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Abstract

Basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) are both derived from epidermal 

keratinocytes but phenotypically diverge. To improve understanding of keratinocyte 

carcinogenesis, it is critical to understand epigenetic alterations, particularly those that govern 

gene expression. We examined changes to the enhancer-associated histone acetylation mark 

H3K27ac by mapping matched tumor-normal pairs from 11 patients (5 with BCC and 6 with SCC) 

undergoing Mohs surgery. Our analysis uncovered cancer-specific enhancers based on differential 

H3K27ac peaks between matched tumor-normal pairs. We also uncovered biologic pathways 

potentially altered in keratinocyte carcinoma including enriched epidermal development and Wnt 
signaling pathways enriched in BCCs, and enriched immune response and cell activation pathways 

in SCCs. We also observed enrichment of transcription factors that implicated SMAD and JDP2 in 

BCC pathogenesis and FOXP1 in SCC pathogenesis. Based on these findings, we prioritized three 

loci with putative regulation events: FGFR2 enhancer in BCC, intragenic regulation of FOXP1 in 

SCC, and WNT5A promoter in both subtypes and validated our findings with published gene 

expression data. Our findings highlight unique and shared epigenetic alterations in histone 

modifications and potential regulators for BCCs and SCCs that likely impact divergent oncogenic 

pathways, paving the way for targeted drug discoveries.
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INTRODUCTION

Keratinocyte carcinoma (KC), comprised of basal cell carcinoma (BCC) and squamous cell 

carcinoma (SCC), is the most common cancer in the United States, and its incidence is rising 

(Rogers et al. 2015). KCs are derived from epidermal keratinocytes, which constitute 90% of 

the human epidermis (Rook and Burns, 2004). KCs can serve as a unique model for 

examining the molecular changes that arise as a progenitor cell, the keratinocyte, gives rise 

to two phenotypically distinct tumors, BCCs and SCCs. Although prior genome-wide 

association studies (GWAS) have identified genes associated with KC risk (Asgari et al., 

2016, Chahal et al., 2016, Liyanage et al., 2019, Roberts et al., 2019, Sarin et al., 2020), no 

studies, to our knowledge, have examined genome-wide epigenetic alterations in KC.

The epigenome plays a pivotal role in oncogenesis and is important to characterize because, 

unlike the genome, it is amenable to therapeutic intervention. Yet for keratinocyte 

carcinogenesis, it remains poorly understood. Epigenetic modifications may signal reversible 

changes to gene function and expression that play a critical role in cancer initiation, 

development, and progression (Zhao and Shilatifard, 2019). Histone modifications serve as 

important markers to identify regulatory elements in the genome. Histones can undergo 

multiple post-translational modifications which associate with open and closed chromatin 

states, activating or repressing gene expression. Unlike genes inactivated by nucleotide 

sequence variation, genes silenced by epigenetic mechanisms are intact and retain the 

potential to be reactivated by the intervention. Furthermore, epigenetic changes can serve as 

biomarkers for detection, prognosis, risk assessment, and disease monitoring.

We sought to identify epigenetic changes in histone modifications in BCC and SCC as 

compared to matched normal keratinocytes derived from patient samples undergoing 

surgical resection to identify shared and unique epigenetic alterations. The overarching goal 

is to pave the way for identifying possible new therapeutic pathways for these very common 

tumors.

RESULTS

Identification of keratinocyte carcinoma-specific enhancers

The paired samples (5 BCC-normal and 6 SCC-normal pairs) were collected from patients 

(48–84 years in age) and sequenced at a depth of 30–45 million reads (Table 1). We 

performed ChIP-seq for H3K27ac, an epigenetic modification to the DNA packaging protein 

histone H3, which is associated with active enhancers (Davis et al., 2018, Dunham et al., 

2012). Running a peak calling pipeline based on guidelines from the ENCODE consortium 

(Davis et al., 2018, Dunham et al., 2012), we recovered ~60–70 K peaks per sample, which 

were combined into a 250,344 union peak set, and analyzed using Deeptools (Ramírez et al., 

2016) to quantify signal intensity. Comparing these peaks with peaks from previously 
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profiled skin samples, we observed high concordance (95% peak overlap), whereas other 

non-cutaneous tissue types showed modest concordance (75%–82% peak overlap), 

suggesting strong validity in our data pipeline (Supplementary Figure 1). Figure 1a shows a 

genomic region at chr2:132426825–132427790 that visually highlights the differential peaks 

between normal and tumor samples.

Using DESeq2 (Love et al., 2014), we searched for genome-wide differential peaks (pvalue 

<5% and log2(fold-change)>1) to identify key regulatory elements for keratinocyte 

carcinogenesis. We identified numerous BCC- and SCC-specific differential peaks in 

H3K27ac, including peaks that could correspond to novel cancer-specific enhancers (562 for 

BCCs and 3,863 for SCCs) or lost wild-type enhancers (139 for BCC and 995 for SCC) 

(Figure 1b). When we compared SCCs to BCCs, we identified 66 peaks specifically 

enriched in SCC samples, and 26 peaks enriched in BCC samples (Supplementary Table 1).

Comparing the gained H3K27ac peaks between BCCs and SCC (Figure 1c), we found 180 

unique BCC peaks, 3,481 unique SCC peaks, and 382 shared peaks. Comparing the lost 

peaks, we observed 865 unique SCC peaks, 9 unique BCC peaks, and 130 shared peaks 

(Supplementary Table 1).

We performed principal component analysis (PCA) before and after peak selection to assess 

how the selection strategies affects sample heterogeneity and grouping (Figure 1d). Using 

the top two principal components, we observed that the nine normal tissue samples formed a 

discrete cluster, whereas BCC and SCC samples formed their own admixed cluster. PCA 

plots demonstrate that samples were clustered by cancer subtype and not by the donor, 

suggesting shared regulatory mechanisms across donors (Supplementary Figure 2a). 

Analysis after differential peak selection revealed a clear separation of BCCs, SCCs, and 

normal samples (Supplementary Figure 2b). The boundary of BCC and SCC was 

observable; however, SCC samples were more scattered. The PCA differential peak and 

PCA analyses suggest that the two cancer types share features and that the separation from 

the normal samples is clear and reproducible.

Unique epigenetic landscapes for BCC and SCC correspond to different gene expression 
profiles and biological processes

To investigate the effect of the cancer-specific gain or loss of function of H3K27ac on BCCs 

and SCCs, we used GREAT (McLean et al., 2010), a computational tool that helps 

determine the biological processes related to a set of non-coding genomic regions by 

analyzing the annotations of nearby genes. Using GREAT on the genomic intervals that 

distinguish tumor-normal H3K27ac levels, we inferred functionally important differences 

between tumor and normal samples, as illustrated in Figure 2, which also includesMsigDB 

perturbation signatures for BCC and SCC. Based on gene ontology annotations, we 

observed several enriched biological processes. For BCCs, the top 5 enriched pathways 

included skin development (p-value=1.0e-14), skeletal system development (p-

value=1.0e-13), epidermis development (p-value=1.0e-12), Wnt receptor signaling pathway 

(p-value=1.0e-12) and hair follicle development (p-value=1.0e-12). Kinase activities were 

also enriched (Figure 2a).
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In contrast, the top 5 enriched biological processes in SCCs (Figure 2b) were regulation of 

the immune system, cell activation, immune response, leukocyte activation, and positive 

regulation of immune system process (p-values<10e-20). This suggests that SCC 

pathogenesis involves dysfunction in immune-regulation, a finding backed up by its 

increased incidence among immunosuppressed individuals (Bottomley et al., 2019, Clark et 

al., 2008), whereas BCC is related to the dysregulation in epidermal development pathways. 

Wnt signaling pathway was associated with both cancer types, as previously reported (Lang 

et al., 2019), stronger enrichment was observed in BCC than SCCs (Noubissi et al., 2018). 

In addition, SCCs lack a mechanism of apoptosis compared to normal samples 

(Supplementary Figure 3).

MsigDB enriched categories showed that BCCs and SCCs have similar areas of enrichment 

as other common cancer, including breast cancer, which implies potential shared functional 

genes involved in carcinogenesis (Figure 2c and 2d). MsigDB enrichment results also 

highlighted different transcription factors in BCCs and SCCs with BCCs gaining enhancers 

closer to genes with promoters bound by SMAD2 and SMAD3 (Figure 2c). In addition, 

MSigDB predicted promoter motifs in the oncogenes JUN, MSX, and MYC. In SCCs, the 

gained enhancers are closer to genes with promoters bound by FOXP3 (Figure 2d). MsigDB 

also uncovered several enriched motifs in promoter regions, including ETS1 and ETV4.

Different transcription factors and pervasive transcription regulation may mediate distinct 
BCC and SCC expression profiles

To understand the potential regulatory role of the altered H3K27ac peaks, we systematically 

explored the correlation between H3K27ac peaks and the RNA expressions of putative target 

genes. We used the gene expression data (GSE125285) from a recent publication (Wan et al., 

2019), where BCC and SCC samples were profiled by RNA-seq. Using GREAT to identify 

putative target genes of the H3K27ac peaks, we observed elevated expression level of the 

genes near SCC and BCC up-regulated peaks and decreased expression of genes near SCC 

and BCC down-regulated peaks in cancer samples as compared to expression of genes near 

non-significant peaks (p-value>5% or |log2(fold-change)|<1) (Supplementary Figure 4). The 

overlap and the full list of the genes passing these filters are displayed in Supplementary 

Figure 5 and reported in Supplementary Table 2.

We further observed this trend quantitatively by calculating the correlation between the log2 

fold change of H3K27ac peaks and the expression of their potential target genes 

(Supplementary Figure 6). The correlation improved by narrowing down to the regulatory 

peaks and genes associated with immune response and skin development GO terms 

demonstrating the importance of the uncovered H3K27ac cancer-specific gain or loss in 

these pathways.

To investigate the potential transcription factors (TFs) that mediate the cancer-specific gain 

or loss of H3K27ac in keratinocyte carcinoma, we performed an unbiased motif analyses 

using Homer and Haystack. Haystack calculates the enrichment of known and annotated 

regions based on available TFs databases, whereas Homer is a powerful tool for de-novo 
motif discovery.

Yao et al. Page 4

J Invest Dermatol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Using Haystack, we inferred transcription factors that are enriched in gained putative 

enhancers. For BCCs, we inferred factors from the JUN family and its heterodimers (JUNB, 

JUND, BATF-JUN, FOS-JUN), as well as JDP2, FOS, and HOX (Figure 3a). Using recently 

published gene expression data (Wan et al., 2019), we confirmed that JDP2 from the JUN 
family (also the most enriched BCC-specific factor in Haystack analysis) was significantly 

up-regulated in BCCs and down-regulated in SCC (Supplementary Figure 7a). All members 

of the SMAD family were up-regulated in BCCs, although the difference did not reach 

statistical significance (Supplementary Figure 7b). For SCCs, we observed enrichment of 

FLI1, ETS1, ERG, ERF, ETV2, and RUNX. FOS factors are enriched for regions gained in 

both BCC and SCC (Figure 3b). However, no differential expression patterns were observed 

for these genes in BCCs and SCCs (Wan et al., 2019).

Homer analysis revealed FOSL2 as a top regulated factor for BCC specific regions (Figure 

3c); while for the SCC regions, we found ETS and RUNX, two factors also observed by the 

Haystack analysis (Figure 3d). When contrasting SCC and BCC regions, we discovered REL 
and NF-κB as SCC-specific enhancers, again implicating immune response pathways in 

SCC pathogenesis (Supplementary Figure 8). NFKB expression was not significantly 

changed in BCC or SCC (Supplementary Figure 7c).

Homer analysis on H3K27ac lost peaks showed 15 enriched transcription factors in SCCs 

(Supplementary Figures 9a) and 3 enriched motifs in BCCs (Supplementary Figures 9b). 

Interestingly, in SCCs, enrichment was noted in the RAR/RXR motif, which plays a key role 

in recruitment of chromatin regulators (Wang et. al., 2017) and has been associated with 

SCC pathogenesis (Crowe and Shuler, 1998).

Prioritizing regulatory loci by integrating information from differential enhancer signals 
and transcription factors

To illustrate the utility of our unbiased and genome wide characterization of H3k27ac gain 

and loss in BCC and SCC, we prioritized three loci based on enriched functional annotations 

from the GREAT analysis. In BCC, FGFR2 is an important gene in both hair follicle 

development (GO: 0001942) and skin development (GO:0043588) (Czyz, 2019). A proximal 

H3K27ac peak (1kb downstream of FGFR2) was enriched in BCCs (Figure 4a), suggesting 

that these differentially active enhancers are related to dysfunctional epidermal 

developmental. Expression of FGFR2 has also been shown to be significantly up-regulated 

in BCCs (Supplementary Figure 7d) (Wan et al., 2019).

In SCCs, FOXP1, a member of the FOXP family, is involved in the regulation of immune 

system processes (GO:0002682). Three SCC-specific peaks are enriched in one FOXP1 
intron (Figure 4b), indicating a possible intronic enhancer can modulate the FOXP1 
function. FOXP3 is a transcription factor identified in our GREAT analysis, which indicates 

that the FOXP family could play important roles in SCC development. Expression data 

suggest that FOXP1 (and not FOXP3) has a self-regulatory mechanism that is potentially 

associated with SCCs (Supplementary Figure 10).

WNT5A, a gene involved in both regulation of immune system processes and Wnt signaling 

pathways, is a shared feature of both tumor subtypes and has been reported to be up-
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regulated in KC (Lang et al., 2019). Other Wnt members, including WNT2 and WNT2B, 
also have differential enhancer signals. We detected two H3K27ac cancer-specific peaks in 

both BCCs and SCCs in the WNT5A promoter and the first intron (Figure 4c). Also, there 

are two putative SMAD binding sites within 20kb region upstream WNT5A, which is 

consistent with our motif analysis. Expression data show that WNT5A is significantly up-

regulated in both BCCs and SCCs (Supplementary Figure 7e) (Wan et al., 2019). Our 

findings highlighting the gain of cancer-specific enhancers suggests that the Wnt signaling 

may be a shared pathway in keratinocyte carcinogenesis. Importantly, our H3k27ac 

differential map will allow other researchers to perform further detailed analyses with other 

genes.

DISCUSSION

Using chromatin profiling for H3K27ac in KC matched tumor-normal samples, we 

uncovered putative novel enhancers that are specific to BCCs and SCCs and shared across 

different individuals. Biologic processes, including skin, skeletal system, epidermis, and hair 

follicle development, as well as the Wnt signaling pathway are enriched in BCC. In contrast, 

the regulation of immune system processes, immune response, and cell activation are 

enriched in SCCs. Our findings uncover unique and shared epigenetic alterations that may 

contribute to the pathogenesis of BCC and SCC. Epigenetic alterations hold promise for the 

development of robust biomarkers for the detection, monitoring, and prognosis of KC 

patients.

Given that epigenetic, as well as genetic, abnormalities are important in malignant 

transformation; it is critical to understand shared and unique features of the epigenetic 

landscape of KCs. Epigenetic alternations in tumor suppressor genes such as p53, 
p16[INK4a], and p14[ARF] and transcription factor such as FOXE1 were have been 

associated with SCC (Brown et al., 2004, Murao et al., 2006, Venza et al., 2010). Epigenetic 

changes in Sonic Hedgehog and Wnt pathway have also been reported in BCC (Brinkhuizen 

et al., 2012, Goldberg et al., 2006). Our findings expand upon previous reports of the 

association between epigenetic changes and carcinogenesis of KC by examining genome-

wide histone modifications in BCC and SCC.

Using the enriched regions as a guide, we uncovered transcriptional regulators, signaling 

pathways, and biological processes that may mediate the malignant transformation of BCC 

and SCC. We identified FOXP as a potential key transcription factor family for SCC. 

FOXP1 is a gene that encodes a transcription factor involved in maintaining quiescence in 

hair follicle stem cells (Leishman et al., 2013). Loss of FOXP1 in keratinocytes results in 

stem cell activation, whereas overexpression prevents cell proliferation by promoting cell 

cycle arrest (Leishman et al., 2013). FOXP3, also known as scurfin, is a transcription factor 

involved in regulatory T (Treg) cell function. FOXP3 mutations that alter expression can 

lead to a lack of Treg (Roncarolo and Gregori, 2008). Germline mutations in FOXP3 cause 

immune dysregulation, polyendocrinopathy, enteropathy, and X-linked syndrome, which is a 

fatal autoimmune disease (Roncarolo and Gregori, 2008). Intense FOXP3 + Treg cell 

infiltration has been associated with high-grade, aggressive cSCC (Azzimonti et al., 2015). 

Thus, a proposed mechanism of action for alterations in FOXP1/FOXP3 expression in SCC 
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pathogenesis is through its impact on Treg function, which can lead to immune 

dysregulation and allow SCC to develop in the setting of immune tolerance. The clinical 

impact of this pathway for SCC carcinogenesis lies in the ability to modulate FOXP3 
expression and Treg cell function by targeting newly discovered regulatory nodes that can 

potentially lead to the development of novel immunotherapies (Lu et al., 2017).

The Wnt genes express signaling molecules that are components of a group of signal 

transduction pathways (Kretzschmar and Clevers, 2017), which regulate various cell 

functions including cell growth, proliferation, differentiation, apoptosis, migration, and 

angiogenesis (NG et al., 2016, Noubissi et al., 2018). Aberrant activation of the Wnt 
signaling pathway is involved in tumor initiation, progression, and invasion, and maintaining 

cancer stem cells (Lang et al., 2019). Wnt signaling plays a role in the development of 

epidermal stem cells (Kretzschmar and Clevers, 2017), the proliferation of keratinocyte 

proliferation (Teh et al., 2007), and in homeostasis and regeneration of the skin (Lang et al., 

2019). Activating mutations of the Wnt signaling has been implicated in the pathogenesis of 

BCC and SCC, as shown by overexpression of Wnt proteins (Lang et al., 2019, Noubissi et 

al., 2018, Salto-Tellez et al., 2006, Youssef et al., 2012). In particular, the expression of 

mediators in the Wnt signaling pathway such as WNT1, 2, 5A, 11, 13, and 16 promotes the 

progression of BCC (Lang et al., 2019). Our findings suggested that the Wnt signaling 

pathway is a shared pathway in KC carcinogenesis.

Several limitations should be considered when interpreting the results. Despite our small 

sample size, our chromatin profiling identified clear cancer-specific alterations in the 

epigenome, which are shared across KCs as well as distinct BCC and SCC epigenetic 

alterations. Although we did not have gene expression profiling data from our patient 

samples, we incorporated recently published BCC and SCC gene expression data in our 

analyses to distinguish important regulators that may share binding sequences. Finally, 

although all study samples were procured by a Mohs surgeon with particular attention paid 

to removing tumor-normal samples at the dermal-epidermal junction to ensure that 

predominantly keratinocyte-derived cells were harvested, the samples may have contained a 

mixture of cells, including immune infiltrates, which may have contributed to the chromatin 

profiles. However, examination of the protein expression level of these genes using the 

Human Protein Atlas (http://www.proteinatlas.org)(Uhlen et al., 2017) suggests that our 

observed findings are more likely to reflect keratinocyte rather than inflammatory cell 

profiling. Future studies using single-cell profiling to assess tumor composition can address 

this limitation. The selection of tumor and adjacent normal paired samples allows for the 

elimination of interpatient variability as a potential confounding variable.

Our findings suggest that FGFR2 enhancers are involved in BCC carcinogenesis, whereas 

epigenetic regulators of FOXP1/3 are involved in SCC carcinogenesis, and WNT5A 
promoters are involved in both subtypes. This highlights unique and shared epigenetic 

alterations in histone modifications and potential regulators for BCCs and SCCs that likely 

impact divergent pathways in keratinocyte oncogenesis. Future studies should not only aim 

to replicate these findings but also to perform ChIP-seq profiling for the transcription factors 

we have uncovered in this study to validate their binding activity. Furthermore, gene 

expression profiling can help decipher which expression programs are responsible for the 
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malignant transformation and to uncover their functional mechanisms. Ultimately, multi-

omic profiling of epigenomic alterations could contribute to the development of novel 

therapies.

METHODS

Study population

We enrolled 11 patients with KCs (5 with BCCs and 6 with SCCs) at the Massachusetts 

General Hospital who were undergoing Mohs surgery for the resection of their tumors. 

Written informed consent was obtained preoperatively by study staff from each patient, 

which included the donation of discarded tumor tissue and normal skin removed in the 

reconstruction of the surgical defect (tumor/normal pairs). The epidermis from each sample 

was carefully surgically dissected at the level of the dermal-epidermal junction by the study 

PI and Mohs surgeon (M.A.) and subsequently snap-frozen. The institutional review board 

of Partners Healthcare approved the study.

ChIP-seq of Keratinocyte Carcinoma

Tumor/normal pairs were snap-frozen in liquid N2, then pulverized using a Covaris 

Cryoprep. Tissues remained frozen until they were cross-linked (20’ at RT, 1% 

formaldehyde), quenched with 2.5M glycine, and washed 2x in PBS. Fixed cells were 

solubilized using a 2 step lysis protocol (cytoplasm, then nucleus), sonicated (Branson 

Sonifier), and immunoprecipitated with antibodies to H3K27ac (active enhancers). 

Immunoprecipitated DNA was recovered and prepared for DNA sequencing, along with 

antibody-free control libraries. Libraries were made using eight ng ChIP DNA per library 

and were prepared using the KAPA Hyper prep kits. Library quality was then assessed by 

use of an Agilent 2100 to infer fragment size distribution, and by use of a Qubit to infer 

DNA concentration. Libraries were sequenced on an Illumina HiSeq2500, using 76 cycle, 

single end sequencing. DNA sequences were aligned to the human genome scaffold. Maps 

reflecting different chromatin modifications in normal keratinocytes and KCs derived from 

the same patient were integrated to derive a comprehensive set of sequence elements in 

normal human keratinocytes, annotated by their predicted functions and cell type-

specificities, as well as in two different kinds of keratinocyte-derived carcinomas.

Differentially enhancer definition

Homer (histone mode) was used to segment H3K27ac ChIP-seq BAM files to identify 

candidate active enhancers. Peak calling was achieved using Homer findpeaks-style histone. 

Deeptools (Ramírez et al., 2016) was used to quantify the signal strength under each peak 

with the setting “--normalizeUsing RPKM” to normalize each sample toward “Reads Per 

Kilobase per Million mapped reads (RPKM).” Using DESeq2 (Love et al., 2014) we 

compared cancer to normal samples and searched for differential peaks genome-wide 

(corrected p-value<5% and |log2(fold-change)|>1).

Dimensionality reduction and visualization

For each sample, we obtained a vector of signal intensity at all identified H3K27ac enriched 

peaks. We applied sklearn python package to perform the principal component analysis 
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(PCA). We plotted samples using the largest three components from PCA to verify the 

separation of sample space.

Gene set enrichment analysis

For enriched BCC and SCC specific H3K27ac peaks, we applied GREAT (Genomic Regions 

Enrichment of Annotations Tool, v3.0.0) (McLean et al., 2010), and used 5kb upstream and 

1kb downstream of each gene as the regulatory domain to identify enriched gene ontology 

terms (i.e., biological processes), and MsigDB functions.

Transcription factor motif analysis

Haystack (Pinello et al., 2018) and Homer (Heinz et al., 2010) are complementary tools used 

for transcription factor motif analysis. Haystack is a bioinformatics pipeline that identifies 

hotspots of epigenetic variability in transcription factors. We used H3K27ac peaks with a 

corrected p-value<5% and log2(fold-change) >1 to capture cancer-specific enhancers 

regions and used peaks regions with log2(fold-change)<0.1 as background in order to avoid 

recovering general factors shared with ubiquitous peaks. Homer is a motif discovery tool 

that works by inspecting enriched motifs, and we used findMotifs.pl in the same set of 

H3K27ac regions to obtain motif lists.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
H3K27ac specific regions for SCC and BCC. (a) H3K27ac signal tracks for tumor-normal 

samples at a single locus (chr2:132426825–132427790) show cancer-specific alteration. (b) 

Volcano plots show the log2 fold change and the p-value for BCC and SCC samples. Red 

dots are the regions with significant p-value (<5%) and absolute log2 fold change larger than 

1. (c) Venn diagram for differential peaks unique and shared in BCC and SCC samples. (d) 

Significant H3K27ac peaks identified by DESeq2 separates tumor-normal samples using the 

first two principal components.
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Figure 2. 
H3K27ac cancer-specific regions and GREAT analysis: (a) BCC up-regulated biological 

process, (b) SCC up-regulated biological process, (c) BCC up-regulated MsigDB 

perturbation signatures, and (d) SCC up-regulated MsigDB perturbation signatures
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Figure 3. 
Putative transcription factors (TFs) located at regulatory elements defined by H3K27ac 

specific peaks in BCC and SCC samples from Haystack and Homer analyses: (a) Top 10 

TFs for BCC from Haystack analyses, (b) Top 10 TFs for SCC from Haystack analyses, (c) 

Top 10 TFs in BCC from Homer analyses, and (d) Top 10 TFs in SCC from Homer analyses.
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Figure 4. 
Three prioritized regions of differential regulation in KC samples: (a) BCC unique peak in 

FGFR2 locus (chr10:123092432–123092933), (b) SCC unique peaks in FOXP1 introns 

(chr3:71499999–71507918, chr3:71534090–71548628, chr3:71550666–71556241) and 

overlap with putative FOXP1/3 binding sites, and (c) both BCC and SCC specific peaks in 

WNT5A locus (chr3:55515028–55516034, chr3:55519129–55522574) and overlap with 

putative SMAD binding sites.
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Table 1.

Baseline characteristics and read depth of basal cell carcinoma and squamous cell carcinoma tissue samples

Aligned read depth
a

ID Age (years) Sex Phenotype Keratinocyte Carcinoma Matched Normal

H3K27ac WCE
b H3K27ac WCE

b

Basal Cell Carcinoma

 Donor 961 77 Male Superficial, nodular and infiltrative 34.5 57 40.9 53

 Donor 965 48 Female Superficial, nodular and metatypical 37.2 62 32.1 32

 Donor 966 67 Male Superficial and nodular 34.3 59 23.5 19

 Donor 1139 65 Male Superficial, nodular and infiltrative 41.1 80 27.6 53

 Donor 1140 58 Male Superficial and nodular 43.6 56 23.0 48

Squamous Cell Carcinoma

 Donor 962 84 Male In-situ 30.1 53 29.0 53

 Donor 963 78 Male Invasive, well differentiated 35.9 55 39.5 57

 Donor 1142 64 Female Invasive, well differentiated 42.9 58 37.9 61

 Donor 1147 71 Female Invasive, well differentiated 41.9 56 41.1 69

 Donor 1148 75 Male Invasive, well differentiated 38.7 63 40.6 59

 Donor 1149 80 Female Invasive, well differentiated 41.0 75 41.0 58

a.
millions of unique fragments

b.
WCE: whole-cell extract
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