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Abstract

The skin is the first line of defense against the environment, with the epidermis as the outermost
tissue providing much of the barrier function. Given its direct exposure to and encounters with the
environment, the epidermis must evolve to provide an optimal barrier for the survival of an
organism. Recent advances in genomics have identified a number of genes for the human skin
barrier that have undergone evolutionary changes since humans diverged from chimpanzees. Here
we highlight a selection of key and innovative genetic findings for skin barrier evolution in our
divergence from our primate ancestors and among modern human populations.

Introduction

The epidermis provides a selective physical barrier for the skin against the outside world,
protecting organisms from environmental dangers such as pathogens, toxins, and
desiccationl!]. The epidermis is composed primarily of keratinocytes, with undifferentiated,
proliferative cells in the basal layer that traverse apically as they undergo terminal
differentiation (Figure 1a). During this process, cells flatten, surround themselves with a
cross-linked proteinaceous shell known as the cornified envelope (CE), and enucleate,
becoming dead squames that are sloughed and replaced. This process is marked by distinct
shifts in gene expression, including a shift from keratins 5 and 14 (KR75, KRT14) to KRT1/
KRT10intermediate filament expression and the expression of genes required for the
synthesis of the CE, including the many members of the small proline-rich repeat (SPRR),
late cornified envelope (LCE), and S100A families. Many of these genes are located within
the Epidermal Differentiation Complex (EDC) on human chromosome 1 (mouse
chromosome 3) (Figure 1b)[2]. Mutations in several of these genes lead to a number of
human skin diseases. For example, loss-of-function (LOF) mutations in the gene filaggrin
(FLG) are causative for ichthyosis vulgaris and are major risk factors for the development of
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atopic dermatitist34]. LOF mutations in KR75and KRT14are causative in the blistering
skin disease epidermolysis bullosal®].

Some components of the skin barrier are evolutionarily ancient. Zimmer et al. used genome
comparisons to conclude that SZ00genes originated near the emergence of vertebrates(6].
Similarly, Vandebergh et al. dated the origin of alpha keratins to the ancestor of modern
vertebrates, and noted an expansion of alpha keratin genes in tetrapods, corresponding to a
shift to terrestrial habitats[’]. Strasser et al. dated the origin of the EDC locus to the common
ancestor of mammals and reptiles[8l. The EDC of Sauropsids is substantially different from
that of mammals. It contains a cluster of beta keratin genes, which are specific to birds and
reptiles, and does not contain any clear orthologs to the mammalian SPRRor LCE
genes(®9l. Instead, it contains evolutionarily distinct genes of unknown function. In addition,
the “S100 fused-type protein” or “S100 filaggrin-type protein” (SF7P) gene family, which
includes the FL G gene, is even more ancient, having evolved from an SZ00A gene present in
a common ancestor of amphibians and mammals[1%]. Within mammals, the SPRR, S100A,
and L CE gene families have expanded and contracted through evolutionary time through
gene duplication and loss events[®11]. For example, while the human EDC encodes eighteen
LCE genes in six groups, the mouse EDC encodes 16 genes in three groups. Similarly, the
mouse EDC contains four Sprrgenes whose orthologs are not found in the human EDC.

This review describes recent evolution of the human skin barrier, which is here defined as
genetic changes that have occurred since the human-chimpanzee split ~6 million years ago
(MYA). Sequencing of the human and chimpanzee genomes revealed that protein coding
genes are highly conserved between the two species, with 29% of proteins identical at the
amino acid level and most orthologs differing by two or fewer amino acids[!2l. Analysis of
the two genomes for clusters of rapidly evolving genes, however, identified the EDC as
having the highest rate of amino acid substitutions of all loci relative to the chimpanzeel2].
Some of the changes described here are conserved across human populations, while others
are more recent and population-specific. Some variants have been implicated in human
disease states, while the functional impacts of others are yet unknown.

Loss of body hair & evolution of skin pigmentation

Perhaps the most immediately obvious and visible recent changes to the human skin barrier
are those associated with skin pigmentation. However, this is inextricably tied to the loss of
body hair in comparison to our primate relatives. Most modern nonhuman primates have
densely pigmented terminal hair covering nearly the entire surface of the body. Humans, in
contrast, have terminal hairs covering only small portions of the body: the eyebrows, scalp,
axilla, pubic regions, and, in some men, the chin and torso. Instead, the majority of human
body hair is vellus hair — fine, short, and unpigmented. As such, human skin is effectively
“naked.”

In mammals, body hair functions as a protective barrier against UV radiation, as a physical
barrier against mechanical injury, and as insulation. This insulation includes both the
retention of body heat in cold conditions and the reflection of heat from the sun. One
hypothesis to explain the evolution of hairlessness posits that humans evolved naked skin as
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a defense against lice and other ectoparasites[13]. In this hypothesis forwarded by Pagel and
Bodmer, the development of fire and clothing reduced the fitness cost to losing the insulation
of fur, while the reduction in pest-borne diseases provided a selective advantage to reduced
body hair. While interesting, this hypothesis lacks support from experiments or computer
modeling, and is in fact contradicted by molecular clock dating of hairlessness, which places
the loss of body hair well before the emergence of clothingl*4l. The more widely accepted
hypothesis asserts that loss of body hair was instrumental in maintaining thermal
homeostasis[1%]. The transition of humans to the savannah coincided with sustained periods
of upright walking and running, and it has been posited that humans’ ability to run for long
periods aided in hunting[16]. Sustained activity in heat requires a highly effective cooling
mechanism to prevent hyperthermia. Models by Ruxton and Wilkinson show that a
continuously running human can only maintain thermal homeostasis during the heat of the
day if that individual is able to sweat at the maximal rate[17]; however, the presence of an
insulating fur layer prevents efficient loss of heat through sweating[8]. Less hairy ancient
humans were therefore likely able to run for longer periods, which improved hunting ability
and selected for further loss of body hair.

In chimpanzees and other nonhuman primates, skin that is covered by hair is unpigmented;
in contrast, exposed skin, such as that on the face, hands, and feet, is pigmented. As
discussed above, human skin is relatively hairless and, like the exposed skin of nonhuman
primates, pigmented. As with the evolution of hairlessness, there are a number of hypotheses
explaining the development of skin pigmentation, mostly centering on the effects of UV
radiation on the skin. UV radiation induces DNA damage that can lead to cancers!19],
Studies have shown that less UV radiation is transmitted through darkly-pigmented skin than
lightly-pigmented skinl2%], and epidemiological studies reveal that dark-skinned people are
less susceptible to skin cancers [21]. Dark pigmentation may therefore have reduced the
incidence of cancers, thereby increasing fitness. Additionally, UV damage has been shown
to reduce the function of sweat glands[?2], resulting in impaired tolerance to exercise in
heatl23]. As the thermoregulatory hypothesis is the lead contender to explain loss of body
hair, damage to sweat glands would pose a substantial problem for ancient humans. Finally,
exposure to UV radiation results in a decrease in serum folate levels[?4], and skin
pigmentation has been proposed as a mechanism to protect serum folate levels from UV
degradation[23]. Maternal folate deficiency during pregnancy causes fetal neural tube
defects[26], so darkly pigmented skin likely prevents birth defects. In a different approach,
Elias and Williams posit that melanin directly improves the barrier function of this epidermis
by reducing transepidermal water loss, enhancing antimicrobial peptide production, and
acidifying skin[27]. This hypothesis is debated within the field, with others pointing out that
skin pigmentation is not correlated with environmental aridity, but rather UV radiation, and
that darkly-pigmented skin exhibits greater water loss than lightly-pigmented skin[28l.

Following the out-of-Africa migration of humans into Europe and Asia, our species
encountered environments with substantially lower UV exposurel29]. It has been
hypothesized that these populations evolved lighter skin as a mechanism to maximize
vitamin D synthesis[3%]. In support of this, skin reflectance values vary closely according to
the UV exposure of a population’s environment[?®]. A large number of mutations have
contributed to the lightening of human skin, and these have evolved independently in
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separate human lineages[31-33]. Variants in the skin pigment genes SL.C45A2, SLC24A5are
nearly fixed in Europeans but exhibit low allele frequencies in Africans and East Asians,
whereas separate variants are present in MCIR, TYRP1, and OCAZ for European and East
Asian populations. Interestingly, some of the mutations that result in light skin appear to
have originated from admixture between ancient humans and Neanderthals[34].

The skin responds to exposure to UV radiation by tanning, and this is thought to protect
against sunburn and DNA damagel3®!. The ability to tan varies widely between human
populations, with those of Hispanic and East Asian ancestry exhibiting greater ability to tan
than those of European ancestry[36]. Genome-wide studies have identified population-
specific genes that correlate with tanning ability. For example, Nan et al. identified SNPs in
TYR, MCIR, OCAZ, IRF4, and MATP as correlating with tanning ability in European-
ancestry populations; these genes are also known to play a role in constitutive pigmentation
and/or hair colorl37]. In contrast, Paik et al. identified loci near GRM6and ATF1in a
nomadic Mongolian population; these genes are involved in melanocyte signaling[38:39l. It
has even been proposed that some populations primarily rely on the ability to tan, rather than
dark constitutive pigment, to protect against harmful UV radiation[40].

One of the best-studied examples of recent skin barrier evolution is the gene filaggrin (FLG).
FLG s a highly repetitive member of the S100 fused-type proteins whose coding sequence
is composed primarily of 1012 tandem repeatst4t. It is expressed in the granular layer of
the epidermis as profilaggrin, which undergoes proteolytic cleavage to liberate filaggrin
monomers. These monomers bind and bundle keratin fibers, facilitating the flattening of
keratinocytes during differentiation. Ultimately, filaggrin is degraded into free amino acids,
which provide the natural moisturizing factor of the epidermis. Loss-of-function (LOF)
mutations in FLG cause the disorder ichthyosis vulgarisl3] and collectively are a major risk
factor for atopic dermatitis (AD), a common inflammatory skin diseasel442],

FLG in humans is only superficially diverged from that of apes. The reference sequences for
human and chimpanzee FL G contain 10 tandem repeats, and both species show evidence of
tandem repeat copy humber variation[43l. The tandem repeats are the result of species-
specific duplications, though there is no known functional distinction between repeats.
Within modern humans, variation in FL G repeat copy humber correlates with risk and
severity of AD, with fewer repeats associated with higher AD incidence and severity[44:45],
Interestingly, FL G repeat copy number appears to exhibit a degree of population specificity,
with 73% of African individuals carrying 10 repeats, 49% of European individuals carrying
11 repeats, and 63% of East Asian individuals carrying 12 repeats[46l.

In addition to repeat copy number variation, LG frameshift and nonsense variants,
collectively referred to as LOF, are globally widespread, yet population-specific. FLG LOF
variants R501* and 2282del4 together are present in nearly 10% of some European
populations[4! and represent up to 80% of European FLG LOF variants. Genetic studies for
AD in Asian populations identified more individual ~L G LOF variants distinct from the
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known European LOF variants, each of which existed at lower allele frequencies[47:48],
Similar to Europe, 7% of control individuals carried FL G-null mutations.

In contrast, our understanding of the prevalence of FLG LOF variants in African populations
is still developing. Previously, direct sequencing of the FL G gene in 71 AD patients from
Ethiopia and South Africa revealed only a single LOF mutation in AL G499, Studies in
African American AD patients that used direct sequencing or screened for known FLG LOF
variants (initially reported in European populations) identified LG LOF in a small
percentage (6-22%), which are likely to have arisen from admixture [51-53], By contrast,
data from 1000 Genomes Project identify a cumulative FL G LOF variant frequency for
Africans exceeding that of Europeans (17% vs. 5%, respectively)[46]. This is likely an
underestimation, as more recent work with exome sequencing and careful consideration of
next generation sequencing short read alignments revealed that the alignment method used
affected the sensitivity of variant identification[52:54],

The high prevalence of FLG LOF mutations has led to the speculation that these mutations
could be selectively neutral or even advantageous. Thyssen and Elias noted that the natural
moisturizing factor resulting from filaggrin degradation absorbs UV radiation and that, at the
time, very few AL G mutation had been identified in African populations®]. They proposed
that filaggrin deficiency evolved in light-skinned populations to enhance the biosynthesis of
vitamin D in low-UV environments. However, the analysis by Thyssen and Elias used only
data from Winge et al. and Thawer-Esmail et al. to determine FLG LOF allele frequency,
and these identified only a single individual with a LOF variant. In contrast, Eaaswarkhanth
et al. used data from 1000 Genomes Project and the EXAC database, which include a higher
rate of FL G LOF variants in African populations, and observed no correlation between
frequency of FLG LOF variants and latitude (a proxy for UV radiation)[46]. Further, they
were unable to reject the null hypothesis that the high frequency of LOF variants were due to
relaxed selection, and therefore asserted that the distribution of FLG LOF variants was a
result of genetic drift. Instead, the authors posited that LG LOF variants “hitchhike” on a
positively selected haplotype driven by variants in the hornerin (HRNR) genel46].

It is clear that there have been independent emergences of FL G LOF variants that have
occurred in a population-specific manner[46] and for which the origins and the degree of
selective pressures are not well understood. Regardless of the nature and cause of these
pressures, combining data on LOF variants with the repeat copy number alleles on which
they occur may cast light on both the history of FLG LOF variants and the dynamics of
human population history. By tracking the presence of individual variants on alleles with
particular repeat copy numbers across populations, we will gain insight into the genetic
shifts at the FL G locus as humans spread and diverged.

LCE3C-B deletion

Late cornified envelope (LCE) proteins are expressed in differentiating keratinocytes and
incorporated into the cornified envelopel®¢l. The LCE genes are clustered within the EDC,
and most are expressed in skin in response to calcium and UV radiation; LCE3 genes, in
contrast, are lowly expressed in normal skin under homeostatic conditions®7]. Populations
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from around the world commonly harbor a ~32 kb deletion that spans the entire coding
sequences of LCE3Cand LCE3B (LCE3C _3B-del), with the deletion allele reaching
frequencies in excess of 25% (Sub-Saharan Africa) and as high as 75% (Pima Tribe, North
America)[58l. This deletion was identified as a risk factor for psoriasis in European and some
Asian populations and exhibits epistatic interaction with the HLA-Cw6 allele[®-611. |ike
other LCE3 genes, LCE3C expression is induced in response to barrier disruption,
suggesting that individuals carrying the deletion allele may have impaired barrier repair
activity[59.621. Additionally, the deleted region contains a epidermal specific enhancer and
loss of the enhancer could impact EDC gene regulation, potentially leading to barrier
disruption[3]. Bergboer et al. suggested that impaired barrier repair may provide a selective
advantage by allowing increased penetration of environmental microbes, thereby stimulating
the acquired immune system[®2]. When the LCE3C_3B-del is found in combination with
other predisposing risk factors (such as HLA-Cw69), this increased penetration results in
the development of psoriasis. More recently, the Gokcumen lab showed that the LCE3C 3B-
del has been present in the human lineage since before the divergence of humans and
Neanderthals and has evolved under balancing selection[6465]. While the selective forces
driving this balance are a matter of speculation, it is reasonable to hypothesize that induced
autoimmunity would select against the deletion, while increased resistance against
pathogens would simultaneously select for it[62:65]. In support of this, Niehues et al. found
that LCES3 proteins exhibit potent antimicrobial activity[6¢]. Further, deletion of L CE3B and
LCE3C induced expression of LCE3A (which is not otherwise expressed) in normal skin,
potentially increasing the individual’s resistance to pathogensl6]. Together, these data show
that the LCE3C _3B-del results in the loss of an enhancer and genes related to skin barrier
repair, and to constitutive expression of antimicrobial genes, potentially facilitating pathogen
invasion through the skin and aiding immune education.

repeat structure

Like LCE proteins, involucrin (IVL) is expressed in differentiating keratinocytes and
incorporated into the cornified envelopel87]. The coding sequence of involucrin largely
consists of glutamine-rich repeats 10 amino acids in length, which serve as cross-linking
substrates. The repeat structure of anthropoid primates is distinct from that of prosimians
and other mammals(68.691 and shows evidence of vectorial expansionl’l. In essence, repeats
are duplicated at the 5’ end of the gene, resulting in more ancient sequence (with
accumulated mutations) at the 3’ end of the gene. Comparative genomics by Howard Green
demonstrated that the structure of the involucrin repeats largely mirrors the evolutionary
relationships between species. For example, the “early” repeat segment is shared by humans,
apes, and owl monkey, while the “middle” segment is shared by humans and apes, and the
“late” region is unique to each speciesl’%-73l. As this late region is species-specific, the
human sequence has diverged substantially from the chimpanzee sequence. Specifically, the
reference human /VL late region contains nine repeats, while the chimpanzee late region
contains zerol7%. In addition, four repeats of the middle region were lost in the human
genel?0 after the human-chimpanzee divergence. This results in the reference human gene
containing three extra copies of the repeat compared with the chimpanzee gene.
Additionally, comparisons of single nucleotide substitutions in the human, chimpanzee, and
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gorilla /VL sequences suggest that the chimpanzee /VL is more closely related to that of the
gorilla than the human — in fact, the authors state that this supports a closer evolutionary
relationship between chimpanzee and gorilla than chimpanzee and human. In the modern
age of whole genome sequencing, we are now confident that the chimpanzee is indeed our
most closely related living relativel74l. Therefore, this suggests that evolution of the human
/VL gene is accelerated compared with that of other apes.

Comparisons with ape genes illuminate differences between the species but tell us nothing of
the kinetics of these changes. Unfortunately, the repeat structure of /VL requires long reads
in order to align with high confidencel”>]. Ancient DNA, such as from archaic human
lineages such as Neanderthals or Denisovans or from ancient modern humans, is usually too
degraded to give unambiguous determination of the /VL repeat structure of our
ancestors’6-78]. Additionally, these ancient DNA sequencing studies typically use short read
whole genome sequencing, which does not produce reads sufficiently long for unambiguous
mapping to /VL. However, analysis of extant individuals suggests that the number of
involucrin repeats continues to evolve in modern humans. Howard Green’s laboratory
identified variation in the number of late region repeats in a small cohort of families in
Utahl79] and a larger analysis by Urquhart and Gill determined that the number of repeats in
the late region ranges from seven to eleven across both Caucasian and Afro-Caribbean
populations, with 60-85% of alleles in both populations containing eight repeats(®l. It is
possible that an /VL allele with more repeats results in increased skin barrier integrity,
potentially conferring a fitness advantage. Alleles with more than eight late region repeats
may represent the future of human /VL evolution as repeat number continues to increase;
they may also represent variants that are less advantageous than the eight-repeat allele and
therefore selected against.

Unlike the recent changes in FLG and LCE3C 3B-del, the functional implications of the
continuing evolution of /VL are unclear. Experimental work in human skin has shown that
IVL expression is increased following barrier disruption by acetonel8l in a pattern to that
seen in psoriatic skin[82:83] and atopic skin[®4, suggesting that IVL is involved in barrier
repair. In support of this, mice overexpressing human /VL exhibit scaly epidermis and an
abnormal coatl8]. In contrast, /v/knockout mice have no apparent skin barrier defect under
homeostatic conditions in the absence of additional skin barrier gene deletions[86]. Mice
deficient in /v/and two additional CE proteins, envoplakin and periplakin (termed E£P/—/-
mice), display delayed barrier acquisition and dry, hyperkeratotic skin, suggesting that CE
proteins may be somewhat redundant, or that barrier defects due to a single deletion have too
subtle of a phenotype to observe under homeostatic conditions[®71. Interestingly, the £P//-
mice are resistant to chemical carcinogenesis, illustrating the importance of evaluating
mutants under non-homeostatic conditions[®8]. Further research is required to determine
whether normal human /VL variation has functional consequences, and whether these have
implications for skin disease such as AD.

Signatures of evolution in the EDC

Comparison of the human and chimpanzee genomes identified the EDC as a site of rapid
positive selection between the two species[12l; however, the genes responsible for this
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positive selection were not reported. Goodwin et al. conducted statistical analyses of EDC
genes across 14 mammals, including ten primate species to identify signatures of positive
selectionl®]. They found signs of lineage-specific positive selection across mammals, within
primates, within apes, and specific to humans. In the primate clade, a number of positively
selected substitutions were found within S100 calcium-sensing domains and SPRR cornifin
domains, suggesting changes to calcium sensing (and therefore differentiation) and the CE
scaffold. In apes, positive selection was detected in FLG, FLGZ, and S100A8, with two sites
located in the calcium-sensing domain of FLGZ2. One of these sites, codon 41, exhibited
selection for the modern human major allele (leucine). This allele was present in
Neanderthals, but not Denisovans, suggesting that it arose prior to the human-Neanderthal
divergence, but that it has not yet reached fixation in the human population. The functional
consequences of these selected changes are still undetermined, and experimental evidence
will be required to confirm the hypothesized effects on calcium sensing and cornified
envelope structure.

Separately, Gautam et al. investigated the variation of genes relating to epidermal
differentiation and keratinization between chimpanzees and humans and between human
populations[®. By comparing chimpanzee and human coding and promoter regions, they
showed that highly divergent genes were enriched for epidermal differentiation and
keratinization processes, suggesting that these processes are under strong selection in the
human lineage. Interestingly, a comparison of epidermal and hair keratins from humans and
apes demonstrated that, while hair keratins are conserved across species, epidermal keratins
are divergent, supporting the hypothesis that keratinization is under selection. In addition,
they evaluated diversity in epidermal differentiation and keratinization among
geographically and ethnically distinct populations in India and found that genes associated
with these processes were enriched for copy number variation between the populations.
Further, SNPs in genes associated with these processes were significantly associated with
environmental variables such as winter precipitation rate and winter humidity. These
findings demonstrate large-scale changes in skin barrier genes between humans and apes,
and implicate environmental conditions in the variation in these genes between human
populations.

Human-specific deletion of S100A15A

The repertoire of S100A genes encoded in the EDC is known to be species-specificl6l. A
comparison between the chimpanzee and human genomes identified a 1.5 kb deletion in the
human genome that ablated the start codon of the previously-unannotated SZ00A15A, which
is homologous to the mouse S100a15911. S100A15 genes are present throughout mammals,
including armadillo, rodent, and opossum genomes, indicating that it is evolutionarily
ancient. Indeed, analysis of synonymous and nonsynonymous changes in ape SI00A15A
genes indicates the presence of strong purifying selection along a number of evolutionary
branches, including those leading to the chimpanzee and the chimpanzee-human ancestor. In
contrast, the human and gorilla genes exhibited a high rate of nonsynonymous substitution,
suggesting a lack of strong selection in these species. As the SZ00A gene family is
composed of many members, it is possible that other paralogs compensate for the loss of
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S100A15A in humans; alternatively, the loss of this gene may have functional implications
for the human skin barrier. Further experimental research will be required to determine this.

Conclusions and outstanding questions

Numerous differences between humans and apes, and between human populations, have
been identified in recent years. Despite the evidence for selection in a number of these, the
functional implications of these changes are largely unknown. Particularly for differences
identified using statistical models and comparative genomics, experimental methods will be
required to determine how these changes affect the formation and function of the skin barrier
in response to environmental conditions.

One aspect of recent evolution that has seen less attention is the contribution of noncoding
changes. Changes in promoters, enhancers, and miRNA binding sites could affect gene
expression in ways that alter the development or permeability of the skin barrier. For
example, a change in a transcription factor binding site could alter the timing or level of
gene expression. Comparisons between mouse and human genomes identified species-
specific differences in p63 transcription factor binding sites that translated to expression-
level differences[®2]. One would expect that similar differences, if they exist, would be
subtler between humans and chimpanzees, or within human populations; however, the
possibility exists that any such differences could contribute to differences in barrier function,
and potentially to human disease. As well, altered miRNA binding could lead to changes in
expression of cornified envelope proteins. Comparison of melanoma patients and controls
identified 3° UTR polymorphisms that correlated with pigmentation and UV response
characteristics, such as hair color and melanoma risk; some of these polymorphisms were
computationally predicted to affect miRNA binding[®3]. Whether or not these putative
noncoding changes for miRNA binding sites, promoters, or enhancers may directly or
indirectly impact epigenetic histone modifications and DNA methylation for human skin
barrier evolution is not entirely clear, either. Nevertheless, a greater understanding of the
ways in which human skin differs between populations, and of how those differences
contribute to or protect against skin disease, can guide the development of new therapies and
treatments.

Acknowledgments:

Thanks to Mary Mathyer for editing and figure drafting assistance.

References

[1]. Matsui T, Amagai M. Dissecting the formation, structure and barrier function of the stratum
corneum. Int. Immunol, 2015, 27, 269-280. [PubMed: 25813515]

[2]. Kypriotou M, Huber M, Hohl D. The human epidermal differentiation complex: Cornified
envelope precursors, S100 proteins and the “fused genes” family. Exp. Dermatol, 2012, 21, 643—
649. [PubMed: 22507538]

[3]. Smith FJD, Irvine AD, Terron-Kwiatkowski A, Sandilands A, Campbell LE, Zhao Y, Liao H,
Evans AT, Goudie DR, Lewis-Jones S, Arseculeratne G, Munro CS, Sergeant A, O’Regan G,
Bale SJ, Compton JG, Digiovanna JJ, Presland RB, Fleckman P, McLean WHI. Loss-of-function
mutations in the gene encoding filaggrin cause ichthyosis vulgaris. Nat. Genet, 2006, 38, 337-
342. [PubMed: 16444271]

Exp Dermatol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brettmann and Strong

Page 10

[4]. Palmer CNA, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H, Lee SP, Goudie DR, Sandilands

A, Campbell LE, Smith FJD, O’Regan GM, Watson RM, Cecil JE, Bale SJ, Compton JG,
DiGiovanna JJ, Fleckman P, Lewis-Jones S, Arseculeratne G, Sergeant A, Munro CS, El Houate
B, McElreavey K, Halkjaer LB, Bisgaard H, Mukhopadhyay S, McLean WHI. Common loss-of-
function variants of the epidermal barrier protein filaggrin are a major predisposing factor for
atopic dermatitis. Nat. Genet, 2006, 38, 441-446. [PubMed: 16550169]

[5]. Chamcheu JC, Siddiqui IA, Syed DN, Adhami VM, Liovic M, Mukhtar H. Keratin gene mutations

in disorders of human skin and its appendages. Arch. Biochem. Biophys, 2011, 508, 123-137.
[PubMed: 21176769]

[6]. Zimmer DB, Eubanks JO, Ramakrishnan D, Criscitiello MF. Evolution of the S100 family of

calcium sensor proteins. Cell Calcium, 2013, 53, 170-179. [PubMed: 23246155]

[7]. Vandebergh W, Bossuyt F. Radiation and functional diversification of alpha keratins during early

vertebrate evolution. Mol. Biol. Evol, 2012, 29, 995-1004. [PubMed: 22046002]

[8]. Strasser B, Mlitz V, Hermann M, Rice RH, Eigenheer RA, Alibardi L, Tschachler E, Eckhart L.

Evolutionary origin and diversification of epidermal barrier proteins in amniotes. Mol. Biol.
Evol, 2014, 31, 3194-3205. [PubMed: 25169930]

[9]. Holthaus KB, Mlitz V, Strasser B, Tschachler E, Alibardi L, Eckhart L. Identification and

[10].

[11].

[12].

[13].
[14].
[15].
[16].
[17].
[18].

[19].

[20].

comparative analysis of the epidermal differentiation complex in snakes. Sci. Rep, 2017, 7, 1-11.
[PubMed: 28127051]

Mlitz V, Hussain T, Tschachler E, Eckhart L. Filaggrin has evolved from an “S100 fused-type
protein” (SFTP) gene present in a common ancestor of amphibians and mammals. Exp.
Dermatol, 2017, 26, 955-957. [PubMed: 28191671]

Henry J, Toulza E, Hsu C-Y, Pellerin L, Balica S, Mazereeuw-Hautier J, Paul C, Serre G, Jonca
N, Simon M. Update on the epidermal differentiation complex. Front. Biosci, 2012, 17, 1517-
1532.

Mikkelsen TS, Hillier LW, Eichler EE, Zody MC, Jaffe DB, Yang SP, Enard W, Hellmann I,
Lindblad-Toh K, Altheide TK, Archidiacono N, Bork P, Butler J, Chang JL, Cheng Z, Chinwalla
AT, Dejong P, Delehaunty KD, Fronick CC, Fulton LL, Gilad Y, Glusman G, Gnerre S, Graves
TA, Hayakawa T, Hayden KE, Huang X, Ji H, Kent WJ, King MC, Kulbokas EJ, Lee MK, Liu G,
Lopez-Otin C, Makova KD, Man O, Mardis ER, Mauceli E, Miner TL, Nash WE, Nelson JO,
P&aabo S, Patterson NJ, Pohl CS, Pollard KS, Priifer K, Puente XS, Reich D, Rocchi M,
Rosenbloom K, Ruvolo M, Richter DJ, Schaffner SF, Smit AFA, Smith SM, Suyama M, Taylor J,
Torrents D, Tuzun E, Varki A, Velasco G, Ventura M, Wallis JW, Wendl MC, Wilson RK, Lander
ES, Waterston RH. Initial sequence of the chimpanzee genome and comparison with the human
genome. Nature, 2005, 437, 69-87. [PubMed: 16136131]

Pagel M, Bodmer W. A naked ape would have fewer parasites. Proc. R. Soc. B Biol. Sci, 2003,
270, S117-S119.

Rogers AR, lltis D, Wooding S. Genetic Variation at the MC1R Locus and the Time since Loss of
Human Body Hair. Curr. Anthropol, 2004, 45, 105-108.

Wheeler PE. The evolution of bipedality and loss of functional body hair in hominids. J. Hum.
Evol, 1984, 13, 91-98.

Bramble DM, Lieberman DE. Endurance running and the evolution of Homo. Nature, 2004, 432,
345-352. [PubMed: 15549097]

Ruxton GD, Wilkinson DM. Thermoregulation and endurance running in extinct hominins:
Wheeler’s models revisited. J. Hum. Evol, 2011, 61, 169-175. [PubMed: 21489604]

Folk GE, Semken A. The evolution of sweat glands. Int. J. Biometeorol, 1991, 35, 180-186.
[PubMed: 1778649]

Armstrong BK, Cust AE. Sun exposure and skin cancer, and the puzzle of cutaneous melanoma:
A perspective on Fears et al. Mathematical models of age and ultraviolet effects on the incidence
of skin cancer among whites in the United States. American Journal of Epidemiology 1977; .
Cancer Epidemiol, 2017, 48, 147-156.

Kaidbey KH, Agin PP, Sayre RM, Kligman AM. Photoprotection by melanin—a comparison of
black and Caucasian skin. J. Am. Acad. Dermatol, 1979, 1, 249-260. [PubMed: 512075]

Exp Dermatol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brettmann and Strong

[21].
[22].

[23].

[24].

[25].
[26].
[27].
[28].
[29].
[30].
[31].
[32].
[33].
[34].
[35].

[36].

[37].

[38].

[39].

[40].
[41].

[42].

Page 11

Gloster HM, Neal K. Skin cancer in skin of color. J. Am. Acad. Dermatol, 2006, 55, 741-760.
[PubMed: 17052479]

Thomson ML. Dishidrosis produced by general and regional ultra-violet radiation in man. J.
Physiol, 1951, 112, 22-30. [PubMed: 14825177]

Pandolf KB, Gange RW, Latzka WA, Blank IH, Kraning KK, Gonzalez RR. Human
thermoregulatory responses during heat exposure after artificially induced sunburn. Am. J.
Physiol, 1992, 262, R610-6. [PubMed: 1566925]

Lucock M, Beckett E, Martin C, Jones P, Furst J, Yates Z, Jablonski NG, Chaplin G, Veysey M.
UV-associated decline in systemic folate: implications for human nutrigenetics, health, and
evolutionary processes. Am. J. Hum. Biol, 2017, 29, 1-13.

Jablonski NG, Chaplin G. The evolution of human skin coloration. J. Hum. Evol, 2000, 39, 57—
106. [PubMed: 10896812]

Pitkin RM. Folate and neural tube defects. Am. J. Clin. Nutr, 2007, 85, 285-288.

Elias PM, Williams ML. Basis for the gain and subsequent dilution of epidermal pigmentation
during human evolution: The barrier and metabolic conservation hypotheses revisited. Am. J.
Phys. Anthropol, 2016, 161, 189-207. [PubMed: 27324932]

Jablonski NG, Chaplin G. Epidermal pigmentation in the human lineage is an adaptation to
ultraviolet radiation. J. Hum. Evol, 2013, 65, 671-675. [PubMed: 24112698]

Ciren P, Li Z. Long-term global earth surface ultraviolet radiation exposure derived from ISCCP
and TOMS satellite measurements. Agric. For. Meteorol, 2003, 120, 51-68.

Loomis WF. Skin-Pigment Regulation of Vitamin-D Biosynthesis in Man. Science (80-. ), 1967,
157, 501-506.

Jablonski NG, Chaplin G. The colours of humanity: the evolution of pigmentation in the human
lineage. Philos. Trans. R. Soc. B Biol. Sci, 2017, 372, 20160349.

McEvoy B, Beleza S, Shriver MD. The genetic architecture of normal variation in human
pigmentation: An evolutionary perspective and model. Hum. Mol. Genet, 2006, 15, 176-181.
Deng L, Xu S. Adaptation of human skin color in various populations. Hereditas, 2018, 155, 1.
[PubMed: 28701907]

Dannemann M, Kelso J. The Contribution of Neanderthals to Phenotypic Variation in Modern
Humans. Am. J. Hum. Genet, 2017, 101, 578-589. [PubMed: 28985494]

de Gruijl FR. UV adaptation: Pigmentation and protection against overexposure. Exp. Dermatol,
2017, 26, 557-562. [PubMed: 28266726]

Wagner JK, Parra EJ, Norton HL, Jovel C, Shriver MD. Skin responses to ultraviolet radiation:
Effects of constitutive pigmentation, sex, and ancestry. Pigment Cell Res, 2002, 15, 385-390.
[PubMed: 12213096]

Nan H, Kraft P, Qureshi AA, Guo Q, Chen C, Hankinson SE, Hu FB, Thomas G, Hoover RN,
Chanock S, Hunter DJ, Han J. Genome-wide association study of tanning phenotype in a
population of european ancestry. J. Invest. Dermatol, 2009, 129, 2250-2257. [PubMed:
19340012]

Paik SH, Kim HJ, Lee S, Im SW, Ju YS, Yeon JH, Jo SJ, Eun HC, Seo JS, Kim J, Il, Kwon OS.
Linkage and association scan for tanning ability in an isolated Mongolian population. BMB Rep,
2011, 44, 741-746. [PubMed: 22118541]

Devi S, Markandeya Y, Maddodi N, Dhingra A, Vardi N, Balijepalli RC, Setaluri V. Metabotropic
glutamate receptor 6 signaling enhances TRPM1 calcium channel function and increases melanin
content in human melanocytes. Pigment Cell Melanoma Res, 2013, 26, 348-356. [PubMed:
23452348]

Quillen EE. The Evolution of Tanning Needs Its Day in the Sun. Hum. Biol, 2015, 87, 360.
Brown SJ, McLean WHI. One remarkable molecule: Filaggrin. J. Invest. Dermatol, 2012, 132,
751-762. [PubMed: 22158554]

Nomura T, Sandilands A, Akiyama M, Liao H, Evans AT, Sakai K, Ota M, Sugiura H, Yamamoto
K, Sato H, Palmer CNA, Smith FJD, McLean WHI, Shimizu H. Unique mutations in the
filaggrin gene in Japanese patients with ichthyosis vulgaris and atopic dermatitis. J. Allergy Clin.
Immunol, 2007, 119, 434-440. [PubMed: 17291859]

Exp Dermatol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brettmann and Strong

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

Page 12

Romero V, Hosomichi K, Nakaoka H, Shibata H, Inoue I. Structure and evolution of the filaggrin
gene repeated region in primates. BMC Evol. Biol, 2017, 17, 10. [PubMed: 28077068]

Brown SJ, Kroboth K, Sandilands A, Campbell LE, Pohler E, Kezic S, Cordell HJ, McLean
WHI, Irvine AD. Intragenic copy number variation within filaggrin contributes to the risk of
atopic dermatitis with a dose-dependent effect. J. Invest. Dermatol, 2012, 132, 98-104. [PubMed:
22071473]

Quiggle AM, Goodwin ZA, Marfatia TR, Kumar MG, Ciliberto H, Bayliss SJ, de G C. Strong.
Low Filaggrin Monomer Repeats in African American Pediatric Patients With Moderate to
Severe Atopic Dermatitis. JAMA Dermatology, 2015, 151, 557-559. [PubMed: 25564772]
Eaaswarkhanth M, Xu D, Flanagan C, Rzhetskaya M, Hayes MG, Blekhman R, Jablonski NG,
Gokcumen O. Atopic dermatitis susceptibility variants in filaggrin hitchhike hornerin selective
sweep. Genome Biol. Evol, 2016, 8, 3240-3255. [PubMed: 27678121]

Zhang H, Guo Y, Wang W, Shi M, Chen X, Yao Z. Mutations in the filaggrin gene in Han
Chinese patients with atopic dermatitis. Allergy, 2011, 66, 420-427. [PubMed: 21039602]

Chen H, Common JEA, Haines RL, Balakrishnan A, Brown SJ, Goh CSM, Cordell HJ,
Sandilands A, Campbell LE, Kroboth K, Irvine AD, Goh DLM, Tang MBY, Van Bever HP, Giam
YC, McLean WHI, Lane EB. Wide spectrum of filaggrin-null mutations in atopic dermatitis
highlights differences between Singaporean Chinese and European populations. Br. J. Dermatol,
2011, 165, 106-114. [PubMed: 21428977]

Thawer-Esmail F, Jakasa I, Todd G, Wen Y, Brown SJ, Kroboth K, Campbell LE, O’Regan GM,
McLean WHI, Irvine AD, Kezic S, Sandilands A. South African amaXhosa patients with atopic
dermatitis have decreased levels of filaggrin breakdown products but no loss-of-function
mutations in filaggrin. J. Allergy Clin. Immunol, 2014, 133, 280-282. [PubMed: 24369804]
Winge MCG, Bilcha KD, Lieden A, Shibeshi D, Sandilands A, Wahlgren CF, McLean WHI,
Nordenskjold M, Bradley M. Novel filaggrin mutation but no other loss-of-function variants
found in Ethiopian patients with atopic dermatitis. Br. J. Dermatol, 2011, 165, 1074-1080.
[PubMed: 21692775]

Polcari I, Becker L, Stein SL, Smith MS, Paller AS. Filaggrin Gene Mutations in African
Americans with Both Ichthyosis Vulgaris and Atopic Dermatitis. Pediatr. Dermatol, 2014, 31,
489-492. [PubMed: 24920311]

Margolis DJ, Apter AJ, Gupta J, Hoffstad O, Papadopoulos M, Campbell LE, Sandilands A,
McLean WHI, Rebbeck TR, Mitra N. The persistance of atopic dermatitis and Filaggrin
mutations in a US longitudinal cohort. J. Allergy Clin. Immunol, 2012, 130, 912-917. [PubMed:
22951058]

Margolis DJ, Gupta J, Apter AJ, Hoffstad O, Papadopoulos M, Rebbeck TR, Wubbenhorst B,
Mitra N. Exome sequencing of filaggrin and related genes in African-American children with
atopic dermatitis. J. Invest. Dermatol, 2014, 134, 2272-2274. [PubMed: 24608987]

Margolis DJ, Mitra N, Gochnauer H, Wubbenhorst B, D’ Andrea K, Kraya A, Hoffstad O, Gupta
J, Kim B, Yan A, Chiesa Fuxench Z, Nathanson KL. Uncommon filaggrin variants are associated
with persistent atopic dermatitis in African Americans. J. Invest. Dermatol, 2018, DOI 10.1016/
j.jid.2018.01.029.

Thyssen JP, Bikle DD, Elias PM. Evidence That Loss-of-Function Filaggrin Gene Mutations
Evolved in Northern Europeans to Favor Intracutaneous Vitamin D3 Production. Evol. Biol,
2014, 41, 388-396. [PubMed: 25506102]

Marshall D, Hardman MJ, Nield KM, Byrne C. Differentially expressed late constituents of the
epidermal cornified envelope. Proc. Natl. Acad. Sci. U. S. A, 2001, 98, 13031-6. [PubMed:
11698679]

Jackson B, Tilli CMLJ, Hardman MJ, Avilion AA, MacLeod MC, Ashcroft GS, Byrne C. Late
cornified envelope family in differentiating epithelia - Response to calcium and ultraviolet
irradiation. J. Invest. Dermatol, 2005, 124, 1062-1070. [PubMed: 15854049]

Bassaganyas L, Riveira-Mufioz E, Garcia-Aragonés M, Gonzélez JR, Caceres M, Armengol L,
Estivill X. Worldwide population distribution of the common LCE3C-LCE3B deletion associated
with psoriasis and other autoimmune disorders. BMC Genomics, 2013, 14, DOI
10.1186/1471-2164-14-261.

Exp Dermatol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brettmann and Strong

[59].

[60].

[61].

[62].

[63].

[64].

[65].

[66].

[67].
[68].

[69].

[70].
[71].

[72].

[73].

[74].

Page 13

de Cid R, Riveira-Munoz E, Zeeuwen PLJM, Robarge J, Liao W, Dannhauser EN, Giardina E,
Stuart PE, Nair R, Helms C, Escaramis G, Ballana E, Martin-Ezquerra G, Den Heijer M,
Kamsteeg M, Joosten I, Eichler EE, Lazaro C, Pujol RM, Armengol L, Abecasis G, Elder JT,
Novelli G, Armour JAL, Kwok PY, Bowcock A, Schalkwijk J, Estivill X. Deletion of the late
cornified envelope LCE3B and LCE3C genes as a susceptibility factor for psoriasis. Nat. Genet,
2009, 41, 211-215. [PubMed: 19169253]

Riveira-Munoz E, He SM, Escaramis G, Stuart PE, Huffmeier U, Lee C, Kirby B, Oka A,
Giardina E, Liao W, Bergboer J, Kainu K, De Cid R, Munkhbat B, Zeeuwen PLIM, Armour JAL,
Poon A, Mabuchi T, Ozawa A, Zawirska A, Burden AD, Barker JN, Capon F, Traupe H, Sun LD,
Cui Y, Yin XY, Chen G, Lim HW, Nair RP, Voorhees JJ, Tejasvi T, Pujol R, Munkhtuvshin N,
Fischer J, Kere J, Schalkwijk J, Bowcock A, Kwok PY, Novelli G, Inoko H, Ryan AW, Trembath
RC, Reis A, Zhang XJ, Elder JT, Estivill X. Meta-analysis confirms the LCE3C-LCE3B deletion
as a risk factor for psoriasis in several ethnic groups and finds interaction with HLA-Cw®é. J.
Invest. Dermatol, 2011, 131, 1105-1109. [PubMed: 21107349]

Chandra A, Lahiri A, Senapati S, Basu B, Ghosh S, Mukhopadhyay |, Behra A, Sarkar S,
Chatterjee G, Chatterjee R. Increased Risk of Psoriasis due to combined effect of HLA-Cw6 and
LCE3 risk alleles in Indian population. Sci. Rep, 2016, 6, 1-8. [PubMed: 28442746]

Berghoer JGM, Tjabringa GS, Kamsteeg M, Van Vlijmen-Willems IMJJ, Rodijk-Olthuis D,
Jansen PAM, Thuret JY, Narita M, Ishida-Yamamoto A, Zeeuwen PLIM, Schalkwijk J. Psoriasis
risk genes of the late cornified envelope-3 group are distinctly expressed compared with genes of
other LCE groups. Am. J. Pathol, 2011, 178, 1470-1477. [PubMed: 21435436]

de G. Strong C, Conlan S, Deming CB, Cheng J, Sears KE, Segre JA. A milieu of regulatory
elements in the epidermal differentiation complex syntenic block: Implications for atopic
dermatitis and psoriasis. Hum. Mol. Genet, 2010, 19, 1453-1460. [PubMed: 20089530]

Lin YL, Pavlidis P, Karakoc E, Ajay J, Gokcumen O. The evolution and functional impact of
human deletion variants shared with archaic hominin genomes. Mol. Biol. Evol, 2015, 32, 1008—
1019. [PubMed: 25556237]

Pajic P, Lin Y-L, Xu D, Gokcumen O. The psoriasis-associated deletion of late cornified envelope
genes LCE3B and LCE3C has been maintained under balancing selection since Human
Denisovan divergence. BMC Evol. Biol, 2016, 16, 265. [PubMed: 27919236]

Niehues H, Tsoi LC, van der Krieken DA, Jansen PAM, Oortveld MAW, Rodijk-Olthuis D, van
Vlijmen IMJJ, Hendriks WJAJ, Helder RW, Bouwstra JA, van den Bogaard EH, Stuart PE, Nair
RP, Elder JT, Zeeuwen PLJM, Schalkwijk J. Psoriasis-Associated Late Cornified Envelope (LCE)
Proteins Have Antibacterial Activity. J. Invest. Dermatol, 2017, 137, 2380-2388. [PubMed:
28634035]

Simon M, Green H. Enzymatic Cross-Linking of Involucrin and Other Proteins by Keratinocyte
Particulates In Vitro. Cell, 1985, 40, 677-683. [PubMed: 2578890]

Tseng H, Green H. Remodeling of the involucrin gene during primate evolution. Cell, 1988, 54,
491-496. [PubMed: 3401924]

Tseng H, Green H. The involucrin genes of pig and dog: comparison of their segments of repeats
with those of prosimians and higher primates. Mol. Biol. Evol, 1990, 7, 293-302. [PubMed:
2385171]

Djian P, Green H. Vectorial expansion of the involucrin gene and the relatedness of the
hominoids. Proc Natl Acad Sci U S A, 1989, 86, 8447-8451. [PubMed: 2813403]

Tseng H, Green H. The involucrin gene of the owl monkey: origin of the early region. Mol. Biol.
Evol, 1989, 6, 460-8. [PubMed: 2507864]

Teumer J, Green H. Divergent evolution of part of the involucrin gene in the hominoids: Unique
intragenic duplications in the gorilla and human. Proc Natl Acad Sci U S A, 1989, 86, 1283—
1286. [PubMed: 2919176]

Djian P, Green H. The Involucrin Gene of the Orangutan: Generation of the Late Region as an
Evolutionary Trend in the Hominoidsl. Mol. Biol. Evol, 1989, 6, 469-477. [PubMed: 2796727]
Kuhlwilm M, de Manuel M, Nater A, Greminger MP, Kriitzen M, Marques-Bonet T. Evolution
and demography of the great apes. Curr. Opin. Genet. Dev, 2016, 41, 124-129. [PubMed:
27716526]

Exp Dermatol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brettmann and Strong

[75].

[76].

[77].

[78].

[79].

[80].

[81].

[82].

[83].

[84].

[85].

[86].

[87].

[88].
[89].

[90].

Page 14

Mandelker D, Schmidt RJ, Ankala A, McDonald Gibson K, Bowser M, Sharma H, Duffy E,
Hegde M, Santani A, Lebo M, Funke B. Navigating highly homologous genes in a molecular
diagnostic setting: A resource for clinical next-generation sequencing. Genet. Med, 2016, 18,
1282-1289. [PubMed: 27228465]

Meyer M, Kircher M, Gansauge M-T, Li H, Racimo F, Mallick S, Schraiber JG, Jay F, Prufer K,
de Filippo C, Sudmant PH, Alkan C, Fu Q, Do R, Rohland N, Tandon A, Siebauer M, Green RE,
Bryc K, Briggs AW, Stenzel U, Dabney J, Shendure J, Kitzman J, Hammer MF, Shunkov MV,
Derevianko AP, Patterson N, Andres AM, Eichler EE, Slatkin M, Reich D, Kelso J, Paabo S. A
High-Coverage Genome Sequence from an Archaic Denisovan Individual. Science (80-. ), 2012,
338, 222-226.

Castellano S, Parra G, Sanchez-Quinto FA, Racimo F, Kuhlwilm M, Kircher M, Sawyer S, Fu Q,
Heinze A, Nickel B, Dabney J, Siebauer M, White L, Burbano HA, Renaud G, Stenzel U,
Lalueza-Fox C, de la Rasilla M, Rosas A, Rudan P, Brajkovi D , Kucan eljko, Gu ic I, Shunkov
MV, Derevianko AP, Viola B, Meyer M, Kelso J, Andres AM, Paabo S. Patterns of coding
variation in the complete exomes of three Neandertals. Proc. Natl. Acad. Sci, 2014, 111, 6666—
6671. [PubMed: 24753607]

Meyer M, Arsuaga JL, De Filippo C, Nagel S, Aximu-Petri A, Nickel B, Martinez I, Gracia A,
De Castro JMB, Carbonell E, Viola B, Kelso J, Prifer K, Pa4abo S. Nuclear DNA sequences from
the Middle Pleistocene Sima de los Huesos hominins. Nature, 2016, 531, 504-507. [PubMed:
26976447]

Simon M, Phillips M, Green H, Stroh H, Glatt K, Bruns G, Latt SA. Absence of a Single Repeat
from the Coding Region of the Human Involucrin Gene Leading to RFLP. Am. J. Hum. Genet,
1989, 45, 910-916. [PubMed: 2574003]

Urquhart A, Gill P. Tandem-Repeat Internal Mapping ( TRIM ) of the Involucrin Gene: Repeat
Number and Repeat-Pattern Polymorphism within a Coding Region in Human Populations. Am.
J. Hum. Genet, 1993, 53, 279-286. [PubMed: 8317493]

Ekanayake-Mudiyanselage S, Aschauer H, Schmook FP, Jensen J-M, Meingassner JG, Proksch
E. Expression of Epidermal Keratins and the Cornified Envelope Protein Involucrin is Influenced
by Permeability Barrier Disruption. J. Invest. Dermatol, 1998, 111, 517-523. [PubMed: 9740250]
Dover R, Watt FM. Measurement of the rate of epidermal terminal differentiation: Expression of
involucrin by S-phase keratinocytes in culture and in psoriatic plaques. J. Invest. Dermatol, 1987,
89, 349-352. [PubMed: 3668277]

Hagemann |, Proksch E. Topical treatment by urea reduces epidermal hyperproliferation and
induces differentiation in psoriasis. Acta Derm. Venereol, 1996, 76, 353-356. [PubMed:
8891006]

Jensen JM, Félster-Holst R, Baranowsky A, Schunck M, Winoto-Morbach S, Neumann C,
Schitze S, Proksch E. Impaired sphingomyelinase activity and epidermal differentiation in atopic
dermatitis. J. Invest. Dermatol, 2004, 122, 1423-1431. [PubMed: 15175033]

Crish JF, Howard JM, Zaim TM, Murthy S, Eckert RL. Tissue-specific and differentiation-
appropriate expression of the human involucrin gene in transgenic mice: an abnormal epidermal
phenotype. Differentiation, 1993, 53, 191-200. [PubMed: 8405770]

Djian P, Easley K, Green H. Targeted Ablation of the Murine Involucrin Gene. J. Cell Biol, 2000,
151, 381-387. [PubMed: 11038184]

Sevilla LM, Nachat R, Groot KR, Klement JF, Uitto J, Djian P, M&att4 A, Watt FM. Mice
deficient in involucrin, envoplakin, and periplakin have a defective epidermal barrier. J. Cell Biol,
2007, 179, 1599-1612. [PubMed: 18166659]

Cipolat S, Hoste E, Natsuga K, Quist SR, Watt FM. Epidermal barrier defects link atopic
dermatitis with altered skin cancer susceptibility. Elife, 2014, 3, DOI 10.7554/eL.ife.01888.
Goodwin ZA, de Guzman Strong C. Recent Positive Selection in Genes of the Mammalian
Epidermal Differentiation Complex Locus. Front. Genet, 2017, 7, 227. [PubMed: 28119736]
Gautam P, Chaurasia A, Bhattacharya A, Grover R, Consortium IGV, Mukerji M, Natarajan VT.
Population diversity and adaptive evolution in Keratinization genes: Impact of environment in
shaping skin phenotypes. Mol. Biol. Evol, 2015, 32, 555-573. [PubMed: 25534032]

Exp Dermatol. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Brettmann and Strong

Page 15

[91]. Hahn Y, Jeong S, Lee B. Inactivation of MOXD2 and S100A15A by exon deletion during human
evolution. Mol. Biol. Evol, 2007, 24, 2203-2212. [PubMed: 17642472]

[92]. Sethi I, Gluck C, Zhou H, Buck MJ, Sinha S. Evolutionary re-wiring of p63 and the epigenomic
regulatory landscape in keratinocytes and its potential implications on species-specific gene
expression and phenotypes. Nucleic Acids Res, 2017, 45, 8208-8224. [PubMed: 28505376]

[93]. Hernando B, Pefia-Chilet M, Ibarrola-Villava M, Martin-Gonzalez M, Gomez-Fernandez C,
Ribas G, Martinez-Cadenas C. Genetic 3"UTR variation is associated with human pigmentation
characteristics and sensitivity to sunlight. Exp. Dermatol, 2017, 26, 896-903. [PubMed:
28266728]

Exp Dermatol. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Brettmann and Strong

Page 16

_— Stratum corneum
— Granular layer

~— IVL LCE3
FLG FLG2

B e HRNR
A‘;gAa ™ Spinous layer
LCE3
S100A8

— Basal layer

Dermis

Keratinocyte ~ Melanocyte

Scale
chr: | 152,500,000 153,000,000 | 153,500,000
S10010 b HRNRE CRNN| LCE3C| LCE1E| SPRR4| LELP1| S100A7|
S100A11 | FLGH LCE5A| LCE2A| SMcCP| SPRR2E} LOR| S100A6}
TCHHL1 | FLG2f LCE3E}] KPRP| IVL] SPRR2G) S100A9| S10A16|
TCHHI CRCT1| LCE4A| SPRR5| PRR9| S100A5]
RPTN{ LCE3D| LCE1F| SPRR3| PGLYRP3l  S100A4]|
LCE3B| LCE1C| SPRR1B| PGLYRP4]  S100A2})
LCE3A| LCE1B| SPRR2D) S100A12)  S100A14]
LCE2D| SPRR1A| S100A8] S100A13})
LcE2C| SPRR2A| S100A7A}  S100A1]
LCE2B| SPRR2B| S100A7L2] CHTOPH
Clorf68| SPRR2F| S100A3|
LCE1D|
LCE1A|
LCEBA|

Figure 1:
A) Cross-section of human skin. Asymmetric division of basal layer cells give rise to

terminally differentiating keratinocytes that rise apically through the epidermis. Genes of
particular interest to this work are indicated according to their sites of expression. Granular
layer cells are flattened and filled with keratohyalin granules (black dots), which contain
pro-filaggrin and keratins. Expression of cornified envelope (CE) components and CE
assembly begins in the granular layer. Finally, the nucleus breaks down as the protective CE
shell surrounds dead cells in the stratum corneum. Melanocytes in the basal layer produce
melanosomes containing melanin, which is transferred to keratinocytes and confers skin
pigmentation. B) Schematic of the human EDC on chromosome 1g21. Protein-coding genes
of the EDC from GENCODE V27 are displayed as a UCSC Genome Browser track using
human genome build hg38. Position on the chromosome is indicated above the genes in
nucleotide (nt). Genes of particular interest to this review are highlighted in red. Where
multiple splice isoforms exist, the primary transcript is displayed when known, or the
longest transcript when the primary transcript is unknown.
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