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Extra View

The Epidermis of Grhl3-Null Mice Displays Altered Lipid Processing
and Cellular Hyperproliferation

ABSTRACT
The presence of an impermeable surface barrier is an essential homeostatic mechanism

in almost all living organisms. We have recently described a novel gene that is critical for
the developmental instruction and repair of the integument in mammals. This gene,
Grainy head-like 3 (Grhl3) is a member of a large family of transcription factors that are
homologs of the Drosophila developmental gene grainy head (grh). Mice lacking Grhl3
fail to form an adequate skin barrier, and die at birth due to dehydration. These animals
are also unable to repair the epidermis, exhibiting failed wound healing in both fetal and
adult stages of development. These defects are due, in part, to diminished expression of
a Grhl3 target gene, Transglutaminase 1 (TGase 1), which encodes a key enzyme involved
in cross-linking of epidermal structural proteins and lipids into the cornified envelope (CE).
Remarkably, the Drosophila grh gene plays an analogous role, regulating enzymes
involved in the generation of quinones, which are essential for cross-linking structural
components of the fly epidermis. In an extension of our initial analyses, we focus this
report on additional defects observed in the Grhl3-null epidermis, namely defective extra-
cellular lipid processing, altered lamellar lipid architecture and cellular hyperproliferation.
These abnormalities suggest that Grhl3 plays diverse mechanistic roles in maintaining
homeostasis in the skin.

EVOLUTIONARY PARALLELS IN THE FUNCTION OF Grh-LIKE GENES IN MAINTENANCE
OF THE SURFACE BARRIER

The formation of an impermeable surface barrier is a homeostatic mechanism common
to most species. Mammals, terrestrial reptiles, amphibians, insects, and even xeric-adapted
plants have developed divergent, lipid-based strategies to maintain internal fluid home-
ostasis. In Drosophila development, the epidermal epithelium deposits the embryonic cuticle,
a rigid waterproof layer that is also essential for maintaining the structural integrity and
microbial resistance of the organism. In mammalian skin development, the epidermis
becomes multi-layered with the outermost stratum corneum (SC) layer providing the
equivalent barrier functions. Despite the significant structural differences between the
impermeable epidermal barriers of invertebrates and vertebrates, the mechanisms that
establish and maintain these barriers have been evolutionarily conserved.1 This is evident
in the studies of the Drosophila grh gene and a mammalian homolog, Grhl3, which both
regulate enzymes essential for the cross-linking of proteins to lipids within the respective
protective barrier layers. In the Drosophila cuticle, grh regulates Dopa decarboxylase (Ddc)
and tyrosine hydroxylase (ple), enzymes involved in the generation of quinones, which are
essential for the cross-linking process.2 In the outer epidermis of terrestrial mammals,
Grhl3 regulates the cross-linking enzyme, TGase1.3 Remarkably, the enzymes regulated by
the grh-like factors in flies and mammals are completely unrelated structurally, but still
play the same functional role in fortifying the surface barrier. Thus, in evolutionary terms,
the players are diverse, but the mechanism is highly conserved. 

Grhl3-NULL STRATUM CORNEUM REVEALS DEFECTIVE EXTRACELLULAR LIPID
ORGANIZATION 

In addition to altered expression of TGase 1, the Grhl3-null epidermis also displays
abnormalities of lipid processing. Ultrastructural analysis of Grhl3-/- epidermis using elec-
tron microscopy (EM) displayed a normal number of compressed, tightly interdigitated
corneocyte layers, consistent with depletion of the intercorneocyte lipid mortar (Fig.1A).3

Higher resolution examination of multiple EM epidermal sections revealed no obvious
differences in either the number or structure of corneodesmosomes between wild type and
mutant skin (data not shown). In contrast, morphometric analyses on corneocytes from
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wild type and Grhl3-/- embryos revealed that the CE thick-
ness was significantly reduced (11.5%) in the mutant SC,
consistent with loss of external lipids from the surface of
this structure (Fig. 1B).3 Examination of E18.5 skin post-
fixation, utilizing ruthenium tetroxide to visualize extracel-
lular membrane domains in the wild type SC, revealed sev-
eral alternating layers of electron-dense and electron-
lucent lipid lamellae between adjacent corneocytes (Fig.
1C).3 In contrast, the Grhl3-/- SC displayed a near absence
of lamellar membranes, with only occasional fragments of
replete lamellar arrays visualized (Fig. 1D).3 These marked
differences in lamellar membrane structure could be, in
turn, attributable to abnormalities in the internal contents
of lamellar bodies (LBs). In wild-type epidermis, LBs
showed characteristic multi-layered stacks (see inset of Fig.
1E).3 Although the quantity of LBs were essentially nor-
mal in Grhl3-/- epidermis, qualitatively the majority of
these LBs lacked internal lamellar contents (Fig. 1E).3

These findings, coupled with the abnormality in CE thick-
ness, suggest that the absence of Grhl3 results in gross
defects in the processing of LB contents, required for
assembly of the cornified lipid envelope and the inter-cor-
neocyte lamellae of the SC. 

CELLULAR HYPERPROLIFERATION
IN THE Grhl3-NULL EPIDERMIS 

In comparison to normal murine epidermal development
at E15.5 and E18.5 (Fig. 2, E15.5+/+ and E18.5+/+),3 the
epidermal histology of Grhl3-/- embryos at both these time
points was abnormal. At E15.5, the Grhl3-/- epidermis
exhibited loss of ridging and a flattened appearance, but
displayed no obvious disorganization of the individual cell
layers (Fig. 2, E15.5-/-).3 In contrast, the E18.5 Grhl3-/-

epidermis displayed compact hyperkeratosis of the SC,
hyperproliferative spinous and granular layers, and a disor-
ganized basal layer (Fig. 2, E18.5-/-).3 Immunofluorescence
studies on Grhl3-/- epidermis with the basal cell-specific
markers, keratin 5 and keratin 14 showed expression
extending supra-basally into the spinous and granular layers.
This was accompanied by a marked increase in the expression
of the proliferative marker, Ki67 (data not shown). The
epidermal hyperproliferation persisted when Grhl3-/- skin
was grafted onto nude mice, suggesting that this defect was
cell autonomous, rather than a secondary homeostatic
response to loss of barrier function (data not shown). 

DISCUSSION
The coordinated assembly of the structural proteins and lipids

that comprise the CE and the intercellular lipid lamellae is essential
for effective physical and water barrier function of the epidermis.
The importance of lipid synthesis and post-secretory processing for
formation of the skin barrier is evident from studies of human
patients with genetic abnormalities of lipid synthetic or processing
enzymes. For example, the most severe forms of Gaucher’s disease
also exhibit skin barrier abnormalities. This occurs due to loss of
β-glucocerebrosidase, the enzyme that catalyses the hydrolysis of
glucosylceramides to ceramides, which results in abnormal, incom-
pletely processed lamellar body-derived sheets throughout the SC
interstices.4 Linoleic acid is an important component of epidermal

ceramides, and dietary insufficiency of this fatty acid in patients
receiving intravenous alimentation can lead to ichthyosiform dermati-
tis.5 Several other acquired and inherited icthyoses are due to abnormal
intercellular deposition of lipids, but the pathogenesis in many of
these disorders remains unknown. One exception to this is lamellar
ichthyosis, which is caused by mutations in TGase 1,6,7 which we
have shown to be regulated by Grhl3.3

Several mouse mutants also have abnormal barrier formation in
conjunction with defects in lipid processing. For example, skin-
specific disruption of the Pig-a gene, which is responsible for
GPI-anchor synthesis, leads to narrowing of the intercellular space
due to reduced GPI-anchored protein-mediated ceramide transport.8

Affected mice died early in the neonatal period, presumably due to a
barrier defect deriving from defects in the lipid (LBs) secretory
system, although diminished filaggrin processing was also noted.9 In

Epidermal Defects in Grhl3-null Mice

Figure 1. Grhl3-null epidermis displays abnormal lamellar body contents, and
decreased stratum corneum membrane structures. (A) Ultrastructural analysis by electron
microscopy of skin sections from E18.5 embryos. In the wild type skin (left panel, +/+),
the stratum corneum (SC) has normal multiple layers of corneocytes (C) with normal EM
artefact-induced, well-spaced intercellular layers (asterisk). In comparison, although the
number of corneocyte layers is similar in mutant skin (right panel, -/-), the intercellular
layers are essentially non-existent (asterisk). Keratohyaline granules (arrows) seem
somewhat larger in the mutant skin. Scale bar = 2 µm (B) Morphometric analysis of
cornified envelope thickness from multiple E18.5 wild type (+/+) and mutant (-/-) epi-
dermis sections shows a significant decrease (11.5%) in the overall CE thickness in the
mutant epidermis. (C) Focusing on the lipid structures shows that the E18.5 wild type
(+/+) stratum corneum displays a full complement of extracellular lamellar membrane
structures (arrows) and that the lamellar bodies show multiple layers of lipid containing
lamellae (insert of panel E, arrows). Whereas, the extracellular spaces of the (D) mutant
(-/-) stratum corneum displays a paucity of lamellar bilayers (open arrows), although
occasional fragments of replete lamellar arrays are seen (solid arrow). (E) This is as a
result of almost all the lamellar organelles lacking internal contents (arrowheads) in the
mutant epidermis, even though there are a normal complement of lamellar bodies.
Panels (A & E), osmium tetroxide post-fixation; Panels (C & D), ruthenium tetroxide post-
fixation. Previously published in Science 2005; 308:411-3.
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addition, wrinkle-free (wrfr), a spontaneous mouse mutant charac-
terized by absent skin wrinkles and a restrictive dermopathy, is due
to a mutation in the fatty acid transport protein gene, Fatp4.10

Targeted disruption of the Fatp4 gene revealed an equivalent, abnormal
skin phenotype, due to production of ceramides with shortened
fatty acid chains with an increased content of unsaturated fatty
acids.11 Finally, mice deficient in Elovl3, a gene encoding a fatty acid
elongation enzyme, also have defective epidermal permeability barrier
function,12 further demonstrating the importance of lipid composition
for effective barrier formation. 

In this report, we demonstrate that altered processing of key lipids,
with subsequent disruption of lamellar body structure is a likely
contributing mechanism to the surface barrier defect in Grhl3-null
mice. As a consequence, the intercellular lipid lamellae are largely
absent in the mutant epidermis and the CEs display reduced thickness
and an abnormal appearance, likely reflecting loss of cross-linked and
externally bound lipid. Although the mechanisms underlying these
defects are as yet unknown, our findings are consistent with a defect
in lipid biosynthesis, transport and/or processing. We are currently
examining a range of genes involved in these processes to determine
whether they are direct target genes of Grhl3.

Another area of future investigation centres on the hyperprolifer-
ative defect observed in the Grhl3-null epidermis. A similar cell
autonomous hyperproliferative response has been noted in another
barrier defective mouse model, the Klf4-nullizygous mice.13

Accumulating evidence suggests that loss of this transcription factor
leads to abnormal cellular proliferation, consistent with a tumor
suppressor role for Klf4.14-18 We are currently exploring a similar
hypothesis for Grhl3.

In conclusion, Grhl3 is indispensable for a functional mammalian
epithelial barrier. Integral to this is the regulation of TGase 1 expres-
sion,3 although other potential Grhl3-dependent mechanisms, such as
lipid processing and regulation of cellular proliferation are emerging.
The integration of these mechanisms, coupled with the elucidation of
the signalling cascades that control them,19,20 remain substantial
challenges for the immediate future. 
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Figure 2. Abnormalities in differentiation and CE formation in Grhl3-null
epidermis. Skin from wild type (+/+) and mutant (-/-) embryos taken at
E15.5 and E18.5 as indicated. Epithelial ridges (arrows) in wild type skin
at E15.5 (top left panel) are absent in the E15.5 mutant skin (top right
panel). Basal disorganisation and suprabasal hyperproliferation and a
compacted SC are evident in the E18.5 mutant skin (bottom right) compared
to the wild type (bottom left). d, dermis; sb, stratum basale; ss, stratum
spinosum; sg, stratum granulosum; sc, stratum corneum. Previously published
in Science 2005; 308:411-3.


