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ABSTRACT
EVALUATING CORNIFICATION IN THE DOG BY CHARACTERIZING CANINE
TRANSGLUTAMINASE I AND DEFINING THE CLINICAL, HISTOLOGIC AND
MORPHOMETRIC FEATURES OF NORMAL, TREATED-HYPOTHYROID AND
UNTREATED-HYPOTHYROID DOGS
By
Kelly Margaret Credille

Cornification is the process in which epithelial cells, called keratinocytes, mature
to form the life-sustaining outer-most layer of the skin, the stratum corneum, and several
components of the hair follicle including the hair shaft. Although cornification is a
complex and highly regulated process, it always requires three elements: 1) structural
proteins such as keratins, keratin-associated proteins, and the proteins that form the cell
envelope, 2) lipids which act as a glue to aid in annealing proteins and 3) the action of
enzymes known as transglutaminases that cross-link proteins and stabilize cell
membranes.

In the first objective of the research described herein, a gene essential for normal
cornification, the canine transglutaminase 1 (tgml) gene, was characterized by
determining the sequence of its coding region, its putative amino acid sequence and its
location within the canine genome using the polymerase chain reaction, fluorescence in
situ hybridization and radiation hybrid mapping. This enzyme is central to the formation
of the stratum corneum in all mammals and is a candidate cause for a number of inherited
scaling skin diseases of dogs. The results show that canine tgm/ has a marked similarity
to its human ortholog and is located on canine autosome 8.

The second objective of this dissertation was to define the differences in follicular

cornification and hair growth in normal, thyroxine-treated hypothyroid and untreated-
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hypothyroid Beagle dogs using morphologic and morphometric evaluation of the hair
cycle and assessment of cell proliferation within the hair follicle by immuno-
histochemistry. These investigations demonstrated that the hair cycle of Beagle dogs is
unlike that of the scalp hair of humans. Normal Beagles have a telogen-predominant hair
growth pattern, meaning the majority of the hair follicles are in telogen, the resting stage
of the hair cycle. In states of thyroid hormone deficiency, this resting stage becomes
prolonged and when a telogen hair is cventually shed, it is not replaced, resulting in mild
hair loss that differs from the classically described alopecia found in hypothyroidism. In
thyroxine-treated hypothyroid dogs, telogen is still the predominant phase of the hair
cycle, but the presence of many more anagen hairs suggests, as breeders have long
believed, that thyroid hormone supplementation stimulates hair growth.

The morphologic changes that occur during the transition from telogen to anagen
in canine hair follicles after hair shaft plucking were also examined in the three groups.
Differences in the regeneration of plucked anagen and telogen follicles depended on the
degree of injury that occurred at the time of plucking and the thyroid hormone state of the
dog: hair follicles from untreated-hypothyroid dogs having the fewest hairs that
regenerated. Importantly, unlike human and murine follicles, canine follicles do not
demonstrate a localized area of proliferation within the follicle during the initiation of

hair growth.
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EPIDERMIS AND STRATUM CORNEUM

Structure and Function

The skin’s first line of defense and protection is provided by a few layers of cells
known collectively as the epidermis. The main cell type comprising the epidermis is an
epithelial cell called a keratinocyte. The major function of this cell is to differentiate
through a complex and carefully orchestrated set of morphologic and biochemical steps,
to form an outer, life sustaining barrier that prevents the loss of water from the body and
withstands chemical, microbial, immunological and ultraviolet/solar assault. This
process is known as cornification.

As keratinocytes differentiate, they lose mitotic activity, increase in volume,
flatten, synthesize new structural and enzymatic proteins and lipids, produce new
organelles, express new surface antigens and undergo breakdown and loss of specific
molecules and organelles. Although a continuum, the morphology of the epidermis has
been subdivided into layers (from inside to outside): the basal cell layer, spinous cell
layer, granular cell layer (variably present in dogs and cats) and stratum corneum or
cornified layer, which provides most of the epidermal barrier function. Once
keratinocytes fully cornify, they are called corneocytes or sometimes “squames” (Figure
1). In Beagle dogs, as in humans, this journey from the basal layer to corneocyte requires
about 22 days (Kwochka and Radermakers 89).

In the normal epidermis, only the cells in the basal layer undergo DNA synthesis
and mitosis. Basal keratinocytes represent a single layer of cuboidal cells that are

anchored to the basement membrane via hemidesmosomes. Although the basal layer is



Zone of
Differentiation

Zone of
Proliferation

Figure 1. Diagram of the morphologic continuum of keratinocyte
differentiation.

The basal cell layer is the progenitor cell layer and
therefore is the zone of proliferation. The spinous cell
layer, granular cell layer, and stratum corneum represent
the morphologic progression of the basal cell progeny.
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the only mitotically active layer, most basal cells are reversibly arrested in the GO phase
of the cell cycle and function primarily to attach to the basement membrane. These
anchoring cells often have a more serrated basal surface. A small subpopulation of the
basal cells, known as stem cells, provide the supply of new keratinocytes and repopulate
the epidermis. Although previously believed to have a high mitotic rate, stem cells rarely
divide. When they do, they give rise to daughter cells that have a short burst of high
mitotic activity, known as transient amplification. The products of these cells then
migrate from the basal layer and undergo terminal differentiation, ultimately forming the
stratum corneum. Once cells transit into the suprabasal layer, they irreversibly lose their
ability to progress through the cell cycle and divide, indicating that losing the ability to
undergo mitosis is an early and important step in differentiation (Clausen and Potten 90,
Jetten and Harvat 97).

The cells of the spinous cell are large and polygonal. These cells appear
“spinous” because during tissue processing with paraffin embedding, they shrink,
resulting in a stretching of the desmosomal intercellular attachments. The elongated
desmosomes appear as “spines” surrounding the cells of this layer.

In addition to serving as points of adhesion between cells, desmosomes are also
the sites where the protein filaments of the cytoskeletal network anchor to the plasma
membrane. In the basal cell layer, desmosomes are less common than in the spinous cell
layer and express different sets of adhesion molecules. Modified desmosomes, known as
corneodesmosomes, persist in the cornified layer and play a role in corneocyte adhesion
in the lower and mid levels of the stratum corneum. Corneodesmosin is a protein

synthesized very late in keratinocyte differentiation at the junction of the cornified layer
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and living epidermis. This newly discovered protein binds to the pre-existing
desmosomes and is progressively proteolysed into smaller fragments in more superficial
layers of the stratum corneum. In this way, corneodesmosin may protect the intercellular
adhesion proteins of the corneodesmosomes from early proteolytic degradation (Haftek et
al 97, Guerrin et al 98).

The granular cell layer is composed of thin, flattened keratinocytes with variably
prominent blue granules. These granules, visible by light microscopy and known as
keratohyaline granules, contain products of keratinocyte differentiation used to assemble
components of the stratum corneum. A second structure synthesized in this layer is the
lamellar body, which is also critical to the formation of the stratum corneum.

The stratum corneum is composed of extremely thin, flattened, protein-filled and
anucleate corneocytes. In humans, the stratum corneum averages 15 cells thick but this

varies with age, sex and body location.

The Process of Cornification

Cornification results in a structural barrier through which neither hydrophilic nor
hydrophobic molecules can easily pass. This barrier is the result of the convergence of
three biochemical processes, followed by desquamation. These three pathways are 1) the
formation and organization of keratin intermediate filaments, 2) the formation and
dispersion of an intercellular lipid glue or mortar that anneals the fully cornified cells
together, and 3) the synthesis of the cornified envelope, the toughest portion of the
stratum corneum, that also functions to interconnect the intracellular keratin matrix with

the intercellular lipid glue.
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Formation and Organization of Keratin Intermediate Filaments

The cytoskeleton of epithelial cells is composed of three systems of filamentous
proteins, microfilaments (6 nm in diameter), intermediate filaments (10 nm in diameter)
and microtubules (25 nm in diameter). The keratin proteins are intermediate filaments
and are synthesized specifically in epithelial cells, including the cells that comprise the
epidermis and hair follicles. Keratin provides the scaffold supporting the intracellular
architecture of the epithelial cell, imparting resilience and defining the cell’s shape. This
function has become better understood as diseases caused by mutations in keratin genes
have been defined, disorders usually characterized by mechanically induced blisters
within stratified epithelial tissues, including the cornea, skin, esophagus and hair (Fuchs
et al 97, Hutton et al 98, Dunnill 98).

Although “keratin” is often described as a protein in the singular form, over 30
different keratins have been recognized and it is likely more will be identified, especially
those in the hair shaft (Fuchs et al 97, Suter et al 97, Powell et al 97). These proteins are
subdivided into 2 major families, the type 1 and type 2 keratins, based on their size, pH,
and amino acid sequence (Figure 2). All of the keratins, however, share a highly
conserved, largely helical secondary structure with a central rod-like alpha helical domain
subdivided into 4 segments by nonhelical linkers and bracketed by nonhelical amino and
carboxy terminal end domains. It is believed that the linker regions add flexibility to the
molecules, the central region is responsible for the features common to all keratins, such
as interaction with other proteins, and the two variable end domains impart each keratin
with its unique characteristics. These head and tail domains are divided into subdomains

based on sequence similarities to other intermediate filaments (Figure 3) (Albers 96).
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Keratin Type pH Size Molecularly Distinct Forms
Typel Acidic Smaller (40-60kD) 15-30 genes
Type II Neutral to Larger (50-70kD) 15-30 genes
basic
Figure 2. Differentiating characteristics of type I and II keratins.
N-Terminal Helical C-Terminal
Domain Rod Domain Domain

El | V1 jH1 m@
/ L1 Lz | (L2 | \

Helix Initiation Motif rHelix Termination Motif |

Figure 3. Molecular structure of a (type II) keratin.

The alpha-helical segments are labeled 1A, 1B, 2A and

2B and inbetween the helices are linker sequences L1, L2
and L12. H1 and H2 denote subdomains of high DNA
sequence homology between members of the type I and II
families. The V regions contain variable numbers of peptide
repeats and the end regions labeled E are highly charged.
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Glycine rich termini are characteristic of epidermal keratins, as this small amino acid
forms a compact protein, while many cysteines are found in hair keratins, resulting in
tougher (“hard”) keratins through extensive disulfide bridges (Smack et al 94,
Blumenberg and Tomic-Canic 97).

Keratin filaments are obligate heteropolymers, meaning that the filaments are
composed of a specific pairing of type I (or acidic) and type II (or basic) keratin
molecules. Initially, the type I and type II keratins align to form a heterodimer. Two
heterodimers then assemble in a staggered fashion to form a protofilament. Four
protofilaments bind to form the 10nm intermediate filament (Suter et al 97). The initial
pairing of keratins is not a random process: a type I keratin will only bind with a specific
type II molecule. Remarkably, the intermediate filaments can assemble without the aid
of helper proteins or enzymes.

The different keratin pairs result in variations in the cytoskeleton that are adapted
to different anatomical locations (Table 1) (Suter et al 97, Hutton et al 98). Within the
basal layer of the epidermis, keratins K5 and K14 are characteristically expressed. These
keratins are relatively small and because they are serine-rich, are prone to
phosphorylation. Phosphorylation is essential for the breakdown of the keratin
cytoskeleton during cell division. In contrast suprabasal keratinocytes primarily express
the pair K1/K10. The keratins of terminal differentiation, K1/K10, have long glycine-
rich terminal domains. Glycine is the smallest amino acid, having no side chains; it is
also extremely hydrophobic. This allows K1/K10 to pack tightly into paracrystalline

arrays that are resistant to proteolysis making this keratin pair ideal for providing a
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Table 1.

Epidermal keratin pairs based on anatomic location.

Type I Keratin| Type II Keratin Location Comments
K5 K14, 15 Basal to lower More mallcable
spinous layers than K1-K10
Kl K10 Mid spinous to Mid spinous to
stratum corneum stratum corneum
K6 K16 Throughout epidermis Mid spinous to
stratum corneum
K2e K1? Mid spinous to Replaces K1-K10 during
stratum corneum hyperproliferation
K9 K10? Mid spinous to Expressed on palms,soles

stratum corneum

(humans) foot pads (mice)
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protective barrier (Blumenberg and Tomic-Caninc 97). K6 and K16 are not expressed in
the normal epidermis; rather they are synthesized when the epidermis is proliferating
more quickly than normal. Thus, as this pair is synthesized, production of the
differentiation-specific keratins, K1/K10 in the epidermis and K3/K12 in the cornea, is
turned off. Lastly, for some keratins, such as K2e and K9, the type I keratin to which it
pairs is still unknown (Blumenberg and Tomic-Canic 97, Suter et al 97).

In both humans and mice, the acidic (type I) and basic (type II) keratin gene
families (including epithelial and hair keratins) have been localized to two chromosomal
regions. The acidic keratins are located on human autosome 17q and murine autosome
11. The basic cluster is found on chromosome 12q in humans and chromosome 15 in
mice. This gene clustering is also true for dogs, as recently several canine keratin genes
were cloned and their chromosomal locations were identified on autosome 9 (acidic gene
cluster) and autosome 27 (basic gene cluster) using fluorescent in situ hybridization
(FISH) (Miller et al 99).

As keratinocytes reach the upper levels of the epidermis, the keratin filaments
undergo a final step in processing that requires an intermediate filament associated
protein (IFAP) called filaggrin. The precursor protein of filaggrin, profilaggrin, is a 450
to 600 Kd, heavily phosphorylated protein that is synthesized in the granular cell layer
where it is the major component of keratohyaline granules (Smack et al 94). Profilaggrin
is poorly soluble and has a distinctive amino acid composition rich in histidine, serine,
glycine, glutamine and arginine. As keratinocytes enter the transitional zone between the
granular and cornified layers, profilaggrin undergoes dephosphorylation and proteolysis

to form filaggrin. Mature filaggrin forms a matrix that packs keratin into parallel
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macrofibrils and facilitates disulfide cross-linking within the stratum corneum. This
organization of keratin by filaggrin increases the strength and stability of the cornified
layer (Smack et al 94, Albers 96). Afier organizing keratin intermediate filaments,
filaggrin is no longer required and undergoes rapid breakdown. Some of the amino acids
released are modified and function as regulators of stratum corneum homeostasis.
Pyroglutamic acid, derived from glutamine and glutamic acid, retains water within the
superficial cornified cells. Urocanic acid, derived from histidine, acts as a natural
sunscreen (Jackson et al 93). At the end of the process of keratinization, approximately

85% of the total protein volume of a corneocyte is composed of keratin (Albers 96).

Synthesis and Role of the Stratum Corneum Lipids

In the nucleated layers of the epidermis, desmosomes function to hold
keratinocytes together. In the stratum corneum, corneodesmosomes play a subordinate
role to intercorneocyte lipids in annealing cells together. The composition of lipids is
also critical for the impermeability of the skin; keeping it “waterproof” and protected
from desiccation.

The stratum corneum is rich in nonpolar (hydrophobic) lipids- ceramides, fatty
acids and cholesterols. Most lipid researchers find ceramides to be the most abundant
(varying from 33-55% of total), with cholesterols next at 25-33% and free fatty acids
present at roughly 10-33% (Downing 92, Menon and Ghadially 97). Both the precursors
of these lipids (glucosylceramides and phospholipids) and the enzymes that convert them
(glycosidases and lipases) are synthesized and packaged within modified lysosomes

known as “lamellar bodies™ (also known as Odland bodies and keratinosomes) within the
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epidermis. Lamellar bodies are generated from a widely dispersed tubulo-reticular
system arising from the Golgi apparatus, known as the trans Golgi network, that forms an
intricate interconnecting system for the transportation of lipids within the apical
cytoplasm of the outermost granular cell (Elias et al 98). Lamellar bodies appear as
small, 0.2 micron in diameter, ovoid organelles composed of stacks of compressed lipids
that are membrane-bound (Wertz 97). Synthesis of these organelles originates in the
spinous cell layer, but is most abundant in the granular cell layers where they aggregate
beneath the cell membrane of the outermost granular layer cell. The compressed lipids
within the lamellar bodies are secreted into the space between the epidermis and the first
corneocyte layer when the bounding membrane of the lamellar body fuses with the
keratinocyte plasma membrane. The lipid contents are released as round vesicles that
elongate into bilayered disks and then fuse end-to-end to form sheets or lamellae (Menon
and Ghadially 97). These multilamellar sheets of lipid fill most of the extracellular space
of the stratum corneum, annealing corneocytes together and comprising much of the
water barrier of the cornified layer. When examined ultrastructurally, the intercellular
spaces are filled by a regular and alternating pattern of electron dense and electron lucent
bands. The dense bands are thought to be the polar head groups of the lipid layers, while
the lucent regions are those containing non-polar hydrocarbon chains (Wertz 97).

The most unusual of these lipids is acylglucosylceramide, which is localized to
the membrane portion of the lamellar granule. Once released this lipid is further
intercellularly catabolized into a long hydroxyceramide consisting of hydroxyacids linked
to sphingosine bases. The hydroxyceramide molecules become covalently attached to the

glutamine residues of proteins located on the outer surface of corneocytes (called the
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cornified envelope), producing a complete lipid coating around each cornified cell. This
monomolecular lipid structure is 5 nm thick and is referred to as the “lipid envelope”
(Marekov and Steinert 98). The lipid envelope interdigitates with other intercellular
lipids within the stratum corneum in an highly organized manner, forming a unified lipid
layer that contributes to the cohesiveness of the cornified layer after the disintegration of
the corneodesmosomes (Wertz 97). Paradoxically, lamellar bodies are also where
corneodesmosin, the protein that modifies and may protect corneodesmosomes from
breakdown, is synthesized (Guerrin et al 98).

In addition to the enzymes needed to remodel the lamellar body lipids into
functional barrier lipids, lamellar bodies also contain a complement of catabolic
hydrolytic and proteolytic enzymes that become activated in the upper stratum corneum.
These enzymes actively mediate the process of desquamation by degrading desmosomes
and intercellular lipids (Proksch et al 93, Suter et al 97).

Finally, a surprising but potentially important role for the intercellular lipids has
been proposed, that of messenger molecules. A sphingolipid called sphingosine that is
abundant in human epidermis acts as a modulator of cell growth and differentiation by
inhibition of protein kinase C in vitro and in vivo and by affecting other kinases,
cytochrome-c oxidase and the thyrotropin releasing hormone receptor (Wertz 90). It has
been proposed that a sphingosine gradient within the stratum corneum and epidermis may
serve as a common pathway to coordinate mitotic activity within the basal layer,
differentiation within the upper layers and desquamation of cornified cells (Wertz 90).

Ceramides are also included in lipid signaling in the example of increasing

ceramide concentration causes decreased keratinocyte proliferation but promotes
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differentiation (i.e. cornified envelope formation, transglutaminase activity) in cultures of
human and murine keratinocytes (Jung et al 98).

Another lipid, cholesterol sulfate, has been shown to activate transcription of the
transglutaminase 1 (tgm1/) gene (which encodes for an enzyme critical for normal
cornification) by binding to a specific upstream regulatory region of the tgm/ gene

(Kawabe et al 98).

Formation of the Cornified Envelope

Although the majority of the corneocyte is composed of keratin, the most
impermeable portion is just below the cell membrane, a tough, insoluble protein structure
known as the cornified envelope (CE). Synthesis of the CE originates in the most
superficial granular cell layer. Ultrastructurally, the fully developed CE appears as a
strikingly uniform 15 nm thick band. The CE is formed by the crosslinking of a variety
of proteins: loricrin, involucrin, cystatin A (keratolinin), S100 proteins and small proline
rich peptides into a molecular syncytium (Jarnik et al 98, Nemes and Steinert 99). The
crosslinking requires the action of a family of enzymes known as transglutaminases, the
most important of which in the epidermis is transglutaminase 1 (Yamamoto et al 98).
These enzymes, in the presence of calcium, link the CE proteins by forming a bond
between the €-NH; group of a lysine and the y—amide group of a glutamine, creating an
isodipeptide N°-(y-glutamyl)lysine cross-link, one of the least soluble in organic
chemistry (Nemes and Steinert 99). These bonds provide the stratum corneum with
mechanical strength, chemical insolubility and, as they interact with the intercellular

lipids, contribute to its impermeability. Despite its importance, the structure and
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assembly of the CE are poorly understood. Once the components of the CE are
crosslinked, the bonds cannot be broken down into individual proteins. Morphologically,
study of the CE is also hindered by artifactual changes related to processing (Jarnik et al

98). The best defined of the CE constituents are outlined below.

Cornified Envelope Components

Involucrin comprises only 2-5% of the total volume of the CE but is important
because it is the first protein deposited and functions as a foundation for the attachment
of the other proteins that make up this structure (Steinert and Marekov 97, Yamamoto et
al 98). The elongated rod shape of this protein suggests its function is to connect smaller,
more widely spaced proteins within the CE and its abundance of glutamine and glutamic
acid residues provides many substrates for transglutaminase crosslinking (Yamamoto et
al 98, Nemes and Steinert 99). The gene for involucrin is located within the cluster of
genes known as the epidermal differentiation complex, found on human chromosome
1921, along with several other CE precursors, including loricrin, small proline rich
proteins, profilaggrin, and S-100 (Mischke et al 96).

Loricrin is the most abundant component of epidermal CEs and accounts for >
70% of the CE protein mass (Nemes and Steinert 99). Loricrin is rich in glycine, serine
and cysteine and has the highest glycine content of any protein known in biology.
Glycine functions to form unique, highly flexible structures known as “glycine loops”
(Yamamoto et al 98). Interspersed between the glycine loops are glutamine rich regions
and the terminal domains contain abundant glutamine and lysine. These amino acids are

targeted for crosslinking by transglutaminase enzymes in CE assembly (Candi et al 95).
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Loricrin is expressed late in epidermal differentiation and can be found distributed
diffusely in superficial granular layer cells in human epidermis.

Small proline rich proteins (SPRs or cornifins or pancornulins) are a family of
small, closely related proteins that function to produce multiple cross-links between other
CE components, with each SPR molecule participating in as many as four cross-links
(Steinert et al 98, Candi et al 99). Epithelia that require greater resistance to mechanical
trauma (palms and soles, esophagus and gingiva) contain a greater amount of SPRs
(comprising from 15 to 50% of the CE proteins) arguably because SPR rich sites have
enhanced stability (Nemes and Steinert 99, Candi et al 99).

Cystatin A or keratolinin, although a minor constituent of the CE when in a
phosphorylated form, is a cysteine protease inhibitor. This feature may contribute to the
bacteriostatic properties of the skin by inhibiting the activity of cysteine protease in
Staphylococcus aureus (Takahashi et al 96, Nemes and Steinert 99). The human gene is
located on chromosome 3cen-q21 (Yamamoto et al 98).

Profilaggrin is a major product of differentiation of the epidermis. Profilaggrin
consists of numerous filaggrin units flanked by amino and carboxy terminal domains. As
discussed with the keratins, filaggrin is released via proteolysis and functions to hold
keratin in tight arrays within the corneocyte (Nemes and Steinert 99). Although most
filaggrin is broken down, some is crosslinked into the CE, with keratin intermediate
filaments. Keratin filaments become crosslinked through a single well-conserved lysine
located in the amino terminal end of the type II keratins 1, 2e, 5,and 6. In this way, the
keratin matrix becomes integrated in a stable manner with the CE (Candi et al 98).

Evidence from protein sequencing indicates that several desmosomal-associated
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proteins are also incorporated into the CE. Desmoplakin, a major protein of the
intracellular plaque of desmosomes and two structural homologues, envoplakin and
periplakin, become crosslinked components of the CE. Envoplakin may mediate linkages
between desmoplakin and the keratin intermediate filaments (Ruhrberg et al 96, Ruhrberg
et al 97).

The S100 family of proteins are small calcium binding proteins and are similar to
the amino terminal end of profilaggrin. Some of these proteins are expressed in the
epidermis, while SI00A10 and S100A11 are constituents of the CE (Mischke et al 96,
Nemes and Steinert 99).

A number of other proteins have been implicated as minor CE precursors. Elafin
is a serine proteinase inhibitor, a potent inhibitor of elastase and proteinase 3 found in
inflammatory cells. Its precursor form, proelafin, is found in fragments and in
crosslinkages in proteolytically digested CEs. Very little proelafin is expressed in normal
epidermis, however, high levels are produced in pathological conditions, such as
psoriasis. Proelafin is also transiently expressed in fetal epidermis. Elafin may serve a
dual role as both a CE protein and as an anchored enzyme inhibitor that can protect the
corneocytes from damage in inflammation. Its gene has been mapped to human
chromosome 20q12-q13 (Yamamoto et al 98).

Annexin I is a member of a family of proteins identified in all eukaryotic
kingdoms, except fungi. Annexins are defined by a conserved, ancient domain that
controls ion channels by binding to phospholipids, the cytoskeleon and extracellular
matrix. Annexin 1 is expressed in most tissues and has been found to be a component of

CEs in cultured keratinocytes, but has not been found in vivo (Nemes and Steinert 99).
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Transglutaminases

In humans, transglutaminases (Tgases) are a related family of calcium dependent
enzymes that function in stabilizing cell membranes. These enzymes catalyze the
formation of insoluble bonds between glutamine and lysine residues, (N-epsilon [gamma
glutamyl] lysine bonds). Seven members of the Tgase family have been identified in
humans. Tgases 1 and 3 are expressed in epithelia and are important in CE assembly
(Yamamoto et al 98). Tgase 2, known as tissue transglutaminase, is ubiquitous and
functions in the crosslinking of membranes in apoptosis. Tgase 4 is expressed in the
prostate and catalyzes clotting of seminal plasma. The catalytic subunit “a” of factor
XI1II, found in platelets, is a fifth Tgase and is important in blood clotting. Another Tgase
is Band 4.2, an inactive, structural protein located in the membrane of erythrocytes.
Recently, a new transglutaminase was isolated in the epidermis, called Tgase X, and its
function remains to be defined (Nemes and Steinert 99).

Transglutaminase 1 (TGM 1, also known as keratinocyte Tgase) is the
transglutaminase that plays the major role in CE synthesis. The enzyme in humans is
approximately 92kD and consists of 817 amino acids (Yamanisihi et al 92).
Characterizing the enzyme is difficult as its protein is very unstable and is difficult to
isolate or purify in quantities for biochemical studies. The majority of TGM 1 is bound
to the plasma membranes via its amino terminal region by acylated fatty acids but it is
also present in a number of cleaved, soluble forms in the cell cytoplasm (Kim et al 95).
The enzyme is activated by an influx of calcium into the cytoplasm when cell membranes

lose their integrity during the final stages of maturation. TGM 1 is most active when
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anchored to the cell membrane after undergoing proteolytic processing, rather than in its
full-length form. During terminal differentiation, TGM 1 is cleaved into 3 fragments,
which remain held together on the membrane. This cleaved membrane complex has a
200 fold higher activity based on in vitro assays (Kim et al 94). Finally, a portion of the
largest fragment, which contains the catalytic site, may detach from the plasma
membrane and contribute to crosslinking in the cytoplasm (Nemes and Steinert 99).

The human tgm/ gene consists of 15 exons separated by 14 introns, covering
14.2kb of genomic DNA on chromosome 14q11.2. Transcription of tgml is controlled
by a variety of signaling systems including the transcription factor AP-1, glucocorticoids,
calcium, and retinoids (Yamanishi et al 92). Although low levels of tgm] mRNA can be
detected in basal cells, it is primarily expressed in the upper spinous and granular cell
layers of the epidermis. It is also expressed in the adnexa, including in the outer sheath,
inner sheath, cortex and medulla of hair follicles and in sebaceous glands (Yoneda et al
98).

The extreme toughness and insolubility of the cornified envelope is due to the
polymerization of the CE precursor proteins (involucrin, loricrin, SPRs, etc.) by the
isopeptide bonds created by TGM 1, and to a lesser extent, Tgase 3 (Candi et al 95). The
action of TGM 1 on the formation of the CE is central to the development of the stratum
corneum. The keratin cytoskeleton is attached to the CE by Tgase crosslinking (Candi et
al 98) and Tgases are responsible for the formation of the lipid envelope by covalent
attachment of the hydroxyceramides of the lipid coat to glutamine residues in the protein

envelope via esterification (Nemes and Steinert 99).
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Order of Cornified Envelope Assembly

The observation that the CEs of different epithelia contain differing proteins and
peptides led to the hypothesis that CE was formed by the random cross-linking of waste
proteins of cornification by transglutaminases, a concept called the “dustbin hypothesis”.
Recent evidence suggests that the formation of the CE is an organized process (Eckert et
al 93, Steinert and Marekov 95 and 97). Presently, the formation of the CE is thought to
be initiated at the cell membrane. The CE then becomes thicker by attaching new
proteins toward the cell interior (i.e. the “outer” portion of the CE is deposited first). CE
assembly appears to start with the deposition of involucrin and cystatin A, possibly
initiating at desmosomal sites (Eckert et al 93, Rice et al 94, Steinert and Markeov 97).
More peripheral proteins may also include those specific for desmosomes: desmoplakin,
envoplakin and periplakin. These proteins form radiating, interconnecting networks with
each other, the desmosome constituents and the keratin cytoskeleton (Nemes and Steinert
99). Current models suggest that the deposition of involucrin in the epidermis is used as
a scaffold for the attachment of reinforcing proteins, including loricrin and SPRs, which
together comprise 85% of the total mass of the CE (Steinert and Marekov 97). Loricrin
and SPRs are first crosslinked together to form small oligomers by cytosolic Tgase 3 and
subsequently, the membrane anchored form of TGM 1 attaches this complex to the
developing CE structure (Candi et al 99). Loricrin, SPRs and possibly elafin comprise
the middle third of the CE, while loricrin, SPRs and filaggrin make up the innermost
portion. Keratin may be crosslinked throughout the CE (Steinert and Marekov 95 and
Steinert et al 98).

There appears to be redundancy in the function of CE proteins and their
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crosslinking. This explains why the lack of loricrin in the knock-out mouse model results
in a relatively mild phenotype. Affected newborn mice have shiny, erythematous
translucent skin with diminished barrier function, but this improves after the first five
days of life, suggesting CE proteins can compensate for missing members of the envelope
(de Viragh et al 97). Most of the CE proteins mentioned above, including involucrin and
the desmosomal proteins, are common to the CEs of the epithelia of all mammals. At the
same time, there are marked species differences in the proportion of these proteins based
on anatomic location, such as mucosae, footpads, and lip. For example, loricrin, so
abundant in skin, does not appear to be expressed in most internal epithelia (Hohl et al

93, Steinert et al 98).

Control of Keratinocyte Proliferation and Differentiation

As in the hair follicle, growth factors are important regulators of keratinocyte
proliferation and differentiation. Some factors, such as the insulin-like growth factor
(ILGF) system, consisting of insulin-like growth factors I and II and the ILGF binding
proteins 1-6, affect proliferative activity. ILGF I acts on cells primarily by binding to an
ILGF specific trans membrane receptor that initiates a phosphorlyation cascade of
intracellular proteins. Both ILGF I and II are potent epidermal growth regulators,
stimulating migration and proliferation of keratinocytes. The ILGF binding proteins
modulate this activity. ILGF I also acts through other signal transduction pathways,
including epidermal growth factor (EGF) and transforming growth factor a (TGFa), both
of which enhance keratinocyte migration and proliferation. ILGFs I and II are mainly

produced by dermal fibroblasts, indicating the dermis is involved in regulating epidermal
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growth (Eckert et al 97, Suter et al 97).

EGF, TGFa, heparin-binding EGF and the closely related factor, amphiregulin, all
bind to the epidermal growth factor receptor. Except for EGF, which is produced by
fibroblasts, all are produced by keratinocytes and act in an autocrine fashion by binding
to the EGF receptor located primarily on basal keratinocytes. In vitro these factors
stimulate keratinocyte proliferation and migration, but not differentiation and are needed
for the transition from the G1 S phase of the cell cycle (Kobayashi et al 98). Experiments
with transgenic mice have found these factors do affect keratinocytes in vivo. Neonatal
mice overexpressing TGFa have a scaly, thickened epidermis with twice the rate of
proliferation. Interestingly, these skin alterations normalize by 5 weeks of age (Suter et
al 97). In contrast, mice with homozygous disruption of the TGFa gene have altered hair
follicles (see following section) but no epidermal abnormalities, suggesting compensatory
growth factors are present (Mann et al 93). However, mice generated without functional
EGF receptors have a thin, poorly organized epidermis with premature differentiation and
a decreased proliferation rate. These mice die a few weeks after birth (Suter et al 97).

A number of growth factors have been identified that control epidermal growth
and differentiation. For example, the transforming growth factor B (TGF B) family of
cytokines suppresses keratinocyte proliferation in vitro, and induces differentiation.
Keratinocyte growth factor (KGF), a member of the fibroblast growth factor family
stimulates the proliferation of cultured cells, while promoting keratinocyte
differentiation. KGF is produced by fibroblasts and its receptor is located on
keratinocytes. Transgenic mice with alterations in the gene for KGF and the KGF

receptor display abnormalities in epidermal proliferation and differentiation. As with
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TGFa, mice with homozygous disruption of the KGF gene have a normal appearing
epidermis, again suggesting redundancy for KGF action in the skin. Interferon gamma
(IFNg) suppresses keratinocyte proliferation, but promotes expression of markers of
differentiation such as small proline rich proteins and transglutaminase 1 (Eckert et al
97).

Retinoids, modified forms of vitamin A, are potent regulators of keratinocyte
growth. These agents bind to a group of receptors and form complexes that influence
keratinocyte gene expression by acting as direct or indirect transcription factors.
Although forms of retinoic acid are currently used to treat diseases of the epidermis by
normalizing maturation, specifically how retinoids function is unclear. What makes
retinoids difficult to study is their ability to have opposite effects depending on the
environment where they act. For example, retinoids can suppress differentiation in vitro,
while stimulating many aspects of differentiation in vivo, such as increasing expression
of cornified envelope precursors and TGM 1 (Eckert et al 97).

Vitamin D3, which is synthesized in the epidermis, also affects keratinocytes by
inhibiting their proliferation and differentiation through decreased DNA synthesis.
Vitamin D nuclear receptors are expressed in all layers of the epidermis (Suter et al 97).

In addition to growth factors, levels of extracellular calcium have profound effects
on keratinocyte differentiation in culture. Only with increased calcium concentration can
the morphologic and biochemical changes associated with differentiation occur.

Apoptosis (programmed cell death) plays an important role in the epidermis.
“Classical apoptosis” in which a dying cell condenses and falls apart like *“petals off a

flower” (Kerr et al 72) is biochemically and morphologically obvious in the embryonal
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development of the epidermis and adnexa, during the transition from anagen to telogen
hair follicles and in some diseases like erythema multiforme in which there is individual
necrosis of keratinocytes, however, whether apoptosis is the mechanism of cell death
cornification is a current debate. All keratinocytes are programmed to die, assuming their
most important function in the stratum corneum. In addition, many of the biochemical
hallmarks of apoptosis, such as transglutaminase activation and the formation of a stable
membrane, internucleosomal cleavage of DNA and activation of caspases all occur
during the formation of the stratum corneum; however, because the fragmentation of cells
(the original definition of apoptosis) does not occur in cornification, epidermal
maturation is, at minimum, an outlier in the traditional view of apoptotic cell death

(McCall and Cohen 91, Weil et al 99).

Regulation of Keratinocyte Gene Expression

The dramatic morphologic and biochemical changes each keratinocyte undergoes
as it traverses from the basal cell layer to the stratum corneum indicate that a wide variety
of genes must be turned on and off with precise and coordinated timing. Much of the
control growth factors and hormones exert is mediated at the level of gene transcription,
largely through the action of proteins known as transcription factors. Transcription
factors can control gene expression by their location within the epidermis, activity level
(phosphorylation state), and concentration (Eckert et al 97).

Members of the activator protein 1 (AP-1) transcription factor family (c-jun, c-
fos, etc.) have a major role in epidermal gene expression and differentiation. AP-1

factors and the signal transduction pathways that lead to their activation have been found
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in the epidermis and in cultured keratinocytes. These factors modulate transcription by
binding to complementary motifs in the regulatory regions of target genes. Although
essentially all AP-1 family members are expressed in the epidermis, some may not be
necessary for epidermal differentiation and the AP-1 factors that regulate each gene are
thought to vary with exposure to drugs, ultraviolet light and trauma to the skin (Crish et
al 97, Rossi et al 98).

Activator protein 2 (AP-2) is also implicated in the regulation of keratinocyte
genes. This protein transcription factor recognizes a 9 nucleotide consensus sequence
found in upstream regulatory regions of many genes. AP-2 messenger RNA is expressed
in keratinocytes (Eckert et al 97).

Several members of a family of proteins, known as POU domain proteins, are
expressed in the suprabasal epidermis in neonatal and adult murine skin. These include
Skn-1i and Skn-1a, which are thought to be activators and suppressors of gene activity in
suprabasal keratinocytes, respectively (Eckert et al 97).

How transcription factors work can be further demonstrated in the regulation of
the expression of transglutaminase 1. A 2.9-kb upstream promoter region has been
shown to contain regulatory elements for tissue-specific and differentiation-specific
control of TGM 1 synthesis. Binding sites for transcription factors, including an AP-1

binding site are present in this region (Jetten and Harvat 97).

Desquamation
The final step in the process of cornification is the shedding of corneocytes from

the skin surface. Desquamation results in a constant thickness of the stratum corneum by
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ensuring the number of corneocytes lost balances the number produced. Desquamation
was once thought to simply be a passive process, in which adhesion between corneocytes
eventually broke down away. Now there is evidence this is an active, highly regulated
process, in which specific enzymes are produced that destroy corneodesmosomal
attachments and intercellular lipids.

The breakdown of corneodesmosomes is associated with progressive morphologic
changes. In the upper stratum corneum, the normally rounded contours of the
extracellular portions of the corneodesmosomes become pointed and asymmetrical.

Next, the laminated extracellular plaque becomes a homogeneous plug, and finally, this
swells and becomes mottled and amorphous (Fartasch et al 93, Haftek et al 97). Stratum
corneum trypsin-like, chymotrypsin-like proteases and less well-defined enzymes,
produced in and secreted from lamellar bodies into the intercorneocyte spaces, are
important in corneodesmosome breakdown (Suzuki et al 94, Guerrin et al 98). In vitro,
corneodesmosome degradation within sheets of stratum corneum is decreased when
inhibitors to these enzymes are present (Suzuki et al 94).

The breakdown of intercellular lipids is due in part to the activity of steroid
sulfatase, an enzyme that cleaves intercorneocyte cholesterols. The importance of this
enzyme is demonstrated in recessive X-linked ichthyosis of humans, a disease in which
steroid sulfatase activity is diminished or absent. Affected individuals have prominent
dark, thick scaling over the extremities, face, neck, trunk and buttocks due to decreased
stratum corneum exfoliation and persistence of desmosomes in the outer stratum corneum

(Ishida-Yamamoto and lizuka 98, Ammirati and Mallory 98).
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Abnormalities in Cornification

When there is a defect in any of the pathways needed for production of the
stratum corneum or in desquamation, abnormalities in cornification occur. Because of
the many pathways in cornification these are heterogeneous diseases; however they all
have excessive scaling in common as a clinical feature. Because the scaling is often
present in layers, it appears somewhat like “fish skin” and the term *“ichthyoses” is
applied generically to these disorders. Most of these disorders are inherited, with signs
appearing at or shortly after birth. The ichthyoses can be divided into epidermolytic and
non-epidermolytic forms based on the microscopic appearance.

The epidermolytic ichthyoses are due to defects in the synthesis of one or more of
the superficial keratins and therefore represent the only true “keratinization disorders”.
Because keratins are cytoskeletal structural proteins, disruptions in their synthesis are
accompanied by fragility and collapse of keratinocytes. This results in the defining
histologic feature of these diseases: epidermolysis, an alteration of the granular and
superficial spinous layers that is characterized by swollen and vacuolated keratinocytes
with large keratohyaline granules. Because of the inherent fragility of these cells, a
common secondary event is lysis, and with minimal trauma, vesicles can develop. A
loose scale overlies affected areas. At least eight forms of epidermolytic hyperkeratosis
have been described in humans, corresponding to mutations in different keratin genes
(Ishida-Yamamoto and lizuka 98).

The non-epidermolytic ichthyoses represent the “everything else” category,
including diseases associated with defects in the synthesis or breakdown of stratum

corneum lipids or the formation of the cornified envelope. Lamellar ichthyosis (LI) is the
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best defined of the non-epidermolytic ichthyoses in humans. One of the most severe
forms, many cases are associated with mutations in tgm/ (Russell et al 95). However,
mutations in this gene are not responsible for all cases of lamellar ichthyosis and at least
two other gene loci have been incriminated (Huber et al 95, Parmentier et al 96, Hennies
and Kuster 98).

LI is one of two clinical subtypes of autosomal recessive ichthyosis in humans.
The second form is known as congenital ichthyosiform erythroderma (CIE) (Williams et
al 85). Patients with this disease are often born as collodion babies and it is not until the
scales develop that clinical differences become apparent. CIE is characterized by
prominent erythroderma and fine white scaling, rather than large, plate-like scales
(Ammirati and Mallory 98). Both forms of autosomal recessive ichthyosis have marked
variation in severity and because of this variability, some propose that these two forms
represent “poles” in between which there is a spectrum of scaling and erythema (Bale et
al 96). Currently, these two phenotypes are generally described as separate diseases.

Infants with LI are often born preterm and may be encased in a taut membrane
that resembles collodion, and therefore are called “collodion babies”. This membrane
fissures easily, putting these infants at a high risk for sepsis and dehydration. The
membrane exfoliates within the first weeks of life and the underlying phenotype emerges.
LI is characterized by the presence of large, thick, dark plate-like scales. These scales are
present over the entire body, but in most cases the forehead, flexures and lower
extremities are most severely affected. Erythroderma may be present but is not a striking
feature. Patients with LI have severe hypohidrosis and are predisposed to hyperthermia.

Ectropion is also a common feature. These clinical signs do not alter with age and the
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severe scaling must be managed for a lifetime.

Histologically, both LI and CIE have marked laminated to compact
hyperkeratosis with mild epidermal hyperplasia. The hyperkeratosis is primarily
orthokeratotic in LI, while CIE often has areas of parakeratosis. Autosomal recessive
congenital ichthyosis has also been classified into 4 forms based on ultrastructural
features (Niemi et al 91, 92, 93, and 94). In this classification, LI corresponds to EM
type II and CIE to EM type 1.

The inability to identify TGM 1 in the epidermis of some patients with LI using
immunohistochemistry suggested this enzyme was involved in the disease (Hohl et al
93). Assays to measure the activity of the TGM 1 enzyme were then developed. One
such assay measures enzyme activity in well differentiated keratinocytes cultured from
skin biopsies and is considered the “gold standard”, while a newer in situ assay can be
performed on frozen biopsy sections of affected skin and provides more rapid results
(Hohl et al 98). Abnormalities in TGM 1 as a cause for LI was supported, when, using
strict phenotypic criteria for LI, a locus for the disease was mapped to chromosome 14q,
in the region where the gene for TGM 1 resides (Russell et al 94). Subsequently, point
mutations were identified in the tgm/ genes of the patients in the linkage study (Russell
et al 95).

A second locus associated with LI, on chromosome 2q33-35, has also been
identified in a region which currently lacks any candidate genes. Pedigrees from other
affected families have failed to show linkage to chromosome 14 or 2, suggesting at least a
third disease-causing gene (Parmentier et al 96).

A large number of mutations of the tgm/ gene have been identified. These point
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mutations result in a variety of single amino acid changes, premature termination codons,
and splice site alterations leading to deletions or premature terminations that affect either
the activity or expression of the transglutaminase 1 enzyme (Huber et al 97, Laiho et al
97, Petit et al 97, Hennies et al 98, Kuster et al 98, Pigg et al 98). Many of the amino
acid changes are thought to destabilize the protein structure, rendering it susceptible to
proteolytic degradation. Patients can either be homozygous for a single mutation or can
be compound heterozygous for two different mutations (Candi et al 98). Recently, a
number of tgmI mutations were expressed in baculovirus vectors in keratinocyte cultures.
The consequences of these mutations on the enzyme was determined by comparison with
a three dimensional model of the structure of TGM 1 based on the known structure of the
related factor XIIla enzyme. Many of the mutations resulted in partial protein mis-
folding and/or domain rearrangements causing a marked reduction in enzyme activity.
Two of the mutant enzymes produced at first appeared to result in a gain of function as
the enzymes were significantly more active than wild type when expressed under similar
experimental conditions. Both mutants, however, could not be proteolytically processed
to the highly active membrane-bound form and therefore, the mutations ultimately
resulted in insufficient enzyme activity. This work suggests that LI could also be caused
by other adverse effects on TGM 1 processing and membrane anchorage (Candi et al 98).

Recently, fourteen families with LI were analyzed using clinical phenotype,
linkage analysis, TGM 1 enzyme activity assay, and tgm/ gene sequencing to try to
determine if a correlation between phenotype and genotype could be established. The
results demonstrated that the group of LI patients with no mutations in rgm/ had

erythematous and non-erythematous skin clinically and presented with a range of scaling

30



d

from fine. wh
epluined by
seen in the pu
presentation.
was also the s
with identical
Tulation, byt
mbs, whle 1
4d color of 1
dence of ret:
the clinjey) diy
wy

Inup,
the fife-su\tdln;
adlin Which i:
X more decury

Unher ¢

CMmeny.

Se i,
,rl)u\ kcrd.




from fine, white to large and dark brown. These clinical differences could still be
explained by different genes as a cause. However, a similar spectrum of phenotypes was
seen in the patients with confirmed rgm/ mutations. In addition to the classical LI
presentation, patients with erythema and finer, white scaling were also identified. There
was also the surprising finding of clinical heterogeneity when comparing two patients
with identical genotypes. Two patients were homozygous for the same splice site
mutation, but the first case had moderate erythema with brownish scales on the lower
limbs, while the second had no erythema and fair scaling over the entire body. The size
and color of the second patients scaling had changed over time, however, even in the
absence of retinoid therapy. This study defined that there are no conclusive criteria for
the clinical differentiation TGM 1 defective and non-TGM 1 defective LI (Hennies et al
98).

In summary, the major function of keratinocytes is to form the stratum corneum,
the life-sustaining outer layer of the skin. The stratum corneum is often compared to a brick
wall in which the corneocyte bricks are held together with lipid mortar. We believe this can
be more accurately described as a wall constructed of Mentos candies held together with
rubber cement. The center of the candy is filled with a tough material that corresponds to
the fibrous keratin protein matrix that comprises most of the corneocyte. The hardest part of
the candy is the outer shell. This corresponds to the most insoluble region of the corneocyte,
the comified envelope. Finally, the rubber cement that holds the candy in place is a better
representation of the mortar of the intercellular lipid layers because, like rubber cement,
these lipids are easily broken down, resulting in continuous exfoliation of old corneocytes as

new ones replace them. A major component of this dissertation is to examine the molecular
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features of the canine TGM 1 enzyme associated with the synthesis of the CE- the shell of

the corneocyte that links the inner keratin matrix to the intercellular lipids.
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THE HAIR FOLLICLE
Structure and Function

The hair follicle, a defining characteristic of mammals, is a deceptively simple
structure. Although on first consideration, producing a hair shaft should not be very
difficult, in reality it is a dynamic process requiring complex interactions between
epithelial and connective tissue elements and alternating phases of quiescence and
dramatic growth. The easiest way to begin to understand the hair follicle is to view it
when the hair follicle is actively growing (a period called anagen). When in anagen, the
follicle consists of five major components: the outer sheath, the inner sheath, the hair
matrix, the hair shaft and the follicular papilla. The anagen follicle consists of a tube
within a tube and growing through the center of these tubes is the hair shaft. The outer
tube is known as the outer sheath, the inner tube is the inner sheath and the swelling that
supports the growing hair follicle at its base is called the hair bulb. Growing within the
hair bulb is a nubbin of connective tissue known as the follicular papilla. The outer
sheath is contiguous with the epidermis and t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>