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Abstract

Embryonic dermal fibroblasts in the skin have the exceptional ability to initiate hair follicle 

morphogenesis and contribute to scarless wound healing. Activation of the Wnt signaling pathway 

is critical for dermal fibroblast fate selection and hair follicle induction. In humans, mutations in 

Wnt pathway components and target genes lead to congenital focal dermal hypoplasias with 

diminished hair. Despite its critical importance, gene expression signature of embryonic dermal 

fibroblasts during differentiation and its dependence on Wnt signaling is unknown. Here we 

applied Shannon entropy analysis to identify the gene expression signature of mouse embryonic 

dermal fibroblasts. We used available human DNase-seq and histone modification ChiP-seq data 

on various cell-types to demonstrate that genes in the fibroblast cell identity signature can be 

epigenetically repressed in other cell-types. We found a subset of the signature genes whose 

expression is dependent on Wnt/β-catenin activity in vivo. With our approach, we have defined 

and validated a statistically derived gene expression signature that may mediate dermal fibroblast 

identity and function in development and disease.
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INTRODUCTION

During a defined window in skin development, embryonic dermal fibroblast progenitors play 

an integral role in the determination and initiation of integumentary structures such as hair 

follicles and feathers (Dhouailly et al., 2004; Driskell et al., 2011; Driskell and Watt, 2014; 

Eames and Schneider, 2005; Millar, 2005; Sengel and Mauger, 1976). Similarly, only 

embryonic dermal fibroblasts have the capacity for scarless wound healing in skin (Mackool 
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et al., 1998). Given the restricted temporal competence of these cells, defining their unique 

gene expression signature will be important in understanding the etiology of congenital skin 

defects and in advancing tissue engineering of skin equivalents with hair (Sriwiriyanont et 

al., 2012; Supp and Boyce, 2005).

Until recently, isolating the gene expression signature of mouse embryonic dermal fibroblast 

progenitors and genetically manipulating dermal fibroblasts in vivo was challenged by the 

lack of specific genetic tools (Cadau et al., 2013; Driskell and Watt, 2014; Rinkevich et al., 

2015; Sennett et al., 2015a). Morphologically similar dermal fibroblasts vary in function, 

differentiation potential, and positional identity (Driskell et al., 2013; Driskell and Watt, 

2014; Rinkevich et al., 2015; Rinn et al., 2008; Sorrell and Caplan, 2009). Mouse dermal 

fibroblasts are derived from diverse embryonic origins, further confounding identification of 

a gene expression signature (Ohtola et al., 2008; Atit et al., 2006a; Byrne et al., 2002; Tran 

et al., 2010a).

In the mouse embryo, mesenchymal Wnt/β-catenin signaling activity is visible between 

E11.5–14.5 and is required for specifying mouse upper dermal fibroblast fate (Andl et al., 

2002; Atit et al., 2006a; Y. Zhang et al., 2009). Upon deletion of mesenchymal Wnt/β-

catenin between E10.5–12.5, dermal progenitors ectopically express markers of cartilage 

fate and differentiate to cartilage (Ohtola et al., 2008; Tran et al., 2010a). Between E12.0–

14.5, broad dermal Wnt/β-catenin activity precedes hair follicle formation and is required 

for initiation of hair follicles in the mouse embryo (Cadau et al., 2013; Chen et al., 2012; Fu 

and Hsu, 2012; Y. Zhang et al., 2009). Dysregulation of Wnt/β-catenin signaling has 

pronounced effects in human and murine dermal disease and development. Diminished Wnt 

signaling due to an inactivating mutation in PORCUPINE leads to focal dermal hypoplasia 

among other defects in humans and mice (Barrott et al., 2011; Grzeschik et al., 2007; X. 

Wang et al., 2007). Mutations in the Wnt target gene DERMO1/TWIST2 leads to bi-

temporal dermal dysplasia in humans and mice (Franco et al., 2011; Tukel et al., 2010). 

Thus, identifying the Wnt/β-catenin gene expression signature of dermal fibroblasts is 

clinically relevant and will reveal new mediators for dermal fibroblast function.

The development of dermal fibroblast progenitor lineage-restricted genetic tools is needed to 

obtain cell-type specific expression data. In addition, multiple high-resolution genomics data 

sets are needed to confirm actively transcribed genes. As an alternative to the high cost of 

multiple genome-wide assays or for cases in which the amount of tissue is limiting, 

experimental strategies using statistical and comparative analyses of published datasets have 

emerged as feasible approaches for interrogating the cell-type specific gene expression 

signature. Statistical tools such as Shannon Entropy can be applied to available DNA 

microarray datasets to identify highly enriched and cell-type specific expression compared 

to the other cell-types assayed (Schug et al., 2005). Modified Shannon Entropy generates a 

Q-score value for each identified gene that is associated with enrichment and specificity of 

expression. DNaseI hyperpersensitivity sites that indicate accessible chromatin correlate 

with transcriptional start sites (TSS), regulatory elements, and histone modification markers 

of active transcription (Heintzman et al., 2009; 2007). Comparison of DNaseI 

hypersensitivity sites from DNase-seq data across various cell-types can be used to predict 

cell-type specific gene expression (Natarajan et al., 2012; Song et al., 2011). Finally, with 
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the discovery of the “histone code”, comparison of genome-wide histone modification 

patterns across cell-types can be used to understand the regulatory basis of cell-type-specific 

gene expression that may govern cell identity (Heintzman et al., 2009; 2007).

In this study, we sought to define a actively regulated gene expression signature of dermal 

fibroblast progenitors and identify candidate effectors of Wnt/β-catenin signaling for dermal 

identity. We generated the gene expression profile of E12.5 embryonic dermal fibroblasts by 

microarray. We then subjected this microarray dataset to Shannon Entropy analysis and 

identified 63 genes that had statistically enriched expression in dermal fibroblasts compared 

to other cell-types. By comparing available DNase-seq and histone-modification tracks from 

various cell-types, we found a subset of the fibroblast gene expression signature that was 

epigenetically repressed in other related cell-types. Expression of a subset of these genes 

was positively dependent on Wnt/β-catenin signaling as determined by RNA-Sequencing of 

β-catenin mutant mouse embryonic dermal fibroblast progenitors. These genes were 

associated with human dermal and hair follicle defects. Thus, using published and original 

data sets, we have identified a statistically enriched gene-expression signature that could be 

relevant for embryonic fibroblast identity and hair follicle development.

RESULTS

Defining a putative embryonic dermal fibroblast gene expression signature

To obtain an accurate gene expression profile of embryonic dermal fibroblasts, we isolated 

E12.5 mouse dorsal dermal fibroblast progenitors by laser capture microdissection and 

obtained a gene expression profile by performing microarray analysis (GSE75913). Next, we 

used Shannon Entropy analysis to rank genes by the specificity of their expression levels in 

E12.5 dermal fibroblast progenitors compared to that in seven other cell-types. Of the 

25,697 genes probed, 63 genes were identified to have a 1.4- to 2-fold elevated expression 

(Q-score below 9.246) compared to the other available cell-types (Figure 1, Table S1). The 

63 genes were grouped into Mouse Genome Informatics (MGI) ontologies, with genes listed 

in order of ascending Q score, which corresponds to a decreasing fold difference (Blake et 

al., 2014; Smith et al., 2014) (Figure 1, Table S2). Notably, seven of these genes were the 

following transcription factor genes: Hoxc6, Twist1, Twist2, Nfatc4, Sp5, Tead2, and Pitx2 
(Figure 1). Secreted factors such as Igf2, Bmp4, Wnt5a and extracellular matrix genes 

including Emid2/Collagen26a1, Collagen3a1, Collagen5a1, were identified in E12.5 dermal 

fibroblast progenitors (Figure 1). Other genes identified by Q-score as the highest-ranking 

genes of the remaining ontologies are shown in Figure 1. Thus, Shannon Entropy analysis 

revealed a statistically enriched expression signature for E12.5 dermal fibroblast progenitors 

genes that had a variety of cellular functions and were present in different sub-cellular 

locations. Subsequently we used several experimental and bioinformatics techniques to 

validate the gene expression signature, define the basis for cell type specific expression, and 

identify putative role in disease (Summarized in Table S8). Due to inherent limitations of 

each technique and few publicly available data sets in mouse tissues, we used all 63 genes in 

all our analyses.

Next we validated the results of our Shannon Entropy analysis in the transcriptome of E13.5 

upper dermal fibroblast progenitors obtained by next generation whole genome RNA-
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sequencing (Table S4, GSE75944). We determined the expression levels and transcript 

abundance of all the 63 genes in E13.5 Engrailed1Cre (En1Cre); RRYFP lineage-marked 

dorsal dermal fibroblasts. We found that 42 of the 63 genes were expressed (FPKM≥1, Table 

S4). However, genes such as Mid1, Notum, Pitx2, and Sp5 that were expressed at FPKM <1 

in our E13.5 RNA-seq results were present in the transcriptome of E14.5 dermal progenitors 

(Sennett et al., 2015b). We attributed the discrepancy between the RNA-seq data sets due to 

technical variation in genome wide coverage and library preparation.

Since Insulin-like Growth factor 2 (IGF2), Collagen3a1, Crabp1, and Mest were most 

abundantly expressed by RNA-seq (FPKM≥106), we examined the protein expression of a 

known gene such as Col3a1 and a novel gene such as, IGF2. We found Collagen3a1 and 

IGF2 have restricted protein expression in the embryonic dermis similar to the pan-dermal 

fibroblast marker PDGFRa (Figure 2) (Driskell et al., 2013). Crabp1 was previously shown 

to have restricted expression in embryonic dermis (Collins and Watt, 2008).

We also validated relative expression levels of certain new and known genes that were 

transcription factors or targets of the Wnt signaling pathway (Nfatc4, Twist2, Cdkn1c, 
Mmp2, Tead2, Pitx2, Fzd10). We used qRT-PCR to determine relative mRNA abundance in 

E13.5 primary dorsal dermal fibroblasts progenitors compared to E13.5 liver or brain (Table 

S3). Pitx2, Fzd10 were expressed <1FPKM by RNA-seq and remained undetectable by qRT-

PCR. We were unable to validate expression of Tead2. However, relative expression of 

Twist2, Nfatc4, Mmp2, and Cdkn1c was consistently higher in the E13.5 dermis compared 

to liver and brain (Figure 3, data not shown). Twist2 is one of the earliest transcription factor 

expressed in mouse dermal fibroblast progenitors at E11.5 and a known target of the Wnt/β-

catenin signaling pathway (Atit et al., 2006a; Tran et al., 2010b). Nfatc4, Mmp2, and 

Cdkn1c protein expression remain to be characterized in embryonic dermal fibroblasts. 

Thus, we were able to validate expression of known genes and identify new genes that are 

enriched in E12.5–13.5 dermal fibroblasts.

Regulation of fibroblast-specific gene expression

Next, we sought to define the basis of fibroblast cell-type specific expression by identifying 

differential histone modifications and DNaseI hypersensitivity at the promoter. Using 

publicly available histone modification datasets on UCSC genome browser (http://

genome.ucsc.edu/), we located putative dermal fibroblast specific regulatory regions in 
silico. Actively transcribed enhancer elements correlate with mono-methylated lysine 4 of 

histone 3 (H3K4me1), and acetylated lysine 27 of histone 3 (H3K27ac). Tri-methylated 

lysine 36 on histone 3 (H3K36me3) is associated with the path of RNA Pol II elongation 

(Heintzman et al., 2009; 2007; Kent et al., 2002; Lupien et al., 2008; Raney et al., 2014; 

Zentner et al., 2011). Epigenetic repression is marked by trimethylated lysine 27 of histone 3 

(H3K27me3), catalyzed by Enhancer of zeste homolog 2 (EZH2) in the Polycomb 

repressive complex 2 (PRC2) (Heintzman et al., 2009; 2007). Because of the relative 

abundance of published genome-wide histone modification data sets for human tissue-types 

and the limited number of similar datasets available for mouse tissues, we compared profiles 

of these predictive histone modifications ±50kb from the transcriptional start site (TSS) in 

normal adult human dermal fibroblasts (NHDF) cell line to liver carcinoma (HepG2). We 
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selected three candidates that were validated by multiple techniques in our study: Col3a1, 
Nfatc4, and Pdgfrα. (Figure 4A–C). Expression of Col3a1 and Pdgfrα has been 

characterized in mouse embryonic dermis and Nfatc4 remains a novel gene that has 

previously not been implicated in embryonic dermal development (Figure 2) (Collins et al., 

2011; X. Q. Zhang et al., 1998). At the human COL3a1 locus in NHDF, we found broad 

H3K36me3 binding downstream of the TSS and “blanket” type binding of H3K4me1 and 

H3K27Ac within 15kb of TSS (Figure 4A). These regions lacked histone modification for 

transcriptional activation and repression in the HepG2 cells, suggesting lack of tissue 

specific epigenetic regulation. At the human NFATC4 locus, 5 kilo bases (kb) upstream of 

the TSS for NFATC4, we found enrichment for H3K4me1 and H3K27ac and absence of 

EZH2 and H3K27me3 binding. We found broad binding of H3K36me3 within the gene, 

indicative of active transcription in NHDF cells. In contrast, the HepG2 cells had broad and 

strong EZH2 and H3K27Me3 binding profile and an absence of H3K27Ac binding in the 

equivalent region (Figure 4B), demonstrating active repression by an epigenetic mechanism. 

At the human PDGFRα locus, we identified three regions spanning 500-1000bp with at least 

25-fold enrichment for both H3K4me1 and H3K27Ac located approximately 50 kb, 25 kb, 

and 10 kb upstream of the TSS, suggestive of regulatory elements (Figure 4C). In HepG2 

cells, enrichment of EZH2 binding was in the 10kb upstream element and at the TSS, 

demonstrating transcriptional repression. There was depletion of H3K27Ac at the TSS and 

upstream putative regulatory elements, indicative of cell type specific regulatory elements 

(Figure 4C). Our proof of principle analysis using available human data sets reveals putative 

fibroblast-specific regulatory elements and suggests the presence of an actively regulated 

fibroblast identity program maintained in adult dermal fibroblasts.

DNaseI hypersensitivity patterns at the promoter indicates active or poised for transcription. 

Comparison of DNaseI hypersensitivity patterns at the promoter across cell types can reveal 

cell-type specific gene expression (Heintzman et al., 2009; 2007; Song et al., 2011). Next, 

we analyzed several publicly available mouse DNase-seq data sets from various adult and 

embryonic cell-types. We identified DNaseI hypersensitivity peaks within +/− 2kb of the 

TSS of all the 63 genes using peak-finding and peak annotation tools (Heinz et al., 2010) 

(Figure 5A and Table S5). These analyses yielded several interesting results. The DNaseI 

hypersensitivity pattern near TSS of E11.5 of somitic and LPM cells was most closely 

related to E12.5 dermal fibroblasts gene expression signature, revealing lineage similarity. 

Using DNase hypersensitivity peak values, we performed hierarchical clustering of cell lines 

as previous described (Figure 5B) (Song et al., 2011). The clustering robustly reflected the 

closest lineage relationship with E11.5 somitic and LPM compared to the other cell types. 

We found E14.5 whole liver exhibited the next closest relationship with the expression 

signature and the other cell types were distantly related. Since we do not know the technical 

or biological reasons for the considerable overlap with E14.5 whole liver and brain we did 

not eliminate these genes from subsequent analyses. As expected, the gene expression 

signature of E12.5 dermal fibroblasts progenitors most closely resembles the precursor 

population in E11.5 somitic and lateral plate mesoderm.

Next, we examined if the genes lacking DNaseI hypersensitivity sites at the TSS were also 

transcriptionally repressed by epigenetic mechanisms. Due to limited availability of genome-

wide H3K27me3 repressive modification data sets for embryonic mouse tissues, we 
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analyzed the H3K27me3 ChIP-seq data set for E14.5 mouse brain. Using HOMER, we 

calculated the peak scores of H3K27me3 modification within ± 2Kb for all 63 genes. We 

found 21 genes had PRC2-mediated H3K27me3 modifications near the TSS in brain tissue 

(Table S6) (Heinz et al., 2010). Notably, Nfatc4 promoter was epigenetically repressed in 

HepG2 cells and also in the mouse embryonic brain (Table S6, S8). We were unable to 

obtain and perform similar analysis on embryonic mouse mesenchyme and fibroblast. 

Analysis of other mouse embryonic cell types and epigenetic repression mechanisms will be 

required to obtain a more complete picture. Together, the absence of DNaseI hypersensitivity 

and additional presence of H3K27me3 at TSS demonstrates that a subset of genes in the 

fibroblast gene expression signature is epigenetically repressed in unrelated cell-types.

Identifying putative transcriptional regulators of dermal fibroblast gene expression 
signature

Next, we sought to identify candidate transcription factors that may regulate the dermal 

fibroblast gene expression signature. We performed over-representation analysis of predicted 

binding sites of transcription factors in promoter regions (+/− 5kb) of the 63 genes. Using 

single site analysis in OPOSSUM 3.0 with JASPAR PBM database, we identified relative 

enrichment of predicted binding sites of transcription factors (Ho Sui et al., 2007). We 

annotate over-represented transciption factors that were also expressed in E13.5 dermal 

fibroblasts (FPKM>1) by RNA-seq (Figure 5C). Because Wnt/β-catenin signaling is 

required for dermal fibroblasts progenitor idenitity, we hypothesized that TCF/Lef 

transcription factors would over represented. We found TCF7l2 (TCF4) and Lef1, as well as 

Smad3, the mediator of TGFβ signaling were over-represented, but were below the 

statistical threshold (Figure 5C). Klf7, Zfp281, Plagl1/Zac1, and Zfp740 transcription 

factors were represented above the statistical thresholds (Figure 5B) (Ho Sui et al., 2007). 

Klf7 has been linked directly to mesodermal differentiation using mouse embryonic 

fibroblasts (MEFs) (Caiazzo et al., 2010). Zfp281 is closely associated with the expression 

of β-catenin and Zfp281 is known to bind to the promoter region of β-catenin (Seo et al., 

2013). Zfp281 can function as a master regulator of pluripotent stem cell development and 

regulates critical checkpoints in the commitment of cell development (Fidalgo et al., 2011; 

Wang et al., 2008). Plagl1/Zac1 is expressed in neuronal cell progenitors and functions in 

cardiac morphogenesis, chondrogenesis, and development of the embryonic mesoderm 

(Schmidt-Edelkraut et al., 2014; Tsuda et al., 2004; Valente et al., 2005; Yuasa et al., 2010). 

There is no known association between Zfp740 and mesoderm development or 

embryogenesis in general. Hence, our analysis reveals a set of new transcription factors that 

are poised to regulate the dermal fibroblast gene expression signature at the promoter.

Determining dermal identity genes in the embryonic fibroblast gene expression signature

Without dermal mesenchymal Wnt/β-catenin signaling, dermal progenitors become cartilage 

(Ohtola et al., 2008; Tran et al., 2010b). Therefore, these mutants can serve as a model for 

dermal fibroblast identity. Next, we determined which of the 63 genes in the embryonic 

fibroblast gene expression signature were dependent on Wnt/β-catenin signaling. We 

profiled the transcriptome of E13.5 mouse embryonic dermal fibroblasts in En1Cre/+; 
R26YFP/+; β-catenindel/flox mutants and En1Cre/+; R26YFP/+ control by whole-genome 

RNA-seq (GSE75944). Given β-catenin signaling is a transcriptional regulator, we found a 
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subset of the signature genes were either positively or negatively regulated in the β-catenin 

mutants. The following five genes were significantly down-regulated in β-catenin mutants 

by RNA-seq: Apccd1, Crabp1, Twist2, Tmem132c, and Wnt5a (Figure 6A). The following 

six genes were also up regulated in β-catenin mutants: Prss35, Grb10, Mest, Cdkn1c, Gpc3, 
Col2a1. In situ hybridization of Twist2 and Wnt5a mRNA confirmed expression in upper 

dermis at E13.5 controls and absence in conditional β-catenin mutants (Figure 6B–E). Thus, 

these Wnt/β-catenin signaling-responsive genes can be candidate mediators of embryonic 

dermal fibroblast cell identity.

Dermal fibroblast gene expression signature is enriched for disease-associated risk loci

Finally, we queried the Genome-wide association studies (GWAS) catalog and calculated the 

enrichment of traits near the genes in dermal fibroblast gene expression signature genes to 

identify disease associations. GWAS studies for character traits including congenital skin 

and dermal defects are currently lacking. Recently, GWAS studies have identified genomic 

loci which confer risk for human androgenic alopecia. At the 2q37 risk locus, the lead single 

nucleotide polymorphism (SNP) rs9287638 is within 500kb from the Twist2 (R. Li et al., 

2012). In embryonic dermal fibroblasts, Twist2 is one of the earliest expressing transcription 

factors and a Wnt/β-catenin signaling-responsive gene. We also performed an unbiased 

search for any diseases or traits that were enriched near the genes that comprise our 

signature. Recent studies have demonstrated that the majority of GWAS risk loci lie within 

noncoding regulatory regions, rather than coding regions (Ernst et al., 2011; Trynka et al., 

2013). Thus, we evaluated all disease risk loci within 250-kb of the TSS of the dermal 

fibroblast gene expression signature compared to 1000 random gene sets (n-matched) and 

summarized our findings for lead SNPs (Table S7). We found significant enrichment for 

SNPs associated with lung disease (P=0.018). Seventeen lead SNPs associated with 

pulmonary disease, pulmonary function or lung cancer were found within 250-kb from the 

TSS of Acta2, Crabp1, Dpysl4, Mfap2, Rasl11b, SSt, Tril, or Twist2. We also found 

significant enrichment of SNPs associated with electrical heart function (P=0.0004). 

Twenty-one lead SNPS found within 250-kb from the TSS of GWAS were associated with 

atrial fibrillation, electrocardiographic traits or QT interval trait. Thus, we have identified 

two categories of traits that are most enriched near our gene set and our approach 

demonstrates that these results are statically unlikely to occur for any gene list. Whether 

these results are reflective of the impact of risk loci on early (mesoderm) development, 

which contributes to altered function in adults, or are reflective of additional role of dermal 

fibroblast genes in adult tissues, remains to be determined. Futures GWAS studies will 

reveal if the dermal fibroblast signature genes are associated with congenital skin, dermal, 

hair follicle defects.

In summary, we identified a statistically enriched fibroblast gene expression signature of 63 

genes in mouse dermal fibroblast progenitors. Expression of a subset of these genes was 

validated by different techniques and only a small subset of these genes were dependent on 

Wnt/β-catenin signaling that is required for instructing dermal fibroblast cell identity (Table 

S8). Promoter sequence analysis of genes in the expression signature revealed new candidate 

transcription factors, but did not include Wnt/β-catenin signaling transcriptional cofactors, 

TCF4/Lef1. Transcriptional access to the genes in the expression signature in other cell 
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types confirmed that the expected somitic and lateral plate mesoderm shared the most 

similarity. Finally, a subset of genes in the expression signature was repressed in distantly 

related or adult cell types, suggesting they are important for dermal fibroblast identity. Given 

the limited available data for genes in skin diseases, we identified only a handful of genes 

that were associated with skin and SNPs in the GWAS catalog. Thus, despite the inherent 

limitations of each technique and availability of relevant data sets, we were able to identify 

candidate mediators of dermal identity and obtain insights in the regulation and disease 

association of the fibroblast gene expression signature.

DISCUSSION

In this study, we sought to define an embryonic dermal fibroblast gene expression signature 

to identify genes that may govern identity and function. Based on the emerging literature 

about dermal fibroblast development and epigenetic regulation of cell identity, we tested the 

hypothesis that the gene expression signature was actively regulated and dependent on Wnt/

β-catenin signaling for dermal identity (Atit et al., 2006, Ohtola et al., 2008, Song et al, 

2011). Our statistical and comparative analyses of original and preexisting datasets revealed 

a actively regulated gene expression signature for dermal fibroblast progenitors that was 

validated with various techniques and partially dependent on Wnt/β-catenin signaling.

We used several techniques to validate the gene expression signature. Due to inherent noise, 

sensitivity, and technical limitations of each technique to assay gene expression, we were 

only able to validate a subset of the gene expression signature obtained from E12.5 dermal 

fibroblast progenitors. Most notably, the genes in the myosin complex and hemoglobin 

complex previously identified in the gene expression signature obtained by Shannon Entropy 

analysis were not expressed in E11.5 LPM (DNase hypersensitivity score=0) and in E13.5 or 

E14.5 dermal fibroblasts progenitors (FPKM ≤ 1) (Table S4) (Sennett et al., 2015). However, 

we cannot rule out embryonic stage specific differences in gene expression and less 

sensitivity in the Shannon entropy analysis done with a limited number of available 

microarray data sets.

We used several techniques on the dermal fibroblast gene expression signature to identify 

genes that may govern identity. Mouse trunk dermal fibroblasts originate from LPM and 

somite-derived mesoderm (Ohtola et al., 2008; Atit et al., 2006a; Candille et al., 2004). As 

expected, our results show that our statistically enriched dermal fibroblast gene expression 

signature is most similar to its recent precursors, namely the E11.5 somitic mesoderm and 

LPM. In contrast, the signature has the highest degree of difference from adult dermal 

fibroblasts and from distantly related cell-types such as brain. Genes in the expression 

signature that had a robust DNase hypersensitivity score (≥10) only in the promoters of 

E11.5 LPM include the following: Apccd1, Crapb1, Cdkn1c, Collagen genes, F2r, Gpc3, 
Grb10, Igf2, Mest, Mid1, Sema5a, Tril, Tmem132c, Tead2, Twist2, Wnt5a. These genes 

may govern embryonic dermal fibroblast identity but their functional role in development 

remains to be tested. Other genes in our fibroblast gene expression signature such as Nfatc4, 
PDGFRa, Tbx3, and Twist1 had promoters associated with DNase hypersensitivity in E11.5 

mesoderm, NIH 3T3 cells, 8wk adult fibroblasts, signifying a shared fibroblast signature. In 

the absence of accompanying gene expression data for all the cell types, we can only infer 
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epigenetically poised for active gene transcription from DNase hypersensitivity scores alone. 

We also intersected the gene expression signature with the differentially expressed genes in 

the mesenchyme Wnt/β-catenin signaling mutant embryonic dermal fibroblasts to find genes 

that govern cell identity. Only Apccd1, Crabp1, Twist2, Tmem132c, and Wnt5a had 

significantly lower expression in the absence of Wnt/β-catenin signaling in E13.5 dermis 

and had promoters associated with DNase hypersensitivity in the E11.5 LPM. Since we have 

established that Wnt/β-catenin signaling is an instructive cue for embryonic dermal 

fibroblast identity, we would have predicted a larger subset of the signature would be 

transcriptionally regulated and be dependent on Wnt/β-catenin signaling. It is likely we may 

not be able to validate all the candidates in our RNA-seq results. For instance, we previously 

showed the expression of Twist1 mRNA and protein are clearly dependent on ectodermal 

Wnts and mesenchymal Wnt/β-catenin signaling in vivo (Goodnough et al., 2014; 2012). 

However, differential expression of Twist1 did not reach statistical significance by RNA-seq 

of E13.5 β-catenin mutant dermis. One of the inherent limitations of single-end RNA-seq 

includes differences in genome wide coverage between samples. Alternatively, our analysis 

and approach revealed that the expression signature may be regulated by different set of 

transcription factors and may direct other functional roles. Despite the limitations in the 

various techniques and approaches, our studies predict that Apccd1, Crabp1, Twist2, 
Tmem132c, and Wnt5a are most likely to be involved in acquisition of dermal identity, but 

their function remains to be examined.

We used available data sets for histone modification and DNase hypersensitivity to 

understand the regulation of fibroblast gene expression signature. DNase hypersensitivity at 

the promoter of the fibroblast gene expression signature in other cell types allowed us to 

draw conclusions regarding lineage relationships between E12.5 dermal fibroblasts and other 

embryonic and adult cell types. As expected, the closest relationship was with E11.5 lateral 

plate mesoderm, and distantly with immortalized fibroblast cell line and adult fibroblast. 

Assessing the predictive epigenetic histone modifications near human Pdgfrα and Nfatc4 

revealed that the same regulatory elements were epigenetically repressed by PRC2 in HepG2 

liver cell line. These elements were transcriptionally active in adult human dermal 

fibroblasts and may regulate gene expression of Pdgfrα and Nfatc4 in dermal fibroblasts. 

Both Pdgfrα and Nfatc4 displayed regions upstream of the 5′ TSS that serve as potential 

fibroblast lineage-specific enhancer regions and warrant further investigation in transgenic 

reporter mice. Comparative histone modification analysis in the mouse dermal fibroblast 

progenitors and distantly related cell types, will provide a more comprehensive view of 

fibroblast gene regulation. In addition, enhancer elements for the transcription factor binding 

profiles may provide additional insights into the molecular mechanisms controlling dermal 

fibroblast lineage.

A small subset of the fibroblast expression signature genes (Apcdd1, Crabp1, Twist2, Tmem 
132c, and Wnt5a) were positively dependent on Wnt/β-catenin signaling pathway and were 

also associated with skin defects. Twist2/Dermo1 gene is a basic helix loop helix 

transcription factor that is expressed in upper dermal fibroblast progenitors starting at 

E11.5–15.5 (Atit et al., 2006a; Franco et al., 2011; L. Li et al., 1995). Non-sense mutation in 

human TWIST2 is associated with Setleis syndrome in humans and mice with characteristic 

bi-temporal dysplasia lacking hair (Tukel et al., 2010). Apcdd1 and Wnt5a are known 
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signature genes of the dermal papilla, the specialized embryonic dermal fibroblasts that 

associate with hair follicles (Hu et al., 2010; Rendl et al., 2008; van Amerongen et al., 

2012). Mutations in human APCDD1 is associated with hair loss in hereditary hypotrichosis 

(Jukkola et al., 2004; Shimomura et al., 2010). Dermal Wnt5a is involved in hair follicle cell 

fate and overexpression of Wnt5a in mouse whole skin leads to decrease in secondary hair 

follicle formation (Hu et al., 2010; van Amerongen et al., 2012). Wnt5a is a non-canonical 

extracellular Wnt ligand and is uniformly expressed in dermal progenitors between E12.5–

E14.5 and then in the developing dermal condensate (Andl et al., 2002; Cadau et al., 2013; 

Goodnough et al., 2014). Wnt5a signaling controls distal limb elongation by creating planar 

cell polarity in chondrocytes and embryonic patterning (Andre et al., 2015; Gao et al., 2011). 

Its role in embryonic dermis migration and formation remains to be established with 

conditional genetic mutants and live cell imaging analysis. Crapb1, a retinoic acid binding 

protein, and Tmem132c have restricted expression in embryonic dermis from E13.5 

onwards, but their function in skin development is unknown (Collins and Watt, 2008; Diez-

Roux et al., 2011). We have identified new candidate downstream effectors of β-catenin, and 

future functional analysis will elucidate if these genes singularly or in concert determine the 

embryonic dermal fibroblasts progenitor identity or promote hair follicle initiation.

Taken together, we have identified a gene expression signature for embryonic dermal 

fibroblast. Our results extend our knowledge regarding the putative mediators of dermal 

identity in development and disease, and is informative in the context of tissue engineering.

MATERIALS AND METHODS

Mice

Control (En1Cre/+; R26R) or (En1Cre/+; RRYFP/+; β-catenin flox/+), conditional β-catenin 

dermal fibroblast mutant (En1Cre/+; RRYFP/+; β-catenin flox/deleted) were generated as 

previously described (Atit et al., 2006b; Brault et al., 2001; Kimmel et al., 2000; Soriano, 

1999; Srinivas et al., 2001). For each experiment, a minimum of three mutants with litter-

matched controls were studied. Case Western Reserve Institutional Animal Care and Use 

Committee approved all animal procedures. Mice and embryos were genotyped as described 

previously. Mice were time-mated, and the vaginal plug day was assigned as E0.5. At 

desired time points, embryos were harvested and processed for frozen or paraffin sections as 

previously described (Atit et al., 2006a).

DNA Microarray

The population of E12.5 ventral dermal fibroblast progenitor cells was isolated by Laser 

Capture Microdissection (LCM) from the ventral body wall from five En1Cre/+; R26R/+ 
embryos. LCM was performed as previously described (Simone et al., 2000). Total RNA 

was extracted and pooled before amplification (Ambion) and labeling. Three technical 

replicates were analyzed on Illumina MouseRef-8 v2.0 expression bead chip platform and 

normalized using rank invariant method (GSE75913).
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Shannon Entropy Analysis

Shannon Entropy Analysis was completed using the datasets acquired from our DNA 

Microarray against seven different datasets acquired from Gene Expression Omnibus (GEO) 

(Edgar et al., 2002) (Table S2). The datasets were normalized in LumiR (Illumina) to 

account for background signal and condense the data into single column format. Then, the 

Shannon Entropy was performed as previously described in Schug et al (2005) 

(Supplemental Figure 2). Shannon Entropy calculates both an H value, that measures the 

degree of overall tissue specificity of a gene, and a Q value that incorporates overall tissue 

specificity and relative expression level (Schug et al., 2005). Relative expression, H, and Q 

formulae are shown below:

Bioinformatics Tools

The genes identified above the fold-change associated Q Score cutoff (9.246775) were 

clustered into basic ontologies using Mouse Genome Informatic’s (MGI) batch query tool 

(http://www.informatics.jax.org/batch) (Blake et al., 2014). Transcription factor binding site 

over-representation analysis within 5Kb of the TSS was performed using using OPOSSUM 

3.0 (Ho Sui et al., 2007; Kwon et al., 2012). Statistical thresholds were calculated as 

previously described (Kwon et al., 2012).

UCSC Genome Browser

Using the Human Genome Browser Gateway (http://genome.ucsc.edu/cgi-bin/hgGateway), 

query of histone modification and binding analysis were performed for NFATC4, PDGFRA, 

and COL3A1 on HepG2 liver carcinoma and normal human adult dermal fibroblast cell lines 

(Bernstein et al., 2005; 2006; Ernst et al., 2011; Guttman et al., 2010; Mikkelsen et al., 

2007). Using the Broad Histone ChIP-seq data from the ENCODE Histone Modification 

Tracks, EZH2, H3K4me1, H3K27Ac, H3K27me3, and H3K36me3 binding profiles were 

assessed (ENCODE Project Consortium, 2011; Karolchik et al., 2014; Rosenbloom et al., 

2013). UCSC genome browser supplies density graphs of signal enrichment for each histone 

modification, computed by the number of sequenced tags overlapping the particular region 

of interest, with signal peaks referring to regions of statistically significant signal 

enrichment. Data was visualized using the UCSC Genome Browser. Putative 

transcriptionally active regions are associated with H3K27Ac and H3K36Me3 and repressed 

regions are marked by EZH2 binding and H3K27me3.

Identification of DNase hypersensitivity and H3K27me3 peaks

Alignment files (BAM format) were downloaded from UCSC (http://

hgdownload.cse.ucsc.edu/) and HOMER (Hypergeometric Optimization of Motif 

EnRichment) tools were used to find and annotate DNase hypersensitivity peaks for 6 

mouse-derived cell/tissue types: E14.5 brain, E14.5 liver, E11.5 somitic and lateral plate 

mesoderm (LPM), NIH3T3 immortalized cells, adult fibroblasts, and adult lung (Heinz et 
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al., 2010) (wgEncode EM001726, EM003401, EM001935, EM001936, EM001719, 

EM001723, EM002725). These tools were also used to find and annotate H3K27me3 ChIP-

seq peaks for E14.5 whole brain (wgEncodeEM002725). Peaks were annotated with the 

nearest transcription start site (TSS) and the distance to that TSS, which allowed us to 

extract all peaks within 2kb of the TSS for our 63 genes of interest. Default settings and 

threshold values were used for all HOMER analysis. Maximum peak values for each gene in 

each tissue of interest were used to generate a DNase hypersensitivity heat map and a “peak 

score” (the sum of maximum peak values over all genes) for each tissue. We defined all 

transcriptionally active promoters with DNase hypersensitivity scores ≥10 as 1 and <10 as 

“0” (Song et al., 2011). We created a matrix for all 6 cell types and performed hierarchical 

clustering using Matlab (average score settings).

Tissue Extraction and qRT-PCR

For the qRT-PCR validation and quantification work was performed on E13.5 β-catenin 

mutants (En1Cre/+; RRYFP/+; β-catenin flox/deleted) and control (En1Cre/+; RRYFP/+; β-
catenin flox/+) dermal fibroblast progenitors. Dorsal skin was microdissected from E13.5 

embryos and treated with dispase treatment to isolate the dermal progenitors from the 

surface ectoderm. E13.5 dorsal dermal progenitors and whole liver were flash frozen in 

liquid nitrogen and stored in −80 ° C. Primers were chosen from the list of known primers at 

Primer Depot (mouseprimerdepot.nci.nih.gov) and shown in Table S3. qPCR quantifies 

relative amounts of mRNA between samples by the ΔΔCT method (Livak and Schmittgen, 

2001).

RNA-Seq and Statistical Analysis

Poly-A-selected RNA was isolated from the dorsal dermal fibroblasts that were obtained by 

FACS from two E13.5 En1Cre/+; RRYFP/+ control and three En1Cre/+; RRYFP/+; β-

cateninlox/deleted mutant embryos (GSE75944). The libraries were prepared with Illumina 

Truseq kit and sequenced using the Illumina Genome Analyzer IIX platform with single-end 

50bp reads. Raw reads were aligned to the mouse reference sequences NCBI mm10 

downloaded from UCSC genome databases using GSNAP program. Only reads that were 

mapped to a unique location in mm10 genome were retained for further analysis. The 

numbers of raw reads that were mapped to mouse genes annotated in RefSeq database were 

counted using HTSeq program (http://wwwhuber.embl.de/users/anders/HTSeq/doc/

count.html#count) and subsequently used for differential gene expression analysis after 

normalizing the values to the total of mapped reads in each condition (Anders et al., 2014). 

Genes with P values less than 0.05 after adjusting for false discovery rate with Benjamini 

and Hochberg method in a negative binomial test and 1.5 fold changes between compared 

conditions were considered statistically significant (Benjamini and Hochberg, 1995). 

Expression levels of RefSeq annotated genes were calculated in unit of fragments per 

kilobase of transcript per million mapped reads (FPKM) values. Genes with low FPKM (≤1) 

were filtered out as not expressed (Benjamini and Hochberg, 1995; Wu and Nacu, 2010).
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Immunohistochemistry and Immunofluorescence

Histology, and immunofluorescence on dorsal mouse trunk skin were performed as 

described previously (Ohtola et al., 2008; Atit et al., 2006a). The antibodies used were anti-

Col3〈1 (Rockland, cat#600-401-105, 1:100) and anti-Igf2 (SantaCruz, cat#sc-7435, 1:200).

GWAS analysis

SNPs associated with disease were obtained from the NHGRI-EBI GWAS catalog. We 

retrieved all SNPs in linkage disequilibrium (LOD >2 and D’>.6) with GWAS SNPs using 

publically available data on the CEPH ancestry from HapMap. We identified all GWAS loci 

for which the GWAS SNP or its LD partners were within 250-kb of the TSS of the genes of 

the dermal fibroblast expression signature. For all disease-associations within 250-kb of the 

TSS, we determined which proportion were contributed by each individual trait. We 

compared this to expected proportion, i.e. the proportion of all disease-associations in the 

GWAS catalog that were attributed to this trait. The traits with the highest odds ratios fell 

within two categories, lung disease and electrical heart function. To investigate whether 

these enrichments were significant, we generated 1000 random (n-matched) gene sets 

comprised of genes that are not a part of dermal fibroblast expression signature. We then 

determined the number of GWAS loci for which the GWAS SNP (or its LD partners) was 

within 250-kb of the TSS of the genes of each random set. This generated a distribution of 

the expected results for both lung disease and electrical heart function. We then compared 

the expected distribution to the number of GWAS loci within 250-kb of the genes of the 

dermal fibroblast gene signature to obtain p-values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of E12.5 mouse dermal fibroblast gene expression signature 
determined by Shannon Entropy analysis
Genes with fold-change associated Q scores less than 9.25 were clustered into basic 

ontologies using Mouse Genome Informatic (MGI) batch query tool. Genes are listed in 

order of ascending Q score in each category.
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Figure 2. Dermal restricted protein expression of Col3a1, IGF2, and PDGFRα
Indirect immunofluorescence with DAPI stained nuclei was performed on transverse mouse 

E13.5 and E14.5 dorsal trunk skin. Protein expression of Igf2(A,B), Col3a1 (C,D), and 

PDGFRα (E,F) was visible in the upper dermis and excluded from the epidermis of the 

developing skin.
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Figure 3. Tissue enrichment of putative embryonic dermal fibroblast signature genes
Relative mRNA expression analysis of dermal fibroblast signature genes in E13.5 dermal 

fibroblasts and liver (n=3 for fibroblasts). The Y-axis represents relative expression in 

dermal fibroblasts compared to liver.
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Figure 4. Putative regulatory regions for dermal fibroblast gene expression
ChIP-seq profiles of histone modifications and EZH2 binding in human dermal fibroblast 

(HDF) and liver cell (HepG2) lines at Collagen3a1, Nfatc4, and Pdgfrα loci (A–C). Y-axis 

values range from 0–50, and refer to a relative value of signal enrichment for each region of 

interest. Data were visualized using the UCSC Genome Browser. Putative transcriptional 

active regions are associated with H3K4me1, H3K27Ac, and H3K36Me3. Transcriptional 

repression is associated with EZH2 binding and H3K27me3 at the TSS.
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Figure 5. Inferring cell-type-specific gene expression from regions of open chromatin
Heatmap of peak scores assigned to DNase hypersensitive sites within 2kb of the TSS for 

the putative 63 dermal fibroblasts signature genes in related and unrelated cell-types in 

mouse. Default settings and threshold values were used for all HOMER analysis (A). 

Hierarchical clustering of 6 cell types based on DNAase HS value ≥10 and relationship to 

E12.5 dermal fibroblast progenitor (B). Transcription Factor overrepresentation analysis on 

63 dermal fibroblast gene expression signature (C). Statistically significant transcription 

factors that are also expressed in E13.5 dermal fibroblasts are in black (C).
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Figure 6. Wnt/β-catenin dependent gene expression of embryonic dermal fibroblast signature 
genes
Relative FPKM values for each gene from the whole genome RNA-seq of E13.5 control 

(white column) and β-catenin mutant (black column) dorsal upper dermal fibroblasts. (A) 

Five genes in the dermal fibroblast gene expression signature were significantly dependent 

on Wnt/β-catenin activity in vivo by RNA-seq. (B,C) Twist2 and (D,E) Wnt5a expression in 

dorsal dermis at E13.5 in control and conditional mesenchyme β-catenin deleted mutants.
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