 
be associated with promoter hypermethylation (73, 75).

In addition to gene mutation, the epigenetic mechanism 
of TPA-induced skin cancers is elusive. There is also a lack 
of studies on epigenomic modifications by triterpenoids in 
skin cancers. Our analysis is the first characterization of trit-
erpenoid CDDO’s effect on epigenomic changes in response 
to TPA-induced skin cell transformation by methyl-seq. The 
effect of triterpenoid compounds on gene expression and 
epigenetic modifications in skin cancers was also discussed 
in our previous review (17). In this study, CDDO has been 
shown to reverse the methylation status of genes dysregu-
lated by TPA (Fig. 4b, c). CDDO significantly regulated 
DMRs in genes of Tmem253, Bco2, and Madd, reversing 
TPA-induced methylation changes. The correlation between 
gene expression and CpG methylation was illustrated in a 
starburst plot (Fig. 5a). Previous literature shows that the 
alteration in promoter CpG methylation can modulate gene 
expression (77, 78). This study analyzed the DMRs in the 
promoter with inversed CpG methylation ratio changes and 
corresponding gene expression changes in TPA and CDDO 
treatment to understand the DMRs associated with transcrip-
tion (Fig. 5a).

The signaling pathways that drive the melanoma and 
non-melanoma skin cancer pathogenesis include the mito-
gen-activated protein kinase (MAPK) pathway (p38, JNK, 
or ERK signaling), protein kinase B (AKT) pathway, cell 
cycle–related pathway, and some other pathways (79, 80). In 
the study, we presented the biological pathways during TPA-
induced skin transformation and CDDO treatment (Fig. 5b). 
We showed that TNFR2 signaling induced by tumor promoter 
TPA was significantly downregulated by CDDO (Fig. 5b), 
implying inhibition of TNFR2 signaling as a potential tar-
get to block skin carcinogenesis. The result is comparable 
to previous studies showing that TNFR2 signaling involves 
in the development of melanoma and skin cancers (81, 82). 
TNFR2 can enhance tumor progression by promoting cell pro-
liferation, resisting TNF-induced cell death, supporting angio-
genesis, activating immunosuppressive regulatory T (Treg) 
cells, stabilizing myeloid-derived suppressor cells (MDSC), 
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and enhancing metastasis in various cancers (81). A previous 
study showed that TNFR1 and TNFR2 regulate TNF-α sign-
aling to promote skin carcinogenesis via multiple c-Jun con-
taining AP-1 complexes in vivo and in vitro (83). We further 
studied the genes including Nudt14, Nqo1, and Prkcg with 
the inverse relationship between promoter methylation status 
and gene expression change that is associated with signifi-
cantly regulated pathways (Table I). The result implies that the 
Nrf2-ARE pathway upregulating Nqo1 is one of the critical 
signaling involved in skin cancer prevention of CDDO. The 
results are comparable to established literature showing that 
phytochemicals prevent ultraviolet- and TPA-induced skin 
damage or carcinogenesis in vivo through activation of Nrf2 
(84, 85). The Nrf2-ARE pathway is well-characterized sign-
aling to counteract oxidative stress and is a target for cancer 
prevention and therapy (86–89). The translocation of the Nrf2 
transcription factor from the cytoplasm to the nucleus can 
activate downstream targets, such as Ho-1, Nqo1, and Sod1, 
to exert anti-oxidative and anti-inflammatory effects (84, 85, 
88). We built a pathway network illustrating that CDDO-Me 
can increase ROS, upregulate Ho-1, and translocate Nrf2 to 
enhance the expression of Nqo1, whereas N-acetylcysteine 
(NAC) can reverse the upregulation of Nqo1 (Fig. 6). We 
validated with qPCR that CDDO treatment has shown to sig-
nificantly restore the TPA-induced mRNA expression changes 
of Nqo1 and Ho-1 after 2-h and 24-h treatment (Fig. S1). 
Our research has some limitations including (1) just like any 
model system, extrapolation to human patients required fur-
ther in vivo animal studies; (2) related to #1, the use of in vitro 
cell line drug concentrations would need to be further sup-
ported by in vivo animal studies; (3) the utility of RNA-seq 
and DNA Methyl-seq would need to be better integrated with 
biomarkers’ studies in animal models and in human patients 
to allow better response prediction and target discovery.

Conclusion

Overall, our study profiled alterations of the transcriptome, 
CpG methylome, and signaling pathways during TPA-medi-
ated skin cell neoplastic transformation. The treatment with 
CDDO, a potent triterpenoid, would modulate these altera-
tions, potentially contributing to the overall chemopreven-
tive effect in skin carcinogenesis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1208/ s12248- 022- 00763-5.
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