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TO THE EDITOR

In humans, eccrine sweat glands are essential for heat dissipation, which relies on cooling 

that results from the vaporization of sweat at the skin surface (Kuno 1956).  The transcription 

factor Engrailed-1 (En1) is pivotal in the formation of eccrine glands (Kamberov et al. 2015; 

Loomis et al. 1996; Lu et al. 2016). En1 expression is a hallmark of basal keratinocytes of eccrine 

gland-forming skin, and focal upregulation of En1 is a signature of eccrine gland placodes 

(Kamberov et al. 2015; Lu et al. 2016).  In mice, modulation of En1 levels is an intrinsic 

mechanism to regulate the abundance of eccrine glands, and a modest decrease in En1 expression 

is sufficient to shift the balance of appendages in the volar skin, to which eccrine glands are 

restricted in mice, from an eccrine to a hair follicle fate (Kamberov et al. 2015). Despite the 

importance of ectodermal En1 expression in the development of eccrine glands, the molecular 

mechanisms controlling En1 in this context are poorly understood.  

To investigate En1 regulation in the skin, we sought to identify transcription factors that 

control expression of the En1 locus.  We scanned the genomic region upstream of the En1 open 

reading frame for the presence of transcription factor binding sites that are conserved among 

placental mammals. We identified two highly conserved DNA motifs predicted to bind the 

transcription factor Deaf1 (in mice, mm10, chr1 120602231bp-120602255bp; chr1 120602322bp-

120602346bp; in humans, hg19, chr2 119605410bp-119605434bp; chr2 119605501-

119605525bp) (Figure 1a).  We performed DEAF1 ChIP-seq using an antibody against 

endogenous DEAF1 from a human keratinocyte cell line, GMA24F1A, which was previously 

shown to express EN1 (Czesak et al. 2012; Mainguy et al. 1999) (Figure S1).   We observed a peak 

of DEAF1 enrichment overlapping the two predicted DEAF1 binding sites (hg19 chr2 

119605273bp-119605834bp), and validated this interaction by ChIP-PCR (Figure 1a, b).  
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To investigate whether DEAF1 can regulate the expression of EN1, we evaluated EN1 

levels under DEAF1 siRNA knock-down in human keratinocytes (Figure 1c).  DEAF1 knock-

down resulted in decreased EN1 compared to control conditions (Figure 1c) indicating that DEAF1 

regulates EN1 cell-autonomously. Conversely, overexpression of DEAF1 in human keratinocytes 

led to a mild but significant increase in EN1 expression (Figure 1d).

To determine if Deaf1 regulates En1 expression in the skin, we evaluated the 

relative expression of En1 in Deaf1 constitutive knock-out mice (Hahm et al. 2004; Luckhart et al. 

2016). En1 expression was analyzed in the volar hind-limb skin on post-natal day 2, the time of 

ectodermal appendage specification in this region (Kamberov et al. 2015).  The relative levels of 

En1 at this stage are critical for determining the appendage composition of the inter-footpad space 

(IFP), the medial volar hind-limb in which hair and eccrine glands are interspersed (Kamberov et 

al. 2015). Loss of Deaf1 led to a dose-dependent decrease in En1 expression, indicating that Deaf1 

impacts En1 transcription during this critical developmental window (Figure 1e).  In contrast, we 

did not detect a significant reduction in En1 expression from embryonic mouse limb buds, in which 

En1 is critical for maintaining ventral identity (data not shown) (Loomis et al. 1996).  These and 

all subsequent mouse experiments were carried out in accordance with approved institutional 

animal protocols.

In light of the finding that Deaf1 loss leads to reduced En1 expression, we evaluated 

whether this is associated with changes in IFP ectodermal appendage composition.  On average, 

eccrine gland number in Deaf1 knock-out homozygotes was three fold lower than in wildtype 

littermates, while hair follicle number was significantly higher (Figure 2a, b, c).  Deaf1 knock-out 

heterozygotes exhibited an intermediate phenotype (Figure 3).  Eccrine gland number was 
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unaffected in the foot-pads, hairless elevations that surround the IFP and have the highest level of 

En1 expression of any volar skin (Figure S2).  

To determine if Deaf1 effects on eccrine gland number were cell-autonomous in vivo, we 

mated mice expressing a conditional allele of Deaf1 (Deaf1fl/fl), in which loxP sites flank Deaf1 exons 

2 – 5, to En1Cre (En1Cki) mice that harbor a knock-in of Cre recombinase into the En1 locus that 

also abolishes endogenous gene function (Kimmel et al. 2000; Vulto-van Silfhout et al. 2014).  

Consistent with our previous findings, En1Cre heterozygotes exhibited decreased IFP eccrine 

gland number (Kamberov et al. 2015) (Figure 2d).  While our analysis was underpowered to detect 

changes in IFP hair follicle number, eccrine gland number in En1Cre/+; Deaf1fl/fl animals was on 

average three fold lower than in control littermates, similar to the magnitude of change observed 

in the constitutive Deaf1 knock-out (Figure 2c, S3).  En1Cre/+; Deaf1fl/+ heterozygous mutant 

animals exhibited an intermediate phenotype (Figure 2c).  Since En1 expression is restricted to the 

basal keratinocyte layer of the distal volar limb, these data indicate that Deaf1 regulation of eccrine 

gland development is a consequence of the activity of this factor within keratinocytes. 

In this study, we have identified a transcription factor, Deaf1, which promotes eccrine 

gland formation. The observations that Deaf1 is enriched at En1 in keratinocytes, and positively 

regulates En1 cell-autonomously suggest that Deaf1 effects on eccrine gland formation are 

mediated at least in part by direct regulation of the En1 locus.  Deaf1 effects on En1 likely require 

the recruitment of context-specific co-factors since Deaf1 does not contain an intrinsic 

transcriptional activation domain, but rather binds DNA via its SAND domain and acts as a 

scaffold for other proteins (Joseph et al. 2014; Michelson et al. 1999; Philippe et al. 2018).  A 

multi-component framework, of which Deaf1 is a part, may explain why effects of Deaf1 loss on 

appendage composition are more mild that those of En1 loss (Kamberov et al. 2015; Loomis et al. 
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1996). Alternatively, it is possible that Deaf1 is required in some, but not all En1 expressing cells.  

Resolving these possibilities will require resolution of the larger molecular complex that is bound 

to Deaf1 and the development of genetic drivers to knock-out Deaf1 in distinct En1 expressing 

regions of the volar ectoderm.  To our knowledge, Deaf1 is the first transcription factor implicated 

in the regulation of En1, a critical determinant of eccrine fate, within keratinocytes. This finding 

enhances understanding of the molecular mechanisms that are harnessed to drive eccrine gland 

specification and lays a molecular foundation for elucidating the broader En1 regulatory circuit in 

the skin. 
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FIGURE LEGENDS

Figure 1.  DEAF1 regulates EN1 expression. (a) Enrichment of DEAF1 upstream of the EN1 

ORF in human GMA24F1A keratinocytes by ChIP-seq with DEAF1 antibody.  Alignments of 

predicted DEAF1 binding sites (grey rectangles) are shown (dots – identical base). (b) ChIP-PCR 

validation of DEAF1 enrichment. Average enrichment +/-SD of DEAF1 or IgG over the input for 

each set of primers. HBG1 promoter used as negative control. Arrows: forward (F) and reverse 

(R) primers. (c, d) Average EN1 expression +/-SD by quantitative RT-PCR in GMA24F1A 

keratinocytes (c) transfected with GAPDH (control) or DEAF1 siRNA and (d) transduced to over-

express DEAF1. (e) Average En1 expression +/-SD in volar hind-limb skin in wildtype, 

heterozygous (Deaf1KO/+) and knockout (Deaf1KO) mice. Sidak-adjusted P values are reported 

(**P<0.01, ***P<0.001 and ****P<0.0001).

Figure 2. Deaf1 loss alters skin appendage composition in the mouse volar skin. (a) 

Representative images of hind-limb epidermal preparations from adult wildtype, Deaf1 knock-out 

heterozygous (Deaf1KO/+) and homozygous knock-out (Deaf1KO) animals with magnified views 

of the IFP. Red arrow: hair follicle, black arrow: eccrine gland. Scale bar = 1mm (b, c) The number 

of eccrine glands (b) and hair follicles (c) in the IFP of each genotype class. (d) The number of 

hind-limb IFP eccrine glands of Deaf1fl/fl;En1+/+, Deaf1+/+;En1Cre/+, Deaf1fl/+;En1Cre/+, 

Deaf1fl/fl;En1Cre/+ adult mice. Means for each genotype class are plotted +/-SD. Phenotype values 

from individual mice used in these analyses are shown (black triangles). Sidak-adjusted P values 

are reported (**P<0.01; ***P<0.001 and ****P<0.0001). 
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SUPPLEMENTARY MATERIAL

Materials and Methods

Mouse strains 

Deaf1 knock-out mice were previously generated in the lab of Dr. Stuart Orkin (Dana 

Farber and Harvard Medical School), and obtained, with permission, from Dr. Paul Albert. 

Conditional knock-out Deaf1fl/fl mice (Vulto-van Silfhout et al. 2014) were obtained from the 

Mutant Mouse Resource and Research Center and bred to En1Cre (Kimmel et al. 2000) to ablate 

DEAF1 in En1 expressing cells. 

Analysis of ectodermal appendage composition

Phenotypic analysis of ectodermal appendage composition in the volar hindlimb skin was 

carried out as previously described (Kamberov et al. 2013).  In brief, three to six week old mice 

were euthanized and the mouse ventral hindlimb skin was dissected for dissociation in Dispase II 

(Roche) to isolate epidermal whole mount preparations.  Whole mount epidermal preparations 

were subsequently stained with Nile Blue (Sigma-Aldrich) and Oil Red O (Sigma-Aldrich) to 

visualize appendages and sebaceous glands, respectively.  Eccrine gland ducts and whole hair 

follicles remained associated with the epidermis. Eccrine gland and hair follicle number was 

scored by quantifying the number of each appendage type averaged across left and right hindfeet. 

Representative images were taken on a Leica MZFLIII stereomicroscope equipped with a Nikon 

DXM1200F camera. Limbs and dissected volar skin for expression analyses were obtained from 

post-natal day two euthanized animals.  All mouse experiments were carried out in accordance 

with approved Perelman School of Medicine IACUC protocols.
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In silico identification of DEAF1 predicted binding sites

DNA binding sites were identified using the Transfac_2010.1 matrix applied upstream of the En1 

open reading frame (Wingender et al. 2000).  Sites conserved across placental mammals were 

called in this analysis.

Deaf1 constructs 

Full length human DEAF1 was cloned by amplification from a GMA24F1A cDNA library, 

sequence confirmed and subcloned into pCS4+-HA (gift from Malcolm Whitman Harvard 

Medical School) or for viral transduction experiments, into pUltra (gift from Malcolm Moore 

(Addgene plasmid # 24129)) by Gibson assembly. Primers for assembly into pCS4+-HA Forward: 

TGGGCCGGCCTAAGATCTGGGAGGACTCGGACTCGGCG and Reverse: 

GGGAGGCTAGCTATCTAGAGGCTCGAGAGGCCTTGTCACACGGTCACCTTCTCCATC

. Assembly into pUltra was carried out using primers Forward: 

CAAAAAGCTTGTCGCCACCGATGGGGCCCGGCTACC and Reverse: 

AGAGGTTGATTATCGATAAGCTTGATATCGTTACTTTCACACGGTCACCTTCTCCATC

AC. 

Cell culture, transfection and transduction

GMA24F1A cells, a clonal line of human keratinocytes that expresses EN1 was first 

described by Dr. Howard Green (Harvard Medical School). These cells were obtained from Dr. 
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Green and maintained as previously described (Mainguy et al. 1999).  HEK293T cells were 

obtained from the laboratory of Dr. Connie Cepko (Harvard Medical School).  GMA24F1A cell 

line was validated for Krt14 and En1 expression during passaging for the duration of experiments.  

Transfection of HEK293T cells was carried out using polyethylenimine (Polysciences 

Inc.). We used a second generation packaging system to generate the lentiviruses used in this study 

(gift from Connie Cepko Harvard Medical School).  All viruses were produced in HEK293T cells 

according to established protocols.  Transduction of GMA24F1A cells was carried out as 

previously described (McNeal et al. 2015) and cells were harvested 48 hours post infection. 

Packaging plasmid psPAX2 was a gift from Didier Trono (Addgene plasmid # 12260), envelope 

plasmid pCL-VSV was a gift from Connie Cepko (Harvard Medical School)

For DEAF1 knock-down experiments, GMA24F1A cells were transfected with 

Lipofectamine RNAiMax reagent (Thermo Fisher) according to the manufacturer’s protocols 

using validated ON-TARGET Plus SMART pool siRNA targeting human DEAF1 (Dharmacon 

Catalog #L-020808-01-0005) or  human GAPDH (Dharmacon Catalog #L-004253-00-0005).  

Cells were harvested 48 hours post transfection and transcript levels analyzed as described below. 

Quantitative RT-PCR

RNA was isolated by TRIzol (Thermo Fisher) extraction followed by clean up and on 

column DNAse treatment using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s 

instructions. cDNA was generated using SuperScript III (Thermo Fisher) and poly-dT priming.  

Knock-down and overexpression experiments in keratinocytes were conducted in nine biological 

replicates.  Expression of target genes was normalized to human β-ACTIN. N = 6 biological 
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replicates per condition used for statistical analysis.  For detection of expression levels in vivo, a 

pool of six volar hind-limb skins of a given genotype constituted a single biological replicate in 

this analysis. N= 9 biological replicates each for wildtype and Deaf1KO/+ classes, and N= 6 

biological replicates for Deaf1KO which were used in statistical analysis. Each biological replicate 

was analyzed by qRT-PCR in technical triplicates, which were averaged to assign a value to the 

biological replicate. Expression of target genes was normalized to mouse Rpl13a. Primers 

sequences: hDEAF1 (Vulto-van Silfhout et al. 2014) F: TACGGTGCCGGAACATCAG, 

hDEAF1 R: CAAACTCGGTGGGACTGTACC, mDeaf1 F: AGAATGAGCTGCCCACAACT, 

mDeaf1 R: TCAAAGGTCAGTGCTCCAGA, hEN1 (Gesta et al. 2006) F: 

TTCGGATCGTCCATCCTCC, hEN1 R: GCTCCGTGATGTAGCGGTTT, mEn1 F: 

GTGGTCAAGACTGACTCACAGC, mEn1 R: GCTTGTCTTCCTTCTCGTTCTT, mRpl13a F: 

CAGTGCGCCAGAAAATGC, mRpl13a R: GAAGGCATCAACATTTCTGGAA, hbetaACTIN 

(Croitoru-Lamoury et al. 2011) F: CATGTACGTTGCTATCCAGGC, hbetaACTIN R: 

CTCCTTAATGTCACGCACGAT, hGAPDH F:TGCACCACCAACTGCTTAGC, hGAPDH R: 

GGCATGGACTGTGGTCATGAG.

Chromatin immunoprecipitation, sequencing, analysis and PCR

GMA24F1A cells were cultured in 10 cm dishes and harvested for immunoprecipitation 

using the EZ-Magma ChIP HiSens kit (EMD Millipore) according to the manufacturer’s 

instructions. Briefly, DNA was cross-linked by adding formaldehyde (1% final concentration) for 

10 minutes at room temperature. After cell lysis, the chromatin was sheared using a Covaris M220 

sonicator and time optimized to get chromatin fragments between 100bp and 500bp. 

Immunoprecipitation was carried out using 1/50 Deaf1 Antibody (gift from Paul Albert, (Czesak 
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et al. 2012)) or 1ug of normal rabbit IgG antibody (Sigma Aldrich). Input and immune-precipitated 

samples were purified using a Qiagen PCR purification kit. For ChIP-seq, library construction was 

done using NEBNext DNA Ultra II DNA library prep kit for Illumina (New England Biolabs). 

The library was sequenced using Illumina HiSeq 2500 platform (Perelman School of Medicine 

Next- Generation Sequencing Core). Bioinformatics analysis was done using the Galaxy platform 

(usegalaxy.org, Afgan et al. 2018). Briefly, the pipeline includes initial QC to remove adaptors 

(FastQC), then quality reads were mapped to the human reference genome (hg19) using Bowtie2, 

later MAPQ was used to remove multi-mapping reads and RmDup was used to remove PCR 

duplicates. Peaks were called using MACS2. ChIP-seq raw data is available from NCBI Gene 

Expression Omnibus (GSE129965). Quantitative PCR was done using Power SYBR PCR master 

mix (Thermo Fisher). DEAF1 occupancy at a given region after the immunoprecipitation was 

determined as the percentage of enrichment over the input using the following equation 100 × 

2Ct(input) − Ct(IP) and represented as enrichment of DEAF1 or IgG.  Primers used for qPCR: EN1 F: 

ATTTATCCGCAAAGTCCCGCG, R: TTCAAACCGGAAGCACGTGAGTCA, negative 

control HBG1 promoter F: CCAAGGTCATGGATCGAGTT, HBG1 promoter R: 

ACACTGTGACAGCTGGGATG (Cantù et al. 2011).  ChIP followed by PCR to validate ChIP-

seq data was performed three separate times and the means and variation across experiments are 

reported.  

Statistical Analysis

Ordinary one-way ANOVA followed by Sidak multiple comparisons test with a single 

pooled variance was performed on the means for each dataset using GraphPad Prism version 7.00 

for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com.
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Supplementary Figure Legends

Figure S1.  Validation of DEAF1 enrichment by ChIP-seq at known target regions. ChIP-seq 

was performed using the GMA24F1A human keratinocyte cell line. As a validation of our ChIP-

seq analysis, DEAF1 ChIP-seq peaks were detected at DEAF1 (a) and EIF4G3 (b) loci, (Jensik et 

al. 2014; Michelson et al. 1999).

Figure S2: Deaf1 loss does not affect eccrine gland number in mouse footpads. The mean 

number +/-SD of eccrine glands in wildtype, Deaf1KO/+ and Deaf1KO homozygous null mice in 

the four most proximal hind-limb footpads (FP) 3, 4, 5, and 6 (Kamberov et al. 2013). Individual 

data points, representing the average of left and right hind-limbs for each analyzed mouse are 

shown (grey circles and squares). Significance was assessed by ordinary One-way ANOVA. No 

significant differences in eccrine gland number were found between genotypes in any of the 

assayed FPs.

Figure S3. Hair follicle number in Deaf1 conditional loss of function mice. The mean number 

+/-SD of hair follicles in the volar hind-limb IFP was analyzed in Deaf1fl/fl;En1+/+, 

Deaf1+/+;En1Cre/+, Deaf1fl/+;En1Cre/+, and Deaf1fl/fl;En1Cre/+ mice. Phenotype values representing 

the average number of hairs across left and right hind-limbs for each mouse used in these analyses 

are shown (black triangles). A power calculation, which takes into account the variance in 

phenotype, indicates there are insufficient animals to assess the null hypothesis of no difference 

between genotype classes.
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Figure S1.  Validation of DEAF1 enrichment by ChIP-seq at known target regions. ChIP-seq was performed 
using the GMA24F1A human keratinocyte cell line. As a validation of our ChIP-seq analysis, DEAF1 ChIP-seq 

peaks were detected at DEAF1 (a) and EIF4G3 (b) loci, (Jensik et al. 2014; Michelson et al. 1999). 
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Figure S2: Deaf1 loss does not affect eccrine gland number in mouse footpads. The mean number +/-SD of 
eccrine glands in wildtype, Deaf1KO/+ and Deaf1KO homozygous null mice in the four most proximal hind-
limb footpads (FP) 3, 4, 5, and 6 (Kamberov et al. 2013). Individual data points, representing the average 
of left and right hind-limbs for each analyzed mouse are shown (grey circles and squares). Significance was 

assessed by ordinary One-way ANOVA. No significant differences in eccrine gland number were found 
between genotypes in any of the assayed FPs. 
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Figure S3. Hair follicle number in Deaf1 conditional loss of function mice. The mean number +/-SD of hair 
follicles in the volar hind-limb IFP was analyzed in Deaf1fl/fl;En1+/+, Deaf1+/+;En1Cre/+, 

Deaf1fl/+;En1Cre/+, and Deaf1fl/fl;En1Cre/+ mice. Phenotype values representing the average number of 
hairs across left and right hind-limbs for each mouse used in these analyses are shown (black triangles). A 

power calculation, which takes into account the variance in phenotype, indicates there are insufficient 
animals to assess the null hypothesis of no difference between genotype classes. 
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