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SUMMARY

Keratins—types | and Il—are the intermediate-filament-forming proteins expressed in epithe-
lial cells. They are encoded by 54 evolutionarily conserved genes (28 type I, 26 type Il) and
regulated in a pairwise and tissue type—, differentiation-, and context-dependent manner.
Here, we review how keratins serve multiple homeostatic and stress-triggered mechanical
and nonmechanical functions, including maintenance of cellular integrity, regulation of
cell growth and migration, and protection from apoptosis. These functions are tightly regulated
by posttranslational modifications and keratin-associated proteins. Genetically determined
alterations in keratin-coding sequences underlie highly penetrant and rare disorders whose
pathophysiology reflects cell fragility or altered tissue homeostasis. Furthermore, keratin mu-
tation or misregulation represents risk factors or genetic modifiers for several additional acute
and chronic diseases.
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1 INTRODUCTION

Intermediate filaments (IFs) are one of three major cyto-
skeletal filament assemblies in higher eukaryotes. The
designation “intermediate filaments” conveys that their di-
ameter, ~10 nm, is intermediate between those of actin
microfilaments (~6-8 nm) and microtubules (~25 nm)
(Ishikawa et al. 1968). Proteins belonging to this large
superfamily, comprising approximately 70 conserved genes,
show substantial amino acid sequence diversity, with some
sharing as little as 20% identity (Szeverenyi et al. 2008;
Strnad et al. 2011). Regardless of this heterogeneity, each
member of the IF family shares a tripartite protein substruc-
ture, with a family-defining, centrally located a-helical rod
domain, and readily self-assembles to form 10-nm fila-
ments on its own or, more commonly, in partnership with
other IF proteins (Fig. I1A—C) (Herrmann and Aebi 2004;
for review, see Herrmann and Aebi 2016). The central a-
helical domain, denoted as the “rod,” is flanked by two
highly variable, nonhelical domains at the amino and car-
boxyl termini called the “head” and “tail,” respectively (Fig.
1A). Based on criteria including gene substructure, primary
structure of the protein products, and tissue distribution,
the 70-plus known IF genes and proteins can be readily
partitioned into six major classes or types (Kim and Cou-
lombe 2007; Szeverenyi et al. 2008). Keratins (formerly re-
ferred to as “cytokeratins”) represent types I and II IF genes
and proteins and are expressed primarily in epithelial cells
(Fig. 1D,E). Here, we review the main properties of keratin
genes and proteins, their regulation and functions in vivo,
and their involvement in a broad array of human diseases.

2 INTRODUCTION TO KERATIN IF GENES
AND PROTEINS

Keratin proteins (M,: 40—70 kDa) are the predominant
subtype of IFs in all epithelia and, given a total of 54 con-
served functional genes and proteins, represent nearly
three-quarters of the entire IF superfamily in mammals
(Szeverenyi et al. 2008). Keratins comprise two types of
IF sequences or families: type I, which number 28, and
type II, which number 26 (Fig. 2A). A new nomenclature
was devised in 2006 to accommodate the identification of
many new keratin genes, brought about in part by the
sequencing of the human and mouse genomes (Hesse
et al. 2004; Schweizer et al. 2006). Types I and II keratins
are very well demarcated from a perspective of gene sub-
structure as well as of protein sequence homology over their
central a-helical rod domain. They also can be easily re-
solved by two-dimensional gel electrophoresis, given that
type I keratin proteins tend to be smaller (40—56.5 kDa)
and acidic in overall charge (pI 4.5-6.0), whereas type 11
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Figure 1. Introduction to keratin intermediate filaments (IFs). (A)
Schematic representation of the tripartite domain structure shared
by all keratin and other IF proteins. A central a-helical “rod”
domain acts as the major determinant of self-assembly and is
flanked by nonhelical “head” and “tail” domains at the amino
and carboxyl termini, respectively. Within this 310-amino-acid-
long rod domain, the heptad-repeat-containing segments (e.g.,
coils 1A, 1B, and 2) are interrupted by linker sequences at two
conserved locations (e.g., L1 and L12). Rod domain boundaries
consist of highly conserved 15-20-amino-acid regions (shown in
orange) that are crucial for polymerization and frequently mutated
in human disease (see www.interfil.org). (B) Visualization of fila-
ments, reconstituted in vitro from purified human K5 and K14
proteins, by negative staining and electron microscopy. Scale bar,
100 nm. (C) Visualization of native keratin IFs in the stratum
corneum layer of human epidermis using cryo-transmission elec-
tron microscopy on a fully hydrated, vitreous tissue specimen
(Norlén and Al-Amoudi 2004). Bundles of tightly packed keratin
IFs run parallel (para) or perpendicular (perp) to the sectioning
plane. Scale bar, 50 nm. (Inset) Detailed views of filaments in cross
section, shown at two magnifications. As many as seven subfibrils,
including a centrally located one, can be seen. Scale bar, 20 nm.
(D) Skin epidermal keratinocytes in culture. Dual-immunofluores-
cence labeling for keratin (red signal) and desmoplakin (green
signal), a desmosome component. Keratin IFs are organized in a
network that spans the whole cytoplasm and are attached to des-
mosomes, which are points of adhesion at cell-cell contacts. #,
Nucleus. Scale bar, 20 pwm. (E) Gut epithelial wall in cross section,
emphasizing the epithelium. This fresh-frozen specimen was tri-
ple-labeled for K8/K18 (red signal), K19 (green signal), and nuclei
(blue signal). Note the concentration of staining at the apical pole
of enterocytes. The star denotes a goblet cell, which also features a
prominent K8/K18 network in the cytoplasm. bl, Basal lamina;
lum, lumen; n, nucleus. Scale bar, 20 wm. (Reprinted, with per-
mission, from Kim and Coulombe 2007; C, originally adapted
from Norlén and Al-Amoudi 2004, with permission from
Elsevier.)
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Figure 2. Phylogenic tree of human keratins. (A) Comparison of the primary structure of human keratins using the
publicly available ClustalW and TreeView softwares. Sequence relatedness is inversely correlated with the length of
the lines connecting the various sequences, as well as the number and position of branchpoints. This comparison
makes use of the sequences from the head and central rod domain for each keratin. Two major branches are seen in
this tree, corresponding exactly to the known partitioning of keratin genes into types I and II sequences. Beyond this
dichotomy, each subtype is further segregated into major subgroupings. (B) Location and organization of genes
encoding types I and IT keratins in the human genome. All functional type I keratin genes, except Krt18, are clustered
on the long arm (g) of human chromosome 17, whereas all functional type II keratin genes are located on the long
arm of chromosome 12. Krt18, atype I gene, is located at the telomeric (Tel) boundary of the type II gene cluster. The
suffix Pidentifies keratin pseudogenes. As highlighted by the color code used in frames A and B, individual type Iand
type IT keratin genes belonging to the same subgroup, based on the primary structure of their protein products, tend
to be clustered in the genome. Moreover, highly homologous keratin proteins (e.g., K5 and K6 paralogs; also, K14,
K16, and K17) are often encoded by neighboring genes, pointing to the key role of gene duplication in generating
keratin diversity. These features of the keratin family are virtually identical in mouse (not shown). (Adapted from
Coulombe et al. 2013.)

genes and proteins are differentially regulated depending
on (1) the type of epithelial tissue (e.g., hard vs. soft, simple
vs. stratified); (2) the differentiation programs being exe-

keratins are larger (50—70 kDa) and basic-neutral in charge
(pI 6.5-8.5) (Moll et al. 1982). Types I and II keratins are
strictly interdependent for assembly into 10-nm filaments,

initially forming coiled-coil heterodimers at the very first
stage of the process (Kim and Coulombe 2007). Reflecting,
in part, this requirement, types I and II keratin genes are
regulated in a pairwise fashion in epithelia (Sun et al. 1983;
Fuchs 1995). Furthermore, specific pairings of keratin
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cuted (e.g., epidermis vs. cornea, less-differentiated basal
vs. more-differentiated suprabasal cells); and (3) biological
context (e.g., normal homeostasis vs. tissue repair or dis-
ease) (Coulombe and Omary 2002; Szeverenyi et al. 2008).
The significance of this regulation is not understood but
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underlies the broad use of keratins as markers in pathology
laboratories worldwide to assess the tissue origin of can-
cers, which has therapeutic implications (Moll et al. 2008).
Some cell types feature a very simple keratin composi-
tion—such is the case for adult liver hepatocytes, which
only express the type II keratin 8 (K8) and type I keratin
18 (K18). Other epithelial cells (e.g., terminally differenti-
ated keratinocytes in the epidermis) can feature several
pairings of types I and II keratins that, although expressed
in a stage-specific fashion reflecting progression through
differentiation, readily mix as proteins and/or subunits
within individual 10-nm filaments (Coulombe and Omary
2002). The dual nature of keratins, their context-dependent
regulation, and their propensity to coalesce into single
polymers underlie an impressive potential for heterogene-
ity in filament composition, and filament structure and
function (Kim and Coulombe 2007).

Genes encoding type I and type II keratins are each
organized into compact clusters in mammalian genomes
(Fig. 2B). In the human species, for instance, all type I
keratin genes except the gene encoding K18 are clustered
on the long arm of chromosome 17, whereas all the type II
genes, along with KRT18, occur on the long arm of chro-
mosome 12 (Hesse et al. 2004). There is an obvious rela-
tionship between sequence homology at the protein level
and the arrangement of keratin genes in each of the type I
and type II clusters (Fig. 2A,B), hinting at how gene-dupli-
cation events might have led to the current-day diversity
within this prominent group of IFs. Furthermore, the clus-
tered arrangement of keratin genes along with the subor-
ganization of individual genes within the two clusters hint
at the possibility of hierarchical regulation of their expres-
sion during embryogenesis and adult-tissue homeostasis—
an intriguing prospect that awaits further investigation.

3 ASSEMBLY, PROPERTIES, AND ORGANIZATION
OF KERATIN FILAMENTS IN EPITHELIAL CELLS

The property of self-assembly typifies some cytoskeletal
polymers. Equimolar mixtures of purified type I and II
keratins readily copolymerize into long, uniform, and
semiflexible 10-nm filaments with high efficiency (Fig.
1B) (Steinert et al. 1976). In vitro, the assembly reaction
occurs in several steps, two of which are better understood
biochemically—formation of coiled-coil heterodimers, in
which the type I and II monomers interact in perfect reg-
ister and parallel orientation, and then tetramers, in which
the participating dimers interact along their lateral surfaces
with an antiparallel orientation and staggered arrange-
ment (Herrmann and Aebi 2004; Kim and Coulombe
2007). Keratin tetramers (K8—-K18) can be isolated in rel-
atively high yield from cultured cells and are believed to

represent the predominant subunit precursor to filaments
in living cells (Chou and Omary 1993). Keratin dimers and
even tetramers can form under very harsh denaturing con-
ditions, underscoring the unusual strength of the inter-
actions between type I and type II keratins (Kim and
Coulombe 2007). Tetramers interact along their lateral sur-
faces and in an end-to-end fashion as they come together
to form 10-nm filaments (Herrmann and Aebi 2004; Kim
and Coulombe 2007). Of note, keratin and other IFs are
nonpolar fibrous cytoskeletal assemblies, demarcating
them from F-actin and microtubules. Much remains to be
learned about the fine structure of 10-nm filaments, as well
as their mode of assembly.

Likewise, relatively little is known about the process of
keratin IF assembly as it occurs in the natural context of
living cells. In epithelial cells in culture, keratins show an
intriguing spatiotemporal cycle whereby small-sized pre-
cursors first appear at the cell periphery, near focal adhe-
sions, and then elongate and integrate themselves into a
network that undergoes continuous centripetal movement
toward the centrally located nucleus (Windoffer et al.
2004). Keratin filament bundles then accumulate in the
perinuclear region, where they can be stabilized, for exam-
ple, by disulfide bonding (Feng and Coulombe 2015), or
disassembled and turned over, allowing subunits to initiate
new cycles at the cell periphery (Windoffer et al. 2011).
Whether this paradigm applies to epithelial cells in their
natural context in situ, and varies as a function of cell type,
awaits further investigation.

Just like F-actin and microtubules, IFs are organized
into intricate subcellular networks whose layout, in part,
reflects their functional role, as well as that of the cell ex-
pressing them. Keratin IFs tend to be very abundant in
surface-exposed stratified epithelia (Feng et al. 2013),
where they typically form a pancytoplasmic network with
attachments at the surface of the nucleus and sites of cell -
cell or cell-matrix adhesive structures spanning the outer
membrane of the cell (Fig. 1D). In such settings, one of the
primary roles of keratin filaments is to provide structural
support (Coulombe et al. 1991b). In polarized simple ep-
ithelia, by contrast, keratins filaments are often concentrat-
ed at or near the apex and basolateral aspects of the cell
(Fig. 1E) where they are positioned just beneath the F-ac-
tin-rich cortical cytoskeleton (Oriolo et al. 2007). In such
tissues, one of the primary roles of keratin filaments is to
resist chemical stresses and assist the cell in maintaining
a polarized cytoarchitecture (Omary et al. 2009). As dis-
cussed below, plakin proteins mediate physical attachments
among keratin IFs and other elements within the cell.

Whether functioning as individual 10-nm filaments or
organized networks, keratin filaments can be highly dy-
namic entities (Miller et al. 1991; Windoffer et al. 2004).

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a018275



m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

oo

Keratin monomers appear very unstable in most biological
settings, whereas keratin assemblies are inherently more
stable but can undergo rapid turnover and/or be remodeled
depending on the circumstances of the cell (e.g., undergo-
ing mitosis, cell migration, or responding to stress) (Toivola
etal. 2010). This property is a function of the interactions of
keratins with other cellular proteins and, in particular, of
their close regulation by site-specific phosphorylation and
a variety of other posttranslational modifications (Snider
and Omary 2014). These are described in Section 7 below.
From a biophysical and biomechanical perspective, ker-
atin filaments behave like relatively weak gels when dis-
persed in solution (Ma et al. 2001). When cross-linked
into networks, however, keratin filament suspensions
adopt properties akin to solid materials and are able to
withstand broad regimes of deformation and, yet, maintain
their viscoelastic properties (Ma et al. 2001). Compared
with suspensions of F-actin and microtubules at similar
concentrations, IFs show a significantly greater ability to
resist mechanical stress in vitro (Janmey et al. 1991), a
property that has direct implications for their functional
importance in vivo, as discussed in the next section.

4 KERATIN FILAMENTS ARE ESSENTIAL FOR THE
MAINTENANCE OF CELLULAR INTEGRITY IN THE
FACE OF STRESS—A ROLE THAT IS DEFECTIVE
IN EPITHELIAL FRAGILITY DISORDERS

Consistent with their properties, abundance, and intracel-
lular organization, it is no surprise that keratin filament

Types | and Il Keratin Intermediate Filaments

assemblies significantly contribute to the mechanical resil-
ience shown by several types of epithelial cells and tissues in
vivo (Beil et al. 2003; Seltmann et al. 2013). Naturally
occurring mutations that disrupt the structure of 10-nm
keratin filaments, their organization into intracellular net-
works within epithelial cells, and/or their regulation result
in cellular fragility or altered responses to cell stress, and
they are responsible as a cause or predisposition to several
diseases affecting surface or internal epithelia and hair
(Coulombe et al. 1991b; Omary et al. 2004; Szeverenyi
et al. 2008; Coulombe and Lee 2012; Haines and Lane
2012; Toivola et al. 2015).

The first IF-based disorder discovered was epidermol-
ysis bullosa simplex (EBS), a relatively rare condition
(1:25,000 live births), inherited in an autosomal dominant
fashion, that is caused by dominantly acting missense mu-
tations in either the type I keratin 14 (K14) or the type II
keratin 5 (K5) (Coulombe et al. 1991a; Coulombe and Lee
2012; Haines and Lane 2012). In individuals with EBS, the
basal layer of the epidermis, in which K5 and K14 are
prominently expressed, readily ruptures when the skin ex-
periences frictional trauma, giving rise to characterizing
bullous lesions or blisters (Fig. 3A). The notion that EBS
could result from mutations in those specific keratin pro-
teins was inferred from the phenotype shown by transgenic
mice engineered to tissue-specifically express dominantly
acting experimental mutations in K14 (Coulombe et al.
1991b,¢; Vassar et al. 1991). Such mice showed trauma-
induced skin blistering similar to that seen in patients
with EBS (Fig. 3B—E). This landmark set of findings spear-

K14 null

Figure 3. Loss of keratin K14 elicits epidermolysis bullosa simplex (EBS)-like features in mouse skin. (A) Leg skinina
patient suffering from the Dowling—Meara (severe) form of EBS. Characteristic of this severe variant of this disease,
several skin blisters are grouped in a herpetiform fashion. (B,C) Images of newborn mouse littermates, comparing
K14-null and wild-type (WT) mice. The K14-null neonate shows massive skin blistering. The front paws and facial
area are severely affected (arrows); by comparison, a WT littermate shows intact skin. (D,E) Micrographs from
hematoxylin/eosin-stained histological sections prepared from the front paws of 2-d-old K14-null and WT mice.
Epidermal cleavage is obvious in the K14-null sample. Loss of epidermal integrity occurs through the basal layer of
keratinocytes (labelled “blister”)—the defining characteristic of EBS. Three basal keratinocytes are boxed in E. epi,
epidermis; hf, hair follicle. Scale bar, 100 um. (A, Reprinted from Coulombe et al. 2013; B—E, adapted from

Coulombe et al. 2009.)
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headed an explosion of discoveries in which mutations in
other keratin and IF genes and proteins (usually either
member of a given pair) were shown to underlie genetic
conditions that bear resemblance to EBS at the cellular
level. The identity of the tissue(s) affected by those muta-
tions and, hence, the clinical presentation, is largely deter-
mined by the expression pattern of the mutated keratin
gene (Omary et al. 2004). A compendium of keratin mu-
tations and their associated diseases is available through the
Intermediate Filament Database (www.interfil.org), which
has important and helpful information regarding IF pro-
teins and their associated diseases (Szeverenyi et al. 2008).

EBS and related conditions correspond to a loss of the
structural support function, as evidenced by the phenotype
arising in several keratin-null mutants in mice and also by
the observation that disease-causing mutations alter the
micromechanical properties of keratin filament assemblies
in vitro and epithelial cells in culture (Ma et al. 2001; Wer-
ner et al. 2004). Moreover, the location and nature of a
given mutation within a keratin sequence usually correlate
with the extent to which it can disrupt filament assembly
and/or organization and the severity of disease presen-
tation in the afflicted individuals (Omary et al. 2004;
Szeverenyi et al. 2008; Coulombe and Lee 2012). Hence,
mutations that affect residues that are highly evolutionarily
conserved (e.g., those located at the extremities of the cen-
tral rod domain) tend to be associated with more severe
disease presentation, whereas mutations affecting less well-
conserved residues within the middle portion of the rod
domain or in the nonhelical head and tail domains are
associated with milder clinical presentations. Because of
several complicating factors that include a broad spectrum
of mutations, their dominant mode of action, and the in-
herently rapid rate of renewal occurring in most epithelial
tissues, it has so far proven difficult to develop therapies to
alleviate the symptoms associated with keratin disorders
(Coulombe and Lee 2012). However, natural products or
drugs that up-regulate normal keratin expression to com-
pensate for the mutant keratin (Kerns et al. 2007) or en-
hance keratin binding to a stabilizing associated protein
(Kwan et al. 2015) hold promise that similar approaches
might provide novel drugs or identify drugs that can be
repurposed to treat keratin and other IF-associated diseases
for which there is no current direct treatment.

5 EMERGENCE OF NONCANONICAL FUNCTIONS
FOR KERATIN PROTEINS AND THEIR
IMPLICATION IN DISEASE

The diversity of keratins and exquisite regulation as a func-
tion of differentiation and biological context suggest that
they partake in functions other than structural support.

Consistent with this, there are aspects of keratin-based dis-
eases and transgenic mouse models in which keratin ex-
pression is manipulated that cannot be readily explained in
terms of altered cellular mechanics. The first indication of a
noncanonical role for keratins originated in the finding that
expression of the K8—K18 pair protects epithelial cells
against specific proapoptotic signals, both in culture and
in vivo, in part, by attenuating the response to tumor ne-
crosis factor o (TNF-a) (Caulin et al. 2000) and Fas (Gil-
bert et al. 2001). A distinct mechanism through which K8—
K18, in particular, confers cytoprotection in the face of
metabolic and/or proapoptotic stresses is to act as a site-
specific “phosphorylation sponge” for stress-activated ki-
nases (Ku and Omary 2006). As keratins are very abundant
proteins in epithelial cells, they are well poised to serve as
effective “decoys” in the context of phosphorylation-de-
pendent stress responses, ultimately allowing the cells and
tissue to survive and adapt (Toivola et al. 2010). Keratin-
mediated cytoprotection plays a role in the setting of acute
and chronic liver diseases, as shown in studies involving
transgenic mouse models, along with the finding that mis-
sense alleles altering the coding sequence of K8 and K18
increase the risk for such conditions in the human popu-
lation (Omary et al. 2009). Not only do keratins provide
crucial protection from apoptosis, but type I (and not type
II) keratins are major caspase substrates during apoptosis,
with keratin caspase-generated fragments being used clin-
ically as cancer and liver injury biomarkers (Omary et al.
2009). Inhibiting the caspase-mediated cleavage of K18 in
transgenic mice by mutating the two aspartate cleavage
sites prevents the K8 —K18 pair from being able to undergo
their typical reorganization during apoptosis and shunts
hepatocytes toward necrosis (Weerasinghe et al. 2014).
Hence, keratins are involved with apoptosis from several
perspectives, including serving as caspase substrates and as
biomarkers upon release from dying cells and as protectors
from apoptotic injury by serving as phosphorylation sinks,
although other mechanisms might also be involved in their
cytoprotective role.

Keratins also participate in the regulation of epithelial
tissue growth in at least three complementary ways. One is
through regulation of progression through the cell cycle,
which was originally observed in hepatocytes (Ku et al.
2002) and oocytes (Margolis et al. 2006), and entails the
phosphorylation-dependent interaction of K8—K18 with
adaptor 14-3-3 proteins. A second way is through the reg-
ulation of protein synthesis, which has been observed in
activated keratinocytes at the edge of skin wounds and in
primary culture and involves an interaction between keratin
17 (K17) and a 14-3-3 protein (Kim et al. 2006; for review,
see Cheng and Eriksson 2016). A role for K8—K18 in reg-
ulating protein synthesis and epithelial cell growth has also
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been described in mid-stage developing mouse embryos
and liver hepatocytes, probably through distinct mecha-
nisms (Kellner and Coulombe 2009; Vijayaraj et al. 2009).
Third, keratins participate in the expression or activation
of powerful immune and inflammatory mediators that,
once secreted, are able to stimulate epithelial tissue growth
in both autocrine and paracrine (indirect) manners. Thus,
the differentiation-related keratins K1 and K16 are impor-
tant to keep the innate immune response in check in
healthy epidermis, with K1 acting at the level of the inflam-
masome and cytokine activation (Roth et al. 2012), and
K16 impacting the expression of danger-associated molec-
ular patterns and skin barrier genes in response to external
stresses (Lessard et al. 2013). As another example, K17
plays a significant role in the expression of several in-
flammatory and immune-response genes that are part of
a growth-promoting signature in various types of cancers.
This involves the interaction of K17 with the heterogeneous
ribonucleoprotein hnRNP K and autoimmune regulator
(AIRE), a transcriptional regulator functioning in the
nucleus (Chung et al. 2015; Hobbs et al. 2015). Although
much remains to be discovered and understood about the
role of these and other keratins in epithelial growth control,
it is already clear that this phenomenon is poised to impact
several chronic inflammatory disorders, ranging from liver
and bowel disorders to several types of skin conditions.

Finally, keratins also participate in the regulation of
epithelial cell migration, a role that integrates their impact
on cellular mechanics with their ability to regulate key
signaling effectors. Evidence pointing to this role originally
stems, yet again, from studies of disease processes such as
cancer (Hendrix et al. 1996). The intracellular organiza-
tion, dynamics, and phosphorylation-based regulation of
keratin IFs are dramatically altered during cell migration
(Chung et al. 2013). For instance, sphingophosphorylcho-
line-induced stimulation of epithelial tumor cell migration
requires the phosphorylation-dependent collapse of kera-
tin filaments around the nucleus and a softening of the
cytoplasm (Beil et al. 2003). Skin wound re-epithelializa-
tion represents another setting in which keratin IFs become
concentrated at the perinuclear region, correlating with an
enhanced migration potential. Keratin 6 (K6), a wound-
induced keratin, plays an important role in migrating ker-
atinocytes by directly interacting with the Src tyrosine-pro-
tein kinase and regulating its ability to impact cell-matrix
adhesion, a crucial determinant of cell migration (Rotty
and Coulombe 2012). Yet another interesting example
occurs in collectively migrating mesendoderm cells in
Xenopus, whereby mechanical cues mediated by cadherin
adhesion complexes induce polarization and directed mi-
gration in a plakoglobin- and keratin-dependent fashion
(Weber et al. 2012).
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6 AN INTERPLAY BETWEEN KERATIN AND
CYTOARCHITECTURE INVOLVES PROMINENT
INTERACTIONS WITH THE PLAKIN FAMILY

Plakin proteins play a significant role in mediating the
physical attachment and functional integration of the as-
sociation of IFs with F-actin and microtubules, with adhe-
sion sites at the outer cell membrane, and with the surface
of the nucleus in most cell types. The main plakin family
proteins are plectin, BPAG1, desmoplakin, envoplakin,
periplakin, epiplakin, and the microtubule-actin cross-
linking factor 1. For many of these proteins, diversity is
markedly enhanced through alternative splicing of precur-
sor messenger RNAs (mRNAs) (Bouameur et al. 2014). In
addition to a family-defining plakin domain, these pro-
teins tend to be large and show a modular substructure,
whereby several types of functional domains (e.g., actin-,
IF-, and microtubule-binding domains) are arranged in
a specific configuration to foster interactions between spe-
cific components. Accordingly, the functions of IFs and
plakin family members are interdependent, and the conse-
quences associated with plakin protein mutations in hu-
man and mouse show significant overlap with keratin-
based diseases (Omary et al. 2004; Szeverenyi et al. 2008;
Coulombe and Lee 2012; Bouameur et al. 2014). Likewise,
there is emerging evidence that keratin IFs are important
regulators of cell-matrix and cell—cell adhesion complex-
es, notably in the epidermis.

7 KERATIN REGULATION BY
POSTTRANSLATIONAL MODIFICATIONS

Keratins undergo several posttranslational modifications
(PTMs), including phosphorylation, O-linked glycosyla-
tion, ubiquitination, acetylation, SUMOylation, and trans-
amidation (Fig. 4) (Snider and Omary 2014). Of these,
phosphorylation has been studied more extensively than
the others. Most of the known keratin phosphorylation
sites are serine/threonine residues that are located in the
head and tail domains of the keratins, although other stoi-
chiometrically less abundant sites, including tyrosine resi-
dues within the rod domain, are becoming more readily
appreciated, given the increasing sensitivity of mass spec-
trometry tools. One clear function of keratin phosphory-
lation is to enhance keratin solubility, which in turn triggers
reorganization of the keratin filament network. Keratin re-
organization then, through mechanisms that remain un-
clear, affords resistance to apoptosis (Snider and Omary
2014). In addition, and as mentioned above, one mecha-
nism for cytoprotection by keratin phosphorylation is for
the keratin to serve as a phosphate sponge or sink and
thereby shunt undesirable phosphorylation of proapop-
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Figure 4. Posttranslational modifications (PTMs) of intermediate filament (IF) proteins. (A) IFs undergo multiple
PTMs, including phosphorylation (PO,), O-linked glycosylation (GlcNAc), ubiquitination (Ub), acetylation (ace-
tyl), SUMOylation (SUMO), transamidation, and farnesylation (Snider and Omary 2014). Keratins also undergo all
these modifications except for farnesylation, which specifically occurs in lamin IF proteins. Multiple functions are
ascribed to IF/keratin PTMs, as highlighted in the panel text boxes. (B) Keratin PTMs target residues that can be
modified by multiple PTMs. For example, Ser/Thr residues can be phosphorylated and glycosylated, whereas Lys
residues can be modified by acetylation, ubiquitination, SUMOylation, and transamidation. There is also cross talk
between different modifications, as exemplified by the effect of phosphorylation on several PTMs, and vice versa.
The multiple combinations of modifications on a given keratin can provide a complex hierarchy of regulation.

(Modified from Snider and Omary 2014.)

totic proteins by stress-activated kinases (Ku and Omary
2006). Hence, dynamic phosphorylation—dephosphoryla-
tion cycles coupled to keratin filament reorganization pro-
vide a reversible shock-absorber-type mechanism for cells
to cope with stresses originating from the intracellular and
extracellular environments.

Several keratin PTMs can target Ser/Thr or Lys residues
(Fig. 4A,B). For example, glycosylation of keratins also oc-
curs on serine residues, which provides for potential gly-
cosylation—phosphorylation interregulation by these two
PTMs, although the specific known modification sites ap-
pear to be different (Snider and Omary 2014). Keratin
glycosylation appears to modulate the K8—K18 signaling
scaffold, which includes kinases such as protein kinase C
and Akt. For example, transgenic mice that express a K18
glycosylation-defective mutant become predisposed to liv-
er injury in association with inactivation of Akt1 because of
its hyperglycosylation and hypophosphorylation (Ku et al.
2010). Other potential keratin PTMs that involve a different
type of cross talk occur at Lys residues and include SUMOy-

lation, ubiquitination, acetylation, and transamidation
(Fig. 4A,B). Keratin SUMOylation is barely detectable
under basal conditions but is markedly enhanced during
apoptosis, exposure to oxidative stress, phosphatase inhi-
bition (typically in association with keratin hyperphos-
phorylation), and when the type I and type II keratin
stoichiometry is different from the normal 1:1 ratio. The
latter is the case in the context of certain forms of liver
injury, when K8 transcription levels exceed those of K18
(Omary et al. 2009; Snider and Omary 2014). In terms of
ubiquitination, this PTM is crucial for the turnover of ker-
atins by the proteasome, which occurs during proteotoxic
stress. This becomes relevant from a disease perspective
because inhibition of the proteasome during chronic liver
injury, coupled with activation of transglutaminase-2, re-
sults in the accumulation of transamidated and ubiquiti-
nated cytoplasmic keratin pathological aggregates that are
called Mallory—Denk bodies (Omary et al. 2009). There
also appears to be cross talk between keratin lysine acety-
lation and keratin phosphorylation. For example, acetyla-
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tion of the highly conserved Lys207 residue of K8 decreases
keratin solubility, increases keratin bundling in cell lines,
and promotes K8 phosphorylation, presumably by a kera-
tin conformational change that allows access of a keratin
kinase (Snider and Omary 2014). Although not formally
tested, it is possible that keratin lysine acetylation might
also promote or blunt phosphorylation at adjacent Ser/
Thr residues, given that several kinase motifs include Lys
residues at the -1, -2, or -3 position of a Ser/Thr kinase site.

8 CONCLUSION

Keratins are obligate heteropolymers that make up the two
largest subgroups of the IF family of cytoskeletal proteins.
They are regulated by several PTMs, along with a growing
list of keratin-associated proteins. Keratins serve multiple
cellular functions, with their most important shared role
being to protect cells and tissues from injury. This function
becomes magnified in the context of keratin mutations that
cause or predispose to a wide range of epithelial disorders.
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