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ABSTRACT: Keratin (K) intermediate filament proteins
form cytoskeletal scaffolds in epithelia, the disruption of
which leads to a large number of human disorders. KRT5
or KRT14 mutations cause epidermolysis bullosa simplex
(EBS). The considerable intra- and interfamilial varia-
bility in EBS suggests modifying loci, most of which are
unknown. In many human disorders, chaperones and the
ubiquitin—proteasome system have been found to modify
disease severity, thereby providing novel therapy targets.
Here, we demonstrate upregulation of stress-induced
Hsp70 and Hsp90 in two EBS models, namely, in
neonatal K5/~ mice and upon proteasome inhibition
in cells that stably express the disease-causing mutation
K14-p.Argl25Cys, both harboring keratin aggregates.
Furthermore, proteasome inhibition caused nuclear
translocation of pHSF-1 and an increase in
K14-p.Argl25Cys-positive aggregates in cells. Overex-
pression of the chaperone-associated ubiquitin ligase
CHIP/STUB1 strongly reduced keratin aggregates
through increased degradation of mutant K14. Using
CHIP-p.Metl_Alal42del (ATPR-CHIP), we demon-
strated the involvement of Hsc70 and Hsp70 in mutant
keratin degradation. Our data uncover common principles
between EBS and other protein misfolding disorders,
revealing that aggregation-prone keratins are targeted by
components of the chaperone machinery. Thus, modula-
tion of the chaperone machinery using small molecules may
represent a novel therapeutic strategy for dominant EBS,
allowing reformation of an intact keratin cytoskeleton.
Hum Mutat 31:466-476, 2010. © 2010 Wiley-Liss, Inc.
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Introduction

Keratins K5 and K14 are the major keratins in the basal
keratinocytes of stratified epithelia where they form the intermediate
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filament (IF) cytoskeleton. They are members of a large family with
54 known genes, grouped into 28 type I and 26 type II IF genes
[Schweizer et al., 2006]. Like all other keratins, the type K14 and the
type II K5 proteins heterodimerize and subsequently polymerize into
10- to 12-nm wide IE These associate with plakin and plakophilin
family members to form a supracellular scaffold that protects the
epidermis against mechanical and other forms of stress [Coulombe
et al, 2009; Fuchs and Cleveland, 1998; Omary et al., 2004].
Mutations in KRT5 (MIM# 148040) and KRTI14 (MIM# 148066)
weaken the integrity of the keratin cytoskeleton and eventually result
in the aggregation of the keratin cytoskeleton and cause intracellular
cytolysis, a phenotype leading to the skin disorder epidermolysis
bullosa simplex (EBS). EBS is a rare inherited skin disorder arising
from minor mechanical trauma [Coulombe et al., 2009]. Most cases
of EBS result from dominantly acting mutations in keratins KRT5 and
KRT14, which in rare cases, for example, the herpetiform Dowling-
Meara subtype of EBS (EBS-DM) can be life-threatening [Fine et al.,
2008]. Currently, it is well accepted that intracellular and intraepi-
dermal cytolysis, due to a compromised cytoskeleton is the primary
cause for EBS [Fuchs and Cleveland, 1998]. More recently, an increase
in proinflammatory cytokines and chemokines, which mediate an
immune response, and an increased number of Langerhans cells were
found to contribute to the pathology of EBS [Lu et al, 2007; Roth
et al,, 2009]. The potential contribution of aggregated keratins, which
might cause a stress response, has so far not been examined.

The presence of protein aggregates in EBS skin is reminiscent of
those found in protein-conformational disorders, like Alzheimer
(AD) and Parkinson disease (PD) [Muchowski and Wacker, 2005],
and it has been proposed that keratin disorders are also protein
folding disorders [Chamcheu et al., 2009; Lee et al., 2008]. Due to
the presence of ubiquitin, components of the proteasome complex
and molecular chaperones, including Hsp70 (see HSPAIA; MIM#
140550) and Hsp40 (see DNAJB1; MIM# 604572) in those
aggregates [McClellan et al., 2005; Muchowski and Wacker, 2005],
it is widely accepted that protein-conformational disorders result
from a failure of the protein quality control. With regard to
potential therapy approaches of EBS it is worth noting that
overexpression of intact keratins in transgenic mice can restore
tissue homeostasis [Hesse et al., 2007; Zhou et al., 2003].

Most remarkably, in contrast to aggregates found in neurodegen-
erative disorders keratin aggregates are not static but dynamic
assemblies that turn over with #;,, of ~12 min [Werner et al., 2004].
This suggests that keratin assembly may be a regulated process and
raises the question whether chaperones, for example, Hsc70 (HSPAS;
MIM# 600816), Hsp70 (Hsc/p70), or Hsp90 (see HSP90AA1; MIM#
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140571) are involved in this process as it has been demonstrated for
p38 MAPK as a keratin modulator [Woll et al., 2007].

The activity of the stress-induced Hsp70 and its constitutively
expressed cognate Hsc70 is regulated by a family of >40
cochaperones that provide substrate specificity and assist in
substrate recruitment to Hsc/p70, as well as nucleotide exchange
factors that regulate the ATPase cycle. Although the majority of
cochaperones serve the refolding of proteins into the native state,
cochaperones, like CHIP (carboxyl terminus of Hsc/p70 interact-
ing protein; approved symbol STUBI; MIM# 607207) can also
redirect Hsc/p70 to the ubiquitin—proteasome system responsible
for the degradation of misfolded proteins [Esser et al., 2004].
Strong evidence for the involvement of cochaperones in keratin
assembly stems from the genetic characterization of the cochaper-
one Mrj (also known as Dnajb6) that regulates Hsc/p70 activity in
the mammalian cytoplasm. In Mrj-deficient mice, the organization
of K8, K18, and K19 is strongly affected. Instead of forming a
normal cytoskeleton, they accumulate into cytoplasmic aggregates,
which morphologically resemble those found in epidermal
keratinopathies [Watson et al., 2007], indicating an involvement
of the cochaperone in keratin assembly. Therefore, approaches that
moderate the soluble state of keratins might allow the chaperone
system to become active. However, the presence of ubiquitin in
both neurodegenerative disorders and cytoplasmic inclusions of
mutant keratins, for example, the so-called Mallory bodies, imply
the ubiquitin—proteasome pathway (UPP) as a regulator of mutant
keratin turnover [Schulz, 2008; Zatloukal et al., 2007]. This
pathway involves the sorting of Hsc/p70 substrate proteins from a
chaperone-bound state to the proteasome, which is triggered by
the chaperone-associated E3 ubiquitin ligase CHIP.

Here, we investigated whether a modulation of the Hsc/p70
chaperone machinery might affect the aggregation of mutant K14
in an EBS cell culture model. Proteasome inhibition caused
nuclear translocation of pHSF-1, eventually leading to an
upregulation of stress-induced Hsp70 and Hsp90 and by a strong
increase in K14-p.Argl125Cys-positive aggregates. Overexpression
of the ubiquitin ligase CHIP strongly reduced keratin aggregates
through increased degradation of mutant K14 in an Hsc/p70-
dependent mechanism. Therefore, the regulated interplay between
the Hsc/p70 chaperone machinery and the ubiquitin/proteasome
system appears to control the fate of mutant keratins. Our data
uncover common principles between EBS and other protein
misfolding disorders, revealing that aggregation-prone keratins are
targeted by components of the chaperone machinery.

Materials and Methods

DNA Cloning

The mOrange-tagged CHIP construct was created by cloning the
mOrange—CHIP (CHIP cDNA sequence NM_005861) fragment into
the Notl/Sall site of pLNCX2 (Invitrogen, Carlsbad, CA). pCW-7 for
expression of His-tagged ubiquitin was obtained from ATCC
(Rockville, MD) [Ward et al., 1995]. For CHIP-p.Met1_Alal42del
(ATPR-CHIP) expression, a pcDNA3.1 ATPR-CHIP-myc—His
construct was utilized [Ballinger et al., 1999].

Cell Culture and Transient Transfection

MCF-7 human breast cancer cells stably expressing eYFP-K14—
p.Argl125Cys were described before [Werner et al., 2004]. MCF-7
eYFP-K14—p.Arg125Cys cells were plated 24 hr prior to transfec-
tion and grown to 80% confluency. Cells were transfected with

DNA constructs using lipofectamine 2000 according to the
manufacturer’s protocol.

Human primary keratinocytes were obtained by trypsinization
of control and the EBS skin biopsies and cultured in serum-free,
low-calcium keratinocyte growth medium supplemented with
bovine pituitary extract and epidermal growth factor (KGM;
Invitrogen, Karlsruhe, Germany) for two to six passages as
described [Konig et al., 1992]. The following mutants were used:
K14 p.Leul43Pro, K14-p.Argl125Cys, and K14 p.Tyr415His.

Inhibition of the Proteasome and Hsc/p70

Proteasome inhibitors MG132 (42 mM), Epoxomicin (Epox)
(1mM), ALLN (N-acetyl-Leu-Leu-norleicinal) (26 mM), and the
small molecule KNK437 (KNK, 3,4-Methylenedioxy-benzylidine-
v-butyrolactam) (5mg/mL) were obtained from Calbiochem
LaJolla CA), solubilized in DMSO, and applied in the indicated
concentrations.

Proteasome Inhibition

To determine proteasome inhibition, the fluorogenic Suc-Leu-
Leu-Val-Tyr-AMC peptide (Suc-LLVI-AMC) was used as sub-
strate. MCF-7 cells were cultured in 24-well plates in DMEM
medium containing 10% FBS for 24 hr. Cells were pretreated with
different proteasome inhibitors for 3 hr in the indicated concen-
trations. Then, medium containing Suc-LLVI-AMC and the
corresponding proteasome inhibitor was added. Fluorescence was
recorded at 10-min intervals for 2 hr at excitation 360+ 20 nm and
emission 460 + 20 nm using a Multi-Detection microplate Reader.

Immunofluorescence Microscopy

MCE-7 eYFP-K14—p.Argl25Cys cells grown on coverslips were
fixed in methanol for 3 min, followed by acetone fixation for 30 sec.
Fixed cells were incubated in 1% BSA/TBS containing the specific
antibodies Ks 8.7 against K8, anti-o-tubulin (NeoMarkers, Fremont,
CA), anti-pHSF-1 (Santa Cruz, Santa Cruz, CA), Hiss (clone 2;
Roche, Indianapolis, IN), 9E10 against myc, and K14 antiserum
(Magin Lab) for 1 hr at room temperature. After repetitive washing
in TBS cells were incubated in Cy3-conjugated goat antirabbit or
antimouse antibodies, washed again, and mounted in ProLong Gold
antifade reagent (Invitrogen). Negative controls were performed by
omission of primary antibodies.

Sections were examined with a photomicroscope (Axiophot 2E;
Carl Zeiss, Germany) equipped with Zeiss Plan-Neofluar and
Apochromat lenses 63 x , NA 1.25 and 1.4, and recorded with a
digital camera (AxiocamHR, Carl Zeiss, Germany). Image analysis
and processing were performed using the AxioVision LE 4.6 (Carl
Zeiss) and Adobe Illustrator Artwork CS4 software. Confocal images
were recorded on a LSM710 microscope (Carl Zeiss; equipped with
the same lenses). For colocalization, Z stacks (10 consecutive
sections, distance 0.49 pm) were obtained using the LSM710 (Zeiss)
microscope. The original image was further processed by ZEN
Version 5.0 software to determine pixel counts and colocalization
data. All pixels above the set threshold values were counted and
exported to an image showing only the colocalized pixels
(maximum intensity projection). Minimum threshold intensity
was set based on nonspecific signal intensity for every color.

Live-Cell Imaging

Recording of fluorescence patterns on an inverse confocal
fluorescence microscope (SP5, Leica, Allendale, NJ) were
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performed as described previously [Windoffer et al., 2006;
Windoffer and Leube, 2004].

Western Blotting and IF-Enriched Cytoskeletal Extract
Preparation

Total protein lysates were obtained by solubilizing MCF-7 cells
in 5x Laemmli sample buffer.

IF-enriched cytoskeletal extracts were prepared by cytolysis of
confluent cell cultures with ice-cold low-salt buffer (10 mM Tris-
HC, pH. 7.6, 140mM NaCl, 5mM EDTA, 5mM EGTA, 0.5%
Triton X-100, 2 mM phenylmethylsulfonyl fluoride), a subsequent
centrifugation step to separate the Triton X-100-soluble cytoske-
letal fraction from the Triton X-100-insoluble cytoskeletal
fraction, which was then resuspended in ice-cold high-salt buffer
(10mM Tris-HCI, pH. 7.6, 140mM NaCl, 1.5M KCI, 5mM
EDTA, 5mM EGTA, 1% Triton X-100, 2 mM phenylmethylsulfo-
nyl fluoride), homogenized, pelleted by centrifugation, and
solubilized in 5 x Laemmli sample buffer.

Samples were separated on 10% SDS-PAGE under reducing
conditions and transferred to nitrocellulose membranes. Blots
were incubated with the following antibodies: anti-CHIP (Santa
Cruz), anti-Hsp90 (Santa Cruz), P4G7 against Ubiquitin (Abcam,
Cambridge, MA), N27F3-4 against Hsp/c70 (Stressgen, Ann
Arbor, MI), gp11 against K8 and K18 (Progen, Germany), anti-
GFP and K14 antiserum (Magin Lab). Membranes were washed
three times for 5min in 0.05% Tween/TBS and incubated with
secondary antibodies (goat antirabbit, goat antiguinea pig, and
antimouse sera) conjugated to horseradish peroxidase (1:40.000
dilution, Dianova, Hamburg, Germany) for 1hr at room
temperature. After three washes with 0.05% Tween/TBS solution,
immunoreactive proteins were detected using the ECL Western
blotting detection reagents. Immunoblots were quantified by
determining the signal intensities using Image] (National
Institutes of Health, http://rsb.info.nih.gov/ij/). Data are presented
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Figure 1.

..§

as means =+ SE of three independent experiments and representa-
tive immunoblots are shown.

Purification of His-Tagged Ubiquitin

His-tagged ubiquitin transfected MCF-7 eYFP-K14—p.Argl25Cys
cells were solubilized in denaturation buffer (50 mM NaH,PO,,
300 mM NaCl, 8 M urea) and cell lysate was applied to a Protino
Ni-TED/IDA column (Macherey-Nagel, Germany). His-Ubiquitin
was eluted in elution buffer (20 mM NaH,PO,, 500 mM NaCl,
500 mM Imidazol, 8 M urea), eluate was precipitated by TCA and
precipitate was solubilized in 5 x Laemmli sample buffer.

Results

The Expression of Chaperones is Induced in Different EBS
Models

A large number of dominant mutations in KRT5 and KRT14,
genes cause EBS by affecting the organization of the cytoskeleton,
adhesion, and migration of keratinocytes and results in the
formation of keratin aggregates. The notion that aggregates
containing mutant keratins are dynamic in a cell culture model
suggests that aggregation may be a reversible process, and raises
the question of whether chaperones and the ubiquitin proteasome
system are involved [Werner et al., 2004]. This prompted us to
examine chaperone expression in K5/~ mice, a mouse model for
EBS that displays extensive K14 aggregates [Peters et al., 2001].
Microarray analysis revealed a fourfold increase of stress-induced
Hsp70 mRNA in neonatal K5~/ mice compared to wild-type
controls (for complete expression profiling array see: http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE7663). Further-
more, in the absence of K5, Hsp90 and the stress-induced Hsp70
protein (71kDa) were elevated while the expression of Hsc70 was

unchanged (Fig. 1A).
K8

K14

HSP expression in mouse and human EBS model systems. A: Skin samples from neonatal K5/~ and wild-type mice were prepared

as described before [Roth et al., 2009]. A total of 100 ug of total lysate was separated by 10% SDS-PAGE, transferred to nitrocellulose, and
immunoblotted with anti-Hsc/p70 and Hsp90 antibodies. Actin staining was used as loading control. *Indicates stress-induced 71-kDa Hsp70.
B: Primary human keratinocytes (upper panel: K5 WT/K14 p.Leu143Pro [K14—p.L143P]; lower panel: K5 WT/K14—p.Arg125Cys [K14—p.R125C]) were
fixed and stained with K5, K14, and K8 antibodies. Scale bar, 10 um. C: Total lysates of wild-type primary keratinocytes were cultured in the
presence and in the absence of MG132 (100 uM) for 6 hr. Equal amounts of cell extracts were analyzed by Western blotting with Hsc/p70 and

actin antibodies. *Indicates stress-induced 71-kDa Hsp70.
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We then isolated primary keratinocytes from different EBS
patients. Keratinocytes expressing a mild mutation of EBS-DM
(like the K14 mutants p.Leul43Pro and p.Tyr415His [not shown])
showed no alteration of K5, K14, and K8 filaments (Fig. 1B, upper
panel). In contrast, a mutation that causes severe keratin
misfolding, for example, K14-p.Argl25Cys showed clusters of
keratin aggregates and ring-like structures in the cell periphery
under normal cell culture conditions (Fig. 1B, lower panel), in line
with previous reports [Kitajima et al., 1989; Russell et al., 2004].
Inhibition of the proteasome, by using the proteasome inhibitor
MG132, revealed an induction of stress-induced Hsp70 in primary
wildtype keratinocytes (Fig. 1C); however, the response to
proteasome inhibition in the different K14 mutants was very
variable (data not shown). As the EBS patient-derived primary
cells were derived from different individual genotypes there is the
possibility that the differences observed in these cells is a
consequence of background and passage number variations. To
analyze the effect of modulated chaperone/cochaperone expres-
sion, we therefore turned to a well-established cell culture system
in which we had stably transfected the EBS causing mutation
K14-p.Arg125Cys in MCEF-7 cells [Werner et al., 2004]. To elevate
the expression of chaperone transcription via pHSF-1 activation,
we first applied stress by blocking proteasome activity by different
proteasome inhibitors (MG132, ALLN, and the irreversible
inhibitor Epoxomicin). An in vivo proteasome assay revealed
efficient inhibition of the proteasome upon treatment with all
three proteasome inhibitors in cultured cells (Fig. 2A). This was
accompanied by a dose-dependent accumulation of ubiquitinated
proteins in total cell lysates (Fig. 2B) and by nuclear translocation
of the transcription factor pHSF-1 (Fig. 2D). As expected, Western
blotting of total protein extracts showed an induction of the
stress-induced Hsp70 protein upon proteasome inhibition
indicated by the appearance of the 71-kDa band, whereas the
constitutively expressed Hsc70 (73 kDa) was unchanged. However,
the protein levels of the E3 ubiquitin ligase CHIP were unaltered.
In addition, we detected an accumulation of mutant K14 and the
endogenous K8/K18 (Fig. 2C), indicating that keratin degradation
is mediated via the proteasome pathway, in line with previous
reports [Jaitovich et al., 2008; Ku and Omary, 2000].

Video and high-resolution confocal microscopy (Fig. 3A and B
and Supp. Movie S1) revealed a time-dependent movement of
keratin aggregates toward a juxtanuclear position, accompanied by
a reduction of remaining filamentous K14 in the presence of the
proteasome inhibitor MG132. In addition, the number of
aggregates increased throughout the cytoplasm following MG132
treatment in a time-dependent manner (quantification in Fig. 3A),
indicating the dynamic nature of keratin aggregates. Application
of ALLN (data not shown) and the irreversible inhibitor
Epoxomicin caused the same phenotype (Supp. Movie S2).
Proteasome inhibition by MG132 neither affected microtubules
nor actin (Fig. 3C and D) at least at the level of immunofluor-
escence microscopy, supposing that keratin aggregates resulted
from impaired degradation of keratins [Helfand et al., 2004; Liovic
et al., 2003; Werner et al., 2004; Woll et al., 2005].

CHIP Overexpression reduces K14—p.Arg125Cys-Positive
Aggregates

Recently, we detected a direct interaction between Hsp/c70 with
the K5 head domain [Planko et al., 2007]. In support, confocal
microscopy corroborated a colocalization between K14 and
endogenous Hsc/p70 in MCF-7 (Fig. 4B). To ascertain whether
the Hsc/p70-associated ubiquitin ligase CHIP had any impact on

mutant keratin aggregates, two different CHIP cDNA constructs
were transfected into K14—p.Argl125Cys expressing cells. Whereas
the Flag-tagged CHIP construct was exclusively used for
biochemical analysis, the mOrange-tagged CHIP was used for
both biochemical analysis and direct immunofluorescence.

The number of total cells containing keratin aggregates was
reduced by 25-40% compared to mock transfectants as judged by
immunofluorescence (Fig. 5A). From those cells that overexpress
CHIP, only about 18% show K14—p.Argl125Cys aggregates in the
cell periphery (quantification in Fig. 4C). Taking together the data
reveal a central role of CHIP in keratin quality control as a
facilitator of mutant keratin turnover.

To verify directly whether CHIP triggers keratin degradation,
Triton X-100-soluble and insoluble fractions were analyzed by
Western blotting (Fig. 5D). The amount of K14 in total cell lysates
was reduced by about 20% in cells overexpressing CHIP
(transfection efficiency about 45%) compared to mock control,
strongly supporting proteasomal degradation of mutant K14
(Fig. 5D). Unexpectedly, the Triton X-100-soluble fraction
containing K14-p.Argl125Cys was unaffected, whereas the Triton
X-100-insoluble fraction, representing both keratin aggregates and
remaining IF containing low amounts of K14, was preferentially
degraded in CHIP-expressing cells. Given that K14 is incorporated
into the endogenous keratin IF formed by K8, K18, and K19
[Werner et al., 2004], this raised the question whether CHIP also
acted on the endogenous type IT K8. We found a 10% reduction of
K8 in the Triton X-100-insoluble fraction (Fig. 5C). In line with its
causative effect on keratin aggregation, we suggest that the
presence of the p.Argl25Cys mutation renders it an excellent
CHIP substrate. Furthermore, the minor effect of CHIP on K8
compared to K14-p.Argl25Cys may result from the greater
stability of K8/K18 complexes, as suggested in another study [Ku
and Omary, 2000].

Mutant K14 is Ubiquitinated In Vive

The observation that the ubiquitin ligase CHIP promotes
degradation of keratins infers their ubiquitination. Previously,
monoubiquitination of single, overexpressed keratins K8 or K18
in the presence of the proteasome inhibitor ALLN was reported
[Ku and Omary, 2000]. Following expression of His-tagged
ubiquitin in K14—p.Argl25His cells, we detected high-molecular
weight forms of K14 representing polyubiquitinated species
(Fig. 6A). To confirm K14 ubiquitination, His-tagged ubiquitin
was enriched by affinity chromatography. In addition to large
amounts of ubiquitinated cellular proteins, ubiquitinated K14
species were identified by Western blotting (Fig. 6B). To relate this
to aggregated keratins, His-ubiquitin transfected eYFP-K14—
p.Argl25Cys cells were stained against ubiquitin and analyzed
by confocal microscopy (Fig. 6C, left panel shows one optical
section of a Z stack). Following image analysis, colocalized pixels
(right panel, maximum intensity projection) of ubiquitin and the
mutant K14 were identified. Thus, aggregated keratins are
ubiquitinated in a cell culture model of EBS. This was in line
with the reported ubiquitination of mutant K14—p.Argl125Cys and
the absence of ubiquitin on wildtype K14 [Yoneda et al., 2004].

CHIP-Mediated Degradation of Mutant Keratins Depends
on Hsc/p70

CHIP and Hsc/p70 interact with each other via the N-terminal
TPR domain in CHIP and the C-terminal EEVD motif of Hsc/p70
[Arndt et al., 2007; Esser et al., 2004]. However, there is increasing
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Figure 2. Induction of HSP expression by proteasome inhibition. A: In vivo proteasome activity was measured using the fluorogenic peptide
Suc-Leu-Leu-Val-Tyr-AMC. The assay was performed as described in Materials and Methods. Proteasome inhibitors were used in the indicated
concentrations. B: MCF-7 cells stably expressing eYFP-K14—p.Arg125Cys were grown in the presence of increasing concentrations of MG132
for 6hr. Equal amounts of cell extracts were analyzed by Western blotting with ubiquitin antibody. C: MCF-7 cells stably expressing
eYFP-K14—p.Arg125Cys were grown in the absence and presence of MG132 (100 uM), ALLN (500 uM), and Epoxomicin (10 uM) for 6 hr. Equal
amounts of protein, shown by Coomassie staining, were detected by Western blotting with GFP (to detect mutant K14 fused to eYFP), K8/K18,
Hsc/p70, and CHIP antibodies. D: MCF-7 cells stably expressing eYFP-K14—p.Arg125Cys (K14—p.R125C) were grown in the absence and presence
of MG132 (100 uM) for 6 hr, fixed, and stained with pHSF-1 antibody. The keratin cytoskeleton is depicted by eYFP autofluorescence. Note
increased aggregate numbers and induction of pHSF-1 following MG132 treatment (middle and right panel, merged image). Scale bar, 10 um.
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Enhanced keratin aggregate formation is mediated by the inhibition of the proteasome. A: Fluorescence images of a time-lapse

recording (from Supp. Movie S1) showing time-dependent increase in eYFP-K14—p.Arg125Cys aggregates at different time points. Graph,
quantitative display of aggregates. B: Fluorescence images of MCF-7 eYFP—K14—p.Arg125Cys [K14—p.R125C] cells following 16-hr treatment with
MG132. C: eYFP-K14—p.Arg125Cys-transfected MCF-7 (K14—p.R125C) cells treated with MG132 for 6 hr, fixed, and stained with tubulin antibody

and phalloidin to detect actin. Scale bar, 10 um.

evidence that CHIP possesses chaperone activity that can lead to
the refolding of stress-damaged proteins in an Hsc/p70-indepen-
dent manner [Rosser et al., 2007; Tetzlaff et al., 2008]. Besides its
ubiquitin ligase activity, CHIP is also involved in the regulation of
the activity of the transcription factor HSF-1 and stimulates the
expression of HSF-1-controlled genes [Dai et al., 2003].
Consistent with this, elevation of CHIP levels upon transient
transfection led to a 70% increase in the protein levels of stress-
induced Hsp70 (Fig. 4A). The pronounced effects of CHIP
expression on keratin aggregation may thus reflect the increased
formation of an Hsc/p70-CHIP chaperone complex that targets
keratins for proteasomal degradation.

To assess whether degradation of mutant keratins by CHIP
indeed involves an interaction with Hsc/p70, either full-length
CHIP or CHIP-p.Metl_Alal42del (ATPR-CHIP) mutant was
transiently transfected. In the presence of wild-type CHIP, ~20%
of the «cells contained peripheral aggregates, whereas in
ATPR-CHIP-overexpressing cells, 72% contained K14-positive
aggregates (quantification in Fig. 4C). This supports a functional
interaction of CHIP with Hsc/p70 during the degradation of
keratins. Biochemical analysis revealed an increase in the Triton
X-100-insoluble fraction in cells overexpressing ATPR-CHIP
compared to the ~20% decrease in cells with wild-type CHIP
(Fig.4D). The minor effect of ATPR-CHIP might be due to

induction of the endogenous CHIP in those transfectants (Fig. 4D,
right panel). The inhibition of the constitutively expressed Hsc70
of the transcription level, by the small molecule KNK437 (Fig. 4E)
in K14 mutant cells led to a strong reduction of the soluble K14
pool but had no effect on the Triton X-100-insoluble pool,
confirming the importance of CHIP-Hsc/p70 interaction. Based
on the direct interaction between K5 and Hsc70 [Planko et al.,
2007] and between K14 and Hsp70 [Setty and Magin, unpub-
lished], we infer a mechanism in which binding of CHIP to
keratins is mediated via Hsc/p70.

Discussion

Severe EBS results from dominantly acting KRT5 and KRT14
mutations, leading to the formation of cytoplasmic protein
aggregates and fragile keratinocytes. Such protein aggregates
closely resemble those found in vimentin-induced cataracts, in
chronic liver disorders, AD, PD, and several other neurodegen-
erative disorders [Auluck and Bonini, 2002; Auluck et al., 2002;
Bornheim et al., 2008; Strnad et al., 2008]. Here, we demonstrate
for the first time that the stress-induced Hsp70 and Hsp90 were
upregulated in neonatal K57/~ mice and, upon proteasome
inhibition, in a cell culture model of EBS at the RNA and protein
level. In line with recent reports, this supports the view that EBS
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CHIP overexpression reduces K14—p.Arg125Cys-positive aggregates. Cells were transiently transfected with empty vector (mock)

and either Flag-tagged or mOrange-tagged CHIP. After 24 hr, transfected cells were fixed and stained with DAPI. A: Autofluorescence of
eYFP-K14-p.Arg125Cys (K14—p.R125C), mOrange CHIP, and merged images. Arrows indicate CHIP transfected cells and the absence of
K14—p.Arg125Cys-positive aggregates in these cells compared to untransfected cells. Scale bar, 10 um. B: Quantification of total cells showing
keratin 14-positive aggregates. ™**P = 0.00005; **P = 0.0007. C: Quantification of K8 from three different immunoblots of Triton X-100-soluble
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independent experiments. The P values were calculated using the Student’s t-test.

shares common principles with other protein misfolding disorders
[Chamcheu et al., 2009; Lee et al., 2008]. Furthermore, we found
that the expression of the severe mutation K14—p.Argl25Cys,
which causes the loss of an intact keratin cytoskeleton and gives
rise to extensive keratin aggregates, is targeted by the ubiquitin
ligase CHIP. In line with this, high molecular weight species of the
mutant K14, representing poly-ubiquitinated keratin, as well as a

colocalization of keratin aggregates and ubiquitin, were detected.
The notion that overexpression of the E3 ligase CHIP promoted
the proteasome-dependent degradation of keratins strongly
suggests additional pathomechanisms in EBS and offers a novel
route for therapy approaches.

Ubiquitination of keratins has been linked to an increase in
serine phosphorylation [Ku and Omary, 2000]; however, whether
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phosphorylation of keratins occurs in aggregates and is a
prerequisite for CHIP-mediated ubiquitination, is not known at
present. An alternative model is that certain mutations, including
K14-p.Argl25Cys, cause protein misfolding, which by itself would
be sufficient for CHIP recognition. The dispersal of insoluble,
aggregated keratins requires the cooperation of a functional Hsc/
p70-CHIP complex as demonstrated here by genetic and
pharmacological inhibition of complex formation and Hsc/p70
inhibition, respectively. Confocal microscopy demonstrated a
colocalization between K14 and the endogenous Hsc/p70 in
MCEF-7 cells. Furthermore, biochemical and genetical analysis data
have shown the interaction of K5 as well as the K14 head domain
with Hsc/p70. This suggests that this interaction might function as
a scaffold to recruit its cochaperone CHIP. Future work will have
to analyze whether mutant keratins are preferentially recognized
by the Hsc/p70/CHIP comlex.

The great majority of disease-causing KRT5 and KRTI14
mutations initiate the transformation of a normal keratin
cytoskeleton into cytosolic aggregates and render the epidermis
susceptible following minor trauma. Until recently, it was widely
believed that EBS pathology results merely from the absence of an
intact cytoskeleton, despite increasing evidence for regulatory
functions of keratins [Kim and Coulombe, 2007; Magin et al,,
2007]. Recently, we found that genes encoding pro-inflammatory
cytokines and chemokines that recruit Langerhans cells are
upregulated in a mouse model for EBS and in patients [Roth
et al., 2009]. Additionally, we reported an improved condition of
an EBS mouse model by repressing pro-inflammatory and
inducing wound repair-associated genes, following systemic
application of doxycycline, a small molecule with anti-inflamma-
tory properties [Lu et al., 2007]. In line with this, treatment of K14
knockout mice with sulphoraphane, a small molecule with anti-
inflammatory properties, enhanced the survival of these mice,
implicating that EBS patients with certain KRT14 mutation may
be successfully treated with this agent [Kerns et al., 2007]. In
addition to these studies, which have revealed novel disease
mechanisms, our current data support the view that chaperones
and cochaperones play a role in EBS pathology.

Chaperones and cochaperones contribute to the pathology of
protein misfolding disorders, and modulating their expression has
been shown to affect protein misfolding and disease pathology, at
least in model systems. This was reported first in models for PD
and cystic fibrosis. Although in the first case a phenotypic
reversion of cell toxicity in a Drosophila model for PD by elevating
Hsp70 levels was reported [Auluck and Bonini, 2002; Auluck et al.,
2002], the inhibition of Hsp70 prevented proteasome-dependent
degradation of the AF508 mutant of the cystic fibrosis
transmembrane conductance regulator (CFTR) in a second model
[Wang et al., 2007; Ward et al., 1995]. Given the clinical
importance of protein misfolding disorders, a number of chemical
and pharmacological chaperones and small molecules have been
described to moderate chaperone activity at several levels,
including HSF-1 modulators, as well as Hsp70 and Hsp90
inhibitors. Some of those inhibitors, for example geldanamycin,
are already successfully used in the therapy of different forms of
cancer [Moser et al., 2009].

In vivo studies have linked CHIP to AD and PD, suggesting a
prominent role of this chaperone-associated ubiquitin ligase in
protein quality control. Here, we show that the K14—p.Arg125Cys
mutation renders it an excellent CHIP substrate that is recognized
by a functionally Hsc/p70-CHIP complex, eventually leading to
the proteasomal degradation of the mutant keratin. Other data
support the preferential degradation of the mutant keratin,

because only K14-p.Argl25Cys, but not wild-type K14, was
ubiquitinated in HaCaT cells [Yoneda et al., 2004]. Furthermore,
ubiquitination and increased chaperone expression is a hallmark
accompanying cataracts in mice and in humans carrying
dominant-negative mutations in vimentin [Bornheim et al,
2008; Muller et al., 2009].

Our data have shown that aggregation-prone keratins are
subjected to chaperone-assisted degradation (see model in Fig. 7).
This implicates that elevated levels of the Hsc/p70-CHIP complex
by small molecules should lead to the preferential degradation of
mutant keratins and the removal of keratin aggregates. Given the
dominant inheritance of severe EBS, this should allow formation of
a normal keratin cytoskeleton from the intact allele. This is strongly
supported by a mouse model in which overexpression of normal
keratins caused normalization of tissue pathology caused by mutant
keratins [Hesse et al., 2007]. Therefore, targeting chaperones and/or
cochaperones might provide novel therapy approaches for EBS.
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