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Summary

To increase our understanding of skin, it is important to define the molecular constituents of the cell types and epidermal
layers that signify normal skin. We have combined a genome-wide transcriptomics analysis, using deep sequencing of MRNA
from skin biopsies, with immunohistochemistry-based protein profiling to characterize the landscape of gene and protein
expression in normal human skin. The transcriptomics and protein expression data of skin were compared to 26 (RNA)
and 44 (protein) other normal tissue types. All 20,050 putative protein-coding genes were classified into categories based
on patterns of expression. We found that 417 genes showed elevated expression in skin, with 106 genes expressed at least
five-fold higher than that in other tissues. The 106 genes categorized as skin enriched encoded for well-known proteins
involved in epidermal differentiation and proteins with unknown functions and expression patterns in skin, including the
Clorf6é8 protein, which showed the highest relative enrichment in skin. In conclusion, we have applied a genome-wide
analysis to identify the human skin-specific proteome and map the precise localization of the corresponding proteins in
different compartments of the skin, to facilitate further functional studies to explore the molecular repertoire of normal
skin and to identify biomarkers related to various skin diseases. (] Histochem Cytochem 63:129-141, 2015)
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The highly specialized functions of the skin and the
dynamics of epidermal differentiation are based on patterns
of gene expression in the various cell types that constitute
the epidermal layers. Numerous studies on normal and dis-
eased skin in both humans and animal models have pro-
vided detailed knowledge about the molecular repertoire of
the different skin cell types and enhanced our understanding

Introduction

Human skin represents a physical barrier that separates the
interior from the exterior and protects the body against
water loss and external physical, chemical and biological
insults (Cork et al. 2009; Proksch et al. 2008). The skin bar-
rier is formed by the constantly renewing epidermis, which
predominantly consists of keratinocytes. Epidermal homeo-
stasis depends on keratinocyte stem cells that retain the
capacity to divide asymmetrically and detach from the
basement membrane for subsequent terminal differentiation
(Ghadially 2012). During epidermal differentiation, kerati-
nocytes undergo several discrete transcriptional stages as
they form the morphologically defined spinous and granu-
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lar layers before the outermost stratum corneum, the final
differentiation stage represented by a layer of flattened cor-
neocytes with compact keratin fibers and an absence of sub-
cellular organelles.
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of the complex cellular interactions under normal and path-
ological conditions (Ghadially 2012; Li et al. 2014;
Scharadin and Eckert 2014; Vanbokhoven et al. 2011).
However, the expression pattern in skin is still unknown for
a large fraction of the human proteome and a readily avail-
able compilation of skin-specific gene and protein expres-
sion is lacking.

Following the human genome project (Lander et al.
2001; Venter et al. 2001), a multitude of studies, mainly
based on microarray technology, have been conducted to
map gene expression in various human cell and tissue types,
including skin. A majority of these data sets are published in
online repositories, such as the Gene Expression Omnibus
(Barrett et al. 2013) and ArrayExpress (Rustici et al. 2013),
and have been utilized to determine the global map of
human gene expression (Lukk et al. 2010). Several tran-
scriptomics studies of normal skin have been performed,
including an analysis of developing epidermis (Bazzi et al.
2007) and of individual epidermal layers (Toulza et al.
2007). Global gene expression studies have also compared
diseased skin with normal controls, including several
microarray-based studies on psoriasis (Gudjonsson et al.
2010; Suarez-Farinas et al. 2010). As an alternative to array-
based analyses, next-generation sequencing technologies
(RNA-Seq) have empowered a more sensitive and precise
analytical approach for the determination of RNA expres-
sion levels. Direct comparisons of microarray technology to
RNA-seq have concluded that the latter substantially
increases the number of identified differentially expressed
genes, for instance, in psoriasis as compared to normal skin
(Jabbari et al. 2012; Li et al. 2014).

RNA-Seq studies that compared the transcriptomic land-
scapes between various tissues and organs have identified
genes ubiquitously expressed across several different tissue
types, as well as genes with some level of tissue-specific
expression distribution (Krupp et al. 2012; Ramskold et al.
2009); however, skin was, until now, not incorporated or
specifically explored in such large-scale, cross-tissue com-
parisons using RNA-Seq. Here, we used the RNA-Seq tran-
scriptomics data from an analysis of 27 different tissues and
organs in the human body (Fagerberg et al. 2013) to identify
and analyze genes with elevated expression in normal skin
and combined this analysis with immunohistochemistry-
based protein profiling using tissue microarrays, to map the
expression of corresponding proteins to the specific cell types
and different epidermal layers that constitute human skin.

Materials & Methods

Sample Characteristics

All ‘fresh’-frozen and paraffin-embedded tissue samples
used in this study were acquired from the Uppsala
Biobank and the Department of Clinical Pathology, Uppsala

University Hospital, Uppsala, Sweden. Tissue samples were
collected in agreement with approval from the Research
Ethics Committee at Uppsala University (Ups 02-577,
#2011/473). All human tissues, including three shave biop-
sies from the normal back skin of healthy volunteers
(2 females, 1 male), were embedded in Optimal Cutting
Temperature (OCT) compound and stored at -80C.
Hematoxylin-eosin (HE) staining of 4-um sections were
examined by a pathologist (FP) to ascertain that samples
consisted of skin with normal morphology (Supplementary
Fig. 1). The relative percentages of cell types present in the
samples (i.e., keratinocytes, melanocytes and cells outside
the epidermis) were determined by manually counting nuclei
from four representative regions per sample (expressed as
the percentage mean + SD; Supplementary Fig. 1).

Transcript Profiling (RNA-Seq) and Data Analysis

Transcript profiling was performed essentially as previ-
ously described (Fagerberg et al. 2013). In brief, total RNA
extraction from 95 samples representing 27 different
homogenized tissues (Supplementary Table 1) was per-
formed using the RNeasy Mini Kit (Qiagen; Hilden,
Germany) and analyzed using the Experion automated elec-
trophoresis system (Bio-Rad Laboratories; Hercules, CA)
or the Agilent 2100 Bioanalyzer system (Agilent
Technologies; Santa Clara, CA). High-quality RNA sam-
ples were sequenced using the Illumina HiSeq2000/2500
(Illumina; San Diego, CA). Raw reads were processed
using the Sickle software and mapped to the GRCh37 ver-
sion of the human genome with Tophat v2.0.3 (Trapnell et
al. 2010). To obtain quantification scores for all human
genes, fragments per kilobase of exon model per million
mapped reads (FPKM) values were calculated using gene
models from Ensembl build 69 with Cufflinks v2.0.2
(Trapnell et al. 2010). All data was analyzed in R Statistical
Environment (RCoreTeam 2013) and network analysis was
performed using Cytoscape 3.0 (Shannon et al. 2003).
When a log2-scale of the data was used, pseudo-counts of
+1 were added to the data set.

Mean FPKM values of all samples for each tissue was
used to estimate gene expression levels in the total set of
20,050 genes. A cut-off value of 1 FPKM (roughly corre-
sponding to 1 mRNA per average cell in the sample) was set
as the detection limit (Hebenstreit et al. 2011). Based on
relative FPKM levels, genes were classified into six catego-
ries depending on expression patterns: (1) skin enriched,
(2) group enriched, (3) skin enhanced, (4) expressed in all,
(5) mixed and (6) not detected (Table 1). Genes categorized
as skin enriched, skin enhanced and group enriched in skin,
were together defined as having an elevated expression in
skin. A “skin-specific score” was calculated for each gene
dividing the skin FPKM by the maximum FPKM value in
any of the other 26 tissue types.
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Table I. Classification of All Human Putative Protein-coding Genes into Categories based on Expression Patterns in Skin and Other

Human Tissue Types.

Category Description Number of Genes Fraction (%)

Skin enriched At least five-fold higher mRNA levels in skin as compared 106 0.5
to all other tissues

Group enriched At least five-fold higher mRNA levels in a group of 2—-7 149 0.7
tissues, including skin

Skin enhanced At least five-fold higher mRNA levels in skin as compared 162 0.8
to average levels in all tissues

Expressed in all Detected in all tissues (FPKM > 1) 9,222 46

Mixed Detected in 2-27 tissues, but not elevated in skin 3,558 18

Not detected in skin FPKM less than | in skin 5131 26

Not detected in any tissue FPKM less than | in all tissues 1,722 9

Total Total number of genes analyzed with RNA-seq 20,050 100

Total elevated in skin

Total number of skin-enriched, group-enriched, and skin- 417 2
enhanced genes expressed in skin

FPKM, fragments per kilobase of exon model per million mapped reads.

Gene Ontology Analysis

Gene ontology (GO) analysis (Ashburner et al. 2000) was
performed using the GOrilla tool (Eden et al. 2009) to deter-
mine overrepresented GO categories in the set of genes con-
sidered as skin enriched. For cellular component analysis,
the GOSlim GOA associations were used to determine
whether genes encoded extracellular, intracellular or mem-
brane-bound proteins. The number of genes for each term
was counted, allowing a gene to be associated with more
than one term. A list of all genes analyzed in this study was
used as the background list in GOrilla.

Antibody-based Profiling

Generation of tissue microarrays (TMA), immunohisto-
chemistry and slide scanning was performed in accordance
with standards set up within the Human Protein Atlas proj-
ect, as previously described (Kampf et al. 2012). In brief,
TMA sections, containing 1-mm cores of 45 different nor-
mal tissue types (Supplementary Table 1), were subjected to
automated immunohistochemistry. Immunohistochemically
stained and mounted slides were scanned using an Aperio
ScanScope XT Slide Scanner (Aperio Technologies; Vista,
CA) to generate high-resolution digital images. Web-based
annotation of the intensity and fraction of positive cells
defined in each tissue type was performed by certified
pathologists (Uhlen et al. 2010). Extensive information on
the antibodies used in this study (including manufacturer
and antibody validation data) is available on the Human
Protein Atlas website (www.proteinatlas.org); in this work,
antibodies are referred to with the antibody ID that is used
in the Human Protein Atlas.

All skin-specific genes with corresponding antibody-
based expression profiles in the Human Protein Atlas

database were manually and individually analyzed to deter-
mine the degree of consistency between RNA-Seq and the
protein profile data across all tissues, as well as taking into
account the available technical validation of the antibodies.
Antibodies with reliable validation and high RNA-
consistency were considered for presentation in this work.
When two or more antibodies were available per gene, the
antibody regarded as the most reliable based on above crite-
ria was selected for presentation.

Data Availability

All FPKM data is available without restrictions (www.pro-
teinatlas.org/about/download). The primary sequencing
reads are available through the Array Express Archive (www.
ebi.ac.uk/arrayexpress/); accession number E-MTAB-1733.
Transcript profiling data for each gene in each cell and tissue
type is also available on the Human Protein Atlas website,
together with protein profiling data and underlying images of
immunohistochemically stained tissues.

Results

Analysis of the Skin Transcriptome

RNA-Seq was performed on 95 fresh-frozen tissue samples
from 27 different tissue types, as described earlier (Fagerberg
et al. 2013). Skin samples from three healthy individuals
were included and the transcriptome of each sample was
quantified to determine normalized mRNA levels, calcu-
lated as FPKM. Tissue sections from two specimens were
stained with HE and used to estimate the relative numbers of
different cell types (Supplementary Fig. 1). Keratinocytes
constituted approximately 55% to 60% of all cells; melano-
cytes, approximately 2% to 3%; and other cells located in
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Figure |. Global analysis of genes expressed in skin. (A—C) Correlation plots of the three skin samples used for RNA-Seq. High
correlations were observed among the three samples, with the best correlation found between the two female samples. (D) Distribution
of the number of genes across each of the categories based on transcript abundance. (E) Distribution of the fraction of transcripts across
different categories for all genes detected in skin. Color codes in (D) apply to all subfigures (A—E).

the dermis (e.g., fibroblasts, smooth muscle and endothelial
cells) amounted to approximately 35% to 40%.
Approximately 66% of all protein coding genes were
expressed in skin above the cut-off of >1 FPKM, which rep-
resented approximately 1 mRNA molecule on average per
cell (Hebenstreit et al. 2011). The number of expressed
genes was similar among the three individuals: 12,801,
13,044 and 13,329 genes, respectively. To assess the inter-
sample variance, pairwise Spearman correlation analyses of
FPKM expression levels was performed. All samples
showed overall high correlation coefficients of 0.94-0.98
(Fig. 1A-1C). These data demonstrate a high technical
reproducibility and overall similarity in gene expression
between the individual samples. The mRNA expression
level in skin ranged from 9,619 FPKM (mitochondrial-
expressed ATP synthase 8, MT-ATPS8) yielding a dynamic
range of approximately 10* using the >1 FPKM cut-off.

Classification of Genes Expressed in Skin

Based on the transcriptomic data, all putative protein-
coding genes were classified into six different categories

(Table 1; Fig. 1D). Approximately one third of the genes
(34%) were not detected in skin (overall, 9% of all genes
were not detected in any analyzed tissue type). The largest
group of expressed genes (46%) represented genes
expressed in all 27 different tissue types. Only 2% of all
genes showed an elevated expression pattern in skin. The
relative proportion of mRNA molecules representing the
different categories showed that over 80% of all transcripts
expressed in skin encode for proteins expressed in all tis-
sues (i.e., “housekeeping proteins”), whereas only 13% of
transcripts represent genes with elevated expression in skin
(Fig. 1E).

The 30 genes with highest expression levels in the skin
(Supplementary Table 2) mainly included genes with
“housekeeping” functions; e.g., encoding mitochondrial
and ribosomal proteins. A subset of the identified, highly
expressed genes encoded proteins with enriched expression
in the skin or were group enriched as tissues containing
squamous epithelia, including keratins (KRT1, KRT10,
KRT14 and KRTS) as well as other skin-related proteins;
e.g., dermokine (DMKN), keratinocyte differentiation-
associated protein (KRTDAP), galectin-7 (LGALS7) and
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suprabasin (SBSN) (Bazzi et al. 2007; Gendronneau et al.
2008; Madsen et al. 1995; Toulza et al. 2007).

There were 417 genes with elevated expression in skin.
These genes were subclassified as skin enriched (n=106),
with at least 5-fold higher FPKM level in skin compared to
all other tissues; group enriched (n=149; these genes were
expressed in only a limited number of tissues, including
skin); and skin enhanced (n=162), with an expression in the
skin at least 5-fold higher than the average expression in all
27 tissues. The 268 genes in the skin enriched and skin
enhanced groups included several expected and previously
well-known genes implicated in skin: keratins (n=9), late
cornified envelope proteins (n=14), cadherins (n=5), colla-
gens (n=3), IGF-family like members (n=3), kalkrein-
related peptidases (n=4), and the WNT-family of proteins
(n=5). Interestingly, 12 out of these 268 genes encoded for
“uncharacterized proteins”, as defined by Ensembl’s gene
annotation (Supplementary Table 3, bold-faced numbers in
the first column indicate these genes). A GO-based enrich-
ment analysis of the genes categorized as skin enriched
showed that the top gene categories were related to keratini-
zation, epidermal cell development and differentiation,
melanin synthesis, and water homeostasis.

Several of the genes with highest levels of enriched
expression in the skin encoded for proteins involved in skin
barrier function, including squamous differentiation and
cornification (for example, proteins from the late cornified
envelope protein family (n=12), keratins (n=4), loricin
(LOR), corneodesmosin (CDSN), filaggrin family member
2 (FLG2), caspase-14 (CASP14), SERPINB7) and local,
immunological defense (such as chemokine ligand CCL27
and c-type lectin CLEC2A). Additional highly expressed
genes that were skin enriched were related to melanin pro-
duction, including melan-A (MLANA), tyrosinase (TYR)
and dopachrome tautomerase (DCT). Also in the list of
genes enriched in skin were less-well characterized genes,
including SERPINA12, which was earlier shown to be
linked to the inhibition of the kalkrein-related peptidase,
KLK?7, in the development of psoriasis (Schultz et al. 2013),
and interleukin IL37, which was shown to be associated to
atopic dermatitis (Kimura et al. 2013). The most highly
expressed gene in the skin enriched group was the poorly
characterized Clorf68 gene, which encodes for the skin-
specific protein 32 (synonyms: LEP7, xp32) located within
the epidermal differentiation complex together with other
skin-specific genes, including the late cornified envelope
proteins (Toulza et al. 2007; Zhao and Elder 1997). The top
50 genes classified as skin enriched are shown in Table 2.

Group Enriched Genes are Mainly Shared with
Esophagus

The shared expression of group enriched genes (n=149)
is distributed among the other tissue types, with a clear

overrepresentation of genes shared with esophagus (Fig. 2A,
Supplementary Table 4). Three of the 30 genes with highest
expression levels in skin (p53 apoptosis effector related to
PMP-22 (PERP), keratin 5 (KRT5) and suprabasin (SBSN))
were also expressed at high levels in esophagus. Not sur-
prisingly, pairwise correlation analyses among all 27 tissues
revealed that the esophagus had the highest correlation to
skin (0.90; data not shown). In contrast, the testis with most
diverse gene expression and highest number of unique tis-
sue-enriched genes (testis-enriched) (Djureinovic et al.
2014), had the lowest correlation to skin (0.69; data not
shown). Several genes, expressed in both skin and esopha-
gus, are well characterized or have been described as pro-
teins important for the normal differentiation and function
of squamous epithelia. Examples include the keratins
KRT5, KRT8, KRT15, KRT17 and KRT31, and genes
related to cell adhesion and squamous differentiation, such
as desmoplakin (DSP), envoplakin (EVPL), stratifin (SFN),
involucrin (IVL) and filaggrin (FLG). A subset of the group
enriched genes are less-well characterized, such as the
ENDOU gene, which encodes for the poly (U)-specific
endoribonuclease protein (placenta protein 11), which has
not been previously reported to be expressed in squamous
epithelium. This protein has been described as a placenta-
specific protein and also shown to be expressed in certain
tumors (Inaba et al. 1980). As expected, the protein showed
a distinct expression pattern in the placenta (3 FPKM) but
was also expressed in differentiated layers of squamous epi-
thelium in both skin (21 FPKM) and esophagus (66 FPKM)
(Fig. 2B-2D).

A GO-based enrichment analysis was performed on
genes shared between skin and esophagus. The top-shared
categories were related to epidermal and keratinocyte dif-
ferentiation, desmosome organization, peptide cross-link-
ing and regulation of lymphocytes. The analysis also
revealed that the major difference was that esophagus did
not have genes associated with water homeostasis and mel-
anin synthesis.

Proteins Expressed in the Basal Layers of the
Epidermis

The basal layer of the skin is the site of proliferation and
skin renewal, and several well-known skin enriched pro-
teins showed restricted expression in the basal layer, such as
keratin-15 (KRT15), collagen 17A1 (COL17A1) and tumor
protein 73 (TP73). A novel finding was the poorly studied
protein encoded by the FAM83G gene, which showed
strong cytoplasmic expression in keratinocytes of the basal
cell layer (Fig. 3D) and in sebaceous glands (data not
shown). FAMS83G has previously been genetically linked to
the spontaneous “wooly mutation”, which causes a rough or
matted fur phenotype in mice despite its histologically nor-
mal-appearing skin and hair (Radden et al. 2013). Enriched
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Table 2. The Top 50 Skin-enriched Genes.
Cellular  Skin-Specific ~ Expression in Max FPKM in
# Gene Name Description Location* Score®™  Skin (FPKM)***  Other Tissues****
I Clorfé68 chromosome | open reading frame 68 IC 3858.3 385.8 0.1
2 LCE2B late cornified envelope 2B IC 3716.6 386.5 0.1
3 FLG2 filaggrin family member 2 IC 24554 358.5 0.1
4 LCE2C late cornified envelope 2C IC 1874.1 187.4 0.1
5 CDSN corneodesmosin SP 1430.9 2533 0.2
6 LCEIA late cornified envelope 1A IC 1275.7 164.6 0.1
7 LCE6A late cornified envelope 6A IC I1é I11.6 0
8 KRT2 keratin 2 IC 1060.1 1192.6 1.1
9 LCEIF late cornified envelope |F IC 996.4 106.6 0.1
10 LCEIB late cornified envelope |1B IC 980.2 98 0
Il LOR loricrin IC 967 177.9 0.2
12 LCEIC late cornified envelope IC IC 859.6 234.7 0.3
13 CASPI4 caspase |4, apoptosis-related cysteine peptidase  IC 758.3 260.1 0.3
14 KRT77 keratin 77 IC 636.6 222.2 0.3
I5 SERPINAI2 serpin peptidase inhibitor, clade A, member 12 SP 622.7 203.6 0.3
l6 LCE2D late cornified envelope 2D IC 619.5 90.4 0.1
17 LCE2A late cornified envelope 2A IC 509.7 89.2 0.2
I8 KRTIO keratin 10 IC 504.2 4147.2 8.2
19 LCEID late cornified envelope 1D IC 4743 55.5 0.1
20 CCL27 chemokine (C-C motif) ligand 27 SP 369.6 298.3 0.8
21 LCEIE late cornified envelope |E IC 323 36.5 0.1
22 IL37 interleukin 37 IC 204.9 725 0.4
23 LCES5A late cornified envelope 5A IC 168.5 46 0.3
24 KRTI keratin | IC 1324 4698.1 355
25 CLEC2A C-type lectin domain family 2, member A ™ 116.2 27 0.2
26 TYR tyrosinase (oculocutaneous albinism |A) SP/ITM 115.7 28 0.2
27 DCT dopachrome tautomerase SP/TM 79.8 83.7 1.1
28 MLANA melan-A ™ 70.5 354 0.5
29 THEMS thioesterase superfamily member 5 IC 67.1 50.7 0.8
30 PSORSIC2 psoriasis susceptibility | candidate 2 SP 64.8 444 0.7
31 ASPRVI aspartic peptidase, retroviral-like | ™ 58.7 186 32
32 WFDC5 WAP four-disulfide core domain 5 SP 53.1 251.5 4.7
33 SERPINB7 serpin peptidase inhibitor, clade B, member 7 IC 50.8 112.7 22
34 KRTDAP keratinocyte differentiation-associated protein SP 50.3 2176.2 433
35 SPRR2G small proline-rich protein 2G IC 44.9 185.4 4.1
36 FLG filaggrin IC 43.8 320.8 7.3
37 LCE4A late cornified envelope 4A IC 429 43 0
38 IGFL3 IGF-like family member 3 SP 42.7 6.7 0.2
39 BPIFC BPI fold containing family C SP 37.1 48.2 1.3
40 Céorfl5 chromosome 6 open reading frame 15 SP 325 33 0.1
41 ILIFIO interleukin | family, member 10 (theta) IC 30.6 3.1 0.1
42 LIPK lipase, family member K SP 28.8 10 0.3
43 AADACL2 arylacetamide deacetylase-like 2 SP 27.6 459 1.7
44 POU2F3 POU class 2 homeobox 3 IC 27.2 70.5 2.6
45 ALOXE3 arachidonate lipoxygenase 3 SP 26.8 40.4 1.5
46 NLRPI0 NLR family, pyrin domain containing 10 IC 233 6.5 0.3
47 RPTN repetin IC 224 24 1.1
48 NKPDI NTPase, KAP family P-loop domain containing | ™ 20.6 8.2 0.4
49 KPRP keratinocyte proline-rich protein IC 19.7 160.6 8.1
50 KRTI4 keratin 14 IC 19.6 4021.3 205.7

#, Sample number; FPKM, fragments per kilobase of exon model per million mapped reads. *IC=intracellular, SP=predicted signal peptide/secreted
protein, TM=predicted transmembrane region/membrane bound protein. **The skin-specific score is the ratio of the mean FPKM value in skin and the
maximal mean FPKM value for any other tissue type analyzed in this study. *** Mean expression level (FPKM) in skin, based on three samples. ¥
Highest expression level (FPKM) in non-skin tissues.
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Figure 2. Group enriched genes in skin. (A) Network plot of skin enriched (red circle) and group enriched (yellow circles) genes
showing the relationship between the analyzed tissues. Yellow circle nodes represent group enriched genes in skin and are connected
to the respective enriched tissues (grey circles). Only genes group enriched in combinations of up to four tissues are shown. Most
tissues share |-4 group enriched-genes with skin, but esophagus stands out by sharing 70 group enriched genes (Table S4). Many of
these correspond to genes known to be important for squamous epithelial biology but a number of genes have less defined function in
squamous epithelia as exemplified by the “placenta-specific” Endou protein expressed in placenta (B), skin (C) and esophagus (D). Scale,

100 ym.
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expression in the basal layers was also observed for tumor
protein p63 (TP63) (Fig. 3E), a master regulator of stratified
epithelial development and known to regulate, for example,
desmocollin-3 (DSC3) (group enriched in skin and esopha-
gus) and fibroblast growth factor receptor 3 (FGFR3) (Fig.
3F), which both showed enhanced expression in the basal
layers of the epidermis (Ferone et al. 2013; Sayan et al.
2010). Another key regulator of epidermal proliferation,
differentiation and lipid biosynthesis in the basal layer was
the B-cell lymphoma/leukemia 11B transcription factor
(BCL11B, Fig. 3G) (Wang et al. 2013).

Proteins Expressed in the Stratum Spinosum

Post-mitotic keratinocytes differentiate and are pushed
from the basal layers through the stratum spinosum towards
the outer surface of the skin and gradually transform into
layers of flattened, enucleated cells that are connected by
tight junctions and secrete keratins and lipids to the extra-
cellular matrix. Accordingly, a gradual enrichment in pro-
tein expression towards the outer layer of stratum spinosum
was evident for genes involved in the differentiation and
keratinization processes, including dermokine (DMKN),
keratinocyte differentiation-associated protein (KRTDAP),
gasdermin A (GSDMA), scillein (SCEL; also detected in
hair follicles; data not shown), Galectin-7 (LGALS7) (Fig.
3H), the transcription factor HOP homeobox (HOPX) (Fig.
31), the cytochrome P450 protein CYP4F22 (Fig. 3J), and
keratin-10 (KRT10) (Fig. 3K) (Akiyama 2011; Bazzi et al.
2007; Champliaud et al. 2000; Gendronneau et al. 2008;
Toulza et al. 2007; Yang et al. 2010). Similar expression
patterns in upper epidermal layers were furthermore
detected for several other proteins including grainyhead-
like 1 (GRHL1) (Fig. 3L), a transcription factor previously
not described in skin but shown to be downregulated after
bile exposure in the esophagus (Reveiller et al. 2012); the
prostaglandin G/H synthase 1 (PTGS1) (Fig. 3M), which is
important for wound healing (Abdou et al. 2013); and the
KLKO9 (Fig. 3N). KRT10, KLK9 and PTGS1 were expressed
in all epidermal layers except the basal layer.

Proteins Expressed in Stratum Granulosum

The stratum granulosum—important for the generation of
the skin’s hydrophobic barrier and where organelles and
nuclei gradually diminish as keratinocytes and undergo ter-
minal differentiation into non-viable corneocytes—is a thin
layer of keratinocytes between the underlying stratum spi-
nosum and the overlying stratum corneum. Consistent with
previous reports, restricted expression in stratum granulo-
sum was found for filaggrin (FLG) and FLG2 (data not
shown); Ly6/PLAUR domain-containing protein 5 (LYPDS)
(Gardsvoll et al. 2013); keratinocyte proline-rich protein
(KPRP; Fig. 30) (Kong et al. 2003); premature ovarian

failure 1B protein (POF1B; Fig. 3P), which is also expressed
in melanocytes (Rizzolio et al. 2007); deoxyribonuclease
I-like 2 (DNASEI1L2) (Fig. 3Q); and three prime repair
exonuclease 2 (TREX2) (Fig. 3R). DNASE1L2 and TREX2
have previously been shown to be involved in the process of
ablating DNA in keratinocytes (Eckhart et al. 2012) and the
urokinase receptor homolog encoded by the LYPDS gene
was recently described as a novel differentiation marker of
stratum granulosum (Gardsvoll et al. 2013); the functions
and expression patterns of KPRP and POF1B in skin are
largely unknown. Three proteins previously uncharacter-
ized in skin also showed an expression pattern restricted to
stratum granulosum: orthodentacle homeobox 1 protein
(OTX1) (Fig. 3S), with a putative role in brain development
(Chen et al. 2013); epidermal growth factor receptor kinase
substrate 8-like protein 1 (EPS8L1) (Fig. 3T), potentially
implicated in actin-reorganization (Offenhauser et al. 2004);
and caspase recruitment domain family member 18
(CARDI18) (Fig. 3U), which has an unknown function.

Proteins Expressed in Stratum Corneum

The cornified layer, comprising 15-20 layers of tightly cou-
pled, flattened and dead corneocytes, functions as a mechan-
ical barrier to protect against UV radiation, dehydration and
pathogens. Genes with enriched expression in the cornified
layer of the skin included several well-known proteins,
including corneodesmosin (CDSN) (Fig. 4A); SERPINB7
(Fig. 4B); KLKS (Fig. 4C); KLK11 (Fig. 4D) (Caubet et al.
2004; Komatsu et al. 2003); small proline-rich protein 4
(SPRR4) (Fig. 4E), which is involved in UV induced kera-
tinization (Cabral et al. 2001); and the arachidonate
12-lipoxygenase ALOX12B (Fig. 4F), which has been
linked to ichthiyoses (Akiyama 2011). No novel gene with
skin-enriched expression confined to the stratum corneum
was identified.

Proteins Expressed throughout the Epidermis

Although several genes with elevated expression in skin
showed a corresponding protein expression in restricted
epidermal compartments, others were expressed throughout
the full thickness of the epidermis. Examples of more
widely expressed proteins included the keratins KRT1 and
KRT77, caspase-14 (CASP14), ladinin-1 (LADI), and the
transcription factors AP-2 alpha and gamma (TFAP2A and
TFAP2C; Fig. 4G-4L) (Bazzi et al. 2007; Motoki et al.
1997; Wang et al. 2008; Yamamoto et al. 2012). An addi-
tional six genes expressed throughout the epidermis and not
earlier characterized in skin encoded for proteins with
poorly known functions: prominin-2 (PROM?2), (Fargeas et
al. 2003), spectrin beta (SPTBN2) (Stankewich et al. 1998),
FAMS3B, par-6 family cell polarity regulator gamma
(PARD6G), glypican-1 (GPC1), and a nucleoprotein
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Figure 3. Protein expression patterns in different epidermal layers of genes categorized as skin enriched. Examples of
immunohistochemistry-based protein expression patterns reflecting genes with elevated expression in skin, including proteins expressed
in the basal layers of the epidermis (A—G), proteins expressed predominantly in the upper layers of the epidermis (H-N) and proteins
expressed in the stratum granulosum (O-U). The gene/protein name and antibody ID used in the Human Protein Atlas database (www.

proteinatlas.org) is shown below each image. Scale, 100 ym.

encoded by the AHNAK gene (Fig. 4AM—4R). The PARD6G,
GPC1 and AHNAK proteins were also expressed in dermal
fibroblasts and endothelial cells.

Proteins Expressed in Melanocytes, Langerhans
Cells and Fibroblasts

The classical melanocyte markers, including Melan-A
(MLANA), tyrosinase (TYR) and dopachrome tautomerase
(DCT), as well as the Langerhans cell markers, CD1A (not
shown) and CD207 (Fig. 4S), are examples of genes with
skin enriched expression where corresponding proteins
show expression in well-defined cell types that are rela-
tively abundant in skin. CD1A and CD207 were classified
as group enriched due to high expression in both skin and
the esophagus (Meyer et al. 2010). The G-protein coupled
sphingosine 1-phosphate receptor 5 (SIPRS; Fig. 4T), with
evidence of existence only at the transcript level, showed a
localization pattern suggestive of expression in Langerhans
cells. A smaller subset of skin enriched genes were expressed
in non-epidermal compartments, such as the transcription
factor homeobox C13 (HOXC13), which is expressed in
hair follicle cells (Fig. 4U) (Jave-Suarez et al. 2002); colla-
gen 7A1 (COL7A1), which is expressed in the basement
membrane (Fig. 4V) (Nystrom et al. 2013); and periostin
(POSTN) and phospholipase C-eta-2 protein (PLCH2),

which are mainly expressed in dermal fibroblasts (Fig. 4X—
4Y) (Ontsuka et al. 2012).

Discussion

In this study, we provide a comprehensive portrait of gene
expression in normal human skin with examples of expres-
sion patterns across epidermal layers and cell types for a
subset of proteins with enriched expression in the skin. The
analyses are based on the synergistic combination of quan-
titative transcriptomics data (RNA-Seq) using homogenates
of skin biopsies and spatial protein data at the single-cell
level through in situ protein profiling using immunohisto-
chemistry-based tissue microarrays. Our approach has
allowed us to explore in a genome-wide manner the cross-
tissue expression levels of these markers, taking advantage
of the analytical power of RNA-Seq combined with spatial
organization of the epidermis using immunohistochemistry
to confer layer-specific properties and in situ visualization
of human skin.

We found 417 genes with elevated expression in the skin
and, of these, 106 genes were defined as enriched (Table 1).
As expected, most skin enriched proteins have functions
related to terminal squamous differentiation and cornification;
e.g., late cornified envelope proteins and filaggrin family
members. In addition to previously well-characterized genes
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Figure 4. Protein expression patterns in skin of skin enriched genes. Immunohistochemistry-based protein profiling shows examples of
proteins with distinct expression in stratum corneum (A—F) and proteins expressed throughout all epidermal layers, including previously
well-known proteins (G-L) and less-well studied proteins with respect to skin biology (M—R). Shown are examples of skin enriched
genes where the corresponding proteins are expressed in specific compartments of skin: (5~T) Langerhan cells, (U) hair follicles and
(V=Y) dermis, including basement membrane, extracellular matrix and dermal fibroblasts. The gene name and corresponding antibody
ID used in the Human Protein Atlas database (www.proteinatlas.org) is shown below each image. Scale, 100 pm.

expressed in skin, we identified a number of genes with
unknown functions and expression patterns in skin.
Interestingly, the gene with the highest degree of skin speci-
ficity was Clorf68, which encodes for skin-specific protein
32, for which the precise function is unknown; although, skin
barrier function and enriched expression in the granular cell
layer has previously been suggested [10, 30].

The detection of novel skin-related genes with enriched
expression patterns of corresponding proteins in different
epidermal layers and cell types can provide contextual clues
to its function. It is well recognized that specific gene muta-
tions and altered proteins are linked to specific forms of skin
diseases, such as ichthyosis, reflecting abnormal squamous
differentiation and acantholytic disorders, including pem-
phigus with epidermal blistering at different levels. Several

genes with elevated expression in skin and specific expres-
sion patterns in different epidermal layers have earlier been
linked to specific forms of skin disease; e.g., (1) KRT15 (alo-
pecia) (Al-Refu 2012) and COL17A1 (bullous pemphigoid
and epidermolysis bullosa) (Powell et al. 2005) expressed in
the basal layer; (ii) FLG (ichthyosis vulgaris (Thyssen et al.
2013), which is expressed in the granular layer; (iii) KLKS
(rosacea) (Meyer-Hoffert and Schroder 2011), which is
expressed in stratum corneum; and (iv) HOXC13 (ectoder-
mal dysplasia) (Lin et al. 2012), which is expressed in hair
follicles. Although specific expression patterns do not per se
provide functional data, clues to function and possible
involvement in disease are given. The presented lists of
genes with elevated expression in skin and data regarding
the specific expression patterns of corresponding proteins
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appear to offer an advantageous starting point for further in-
depth studies to link genes with elevated expression in skin
to various forms of disease.

In conclusion, we provide a comprehensive analysis of
the skin transcriptome with examples of specific expression
patterns of the corresponding proteins. The combination of
quantitative transcriptomics and immunohistochemistry-
based protein profiling could be extended to include com-
parisons of normal skin from various regions as well as
comparing normal skin with various forms of skin disease,
to gain further insight into both normal skin biology and the
plethora of appearances that underlie the multitude of
defined forms of skin disease. We anticipate that the pre-
sented data and proposed strategy will be a useful tool for
both basic and clinical dermatological research.
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