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Background: The Desmoglen 3 (Dsg3) knockout mouse and pemphigus vulgaris (PV) mouse model
present a similar type of supra-basal acantholysis, even though the subcellular mechamsm is considered
to be completely different.

Objectives: To detect changes in the desmosomal molecular composition in Dsg3— |~ mice and PV model
mice to highlight the precise mechanism for acantholysis at an ultrastructural level.

Keywords: Methods: Using epithelia from Dsg3—/— mice, PV model mice, and their respective control mice, the
:?E::l‘:‘s:;gled desmosomal components were immunostained using a post-embedding immunagold labeling method,

and their precise localization and the labeling density were statistically analyzed in the desmosomes
before the occurrence of acantholysis.

Results: Positive findings were detected in desmoplakin and plakoglobin. In the Dsg3—/- mice, the
localization of desmoplakin shifted 12.6 nm toward the cytoplasm and the plakoglobin labeling density
per desmosome decreased 31% in the desmosomes. In the PV model mice Desmoplakin shifted 22.7 nm
more distantly from the plasma membrane but the labeling density per desmosome showed no
significant difference, including plakoglobin. Similar results were obtained when analyzing the
desmosomes of spinous cells in the mid-epidermis.

Conclusion: These results showed the functional blocking of Dsg3 by autoantibody binding and the
genetic defect of Dsg3 to induce different changes in the cytoplasmic desmosomal plaque proteins. A
decrease in the level of plakoglobin is therefore not involved in the acantholysis in the PV model mice.
The desmoplakin shift from the desmosomal plaque, which is induced by autoantibody binding undern
vivo conditions in the PV model mouse, could be an early molecular change before the occurrence of
acantholysis.

® 2009 Japanese Society for Investigative Dermatology. Published by Elsevier ireland Ltd. All rights reserved.
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1. Introduction

Desmoglein3 (Dsg3) is a transmembrane desmosomal compo-
nent that belongs to the cadherin supergene family and is a target
antigen of pemphigus vulgaris (PV), a severe autoimmune
blistering skin disease [1,2]. Knockout mice of this molecule
(Dsg3-/—) present erosions on the mucous membrane with
suprabasal acantholysis, which is a characteristic pathological
feature of human PV [3]. On the other hand, an experimental
mouse active model for PV with circulating autoantibodies against
Dsg3 has been established [4,5]. Both Dsg3—/— mice and PV model
mice present a similar human PV-like phenotype clinically and
histologically [3-5]. Furthermore, the ultrastructural features of
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the Dsg3—/— mice and the PV model mice are strikingly similar and
parallel to those of PV patients [6], although the start point of the
cause for acantholysis is essentially different between the two
mice. Therefore a more precise analysis is needed at the molecular
level to distinguish the subcellular mechanism for acantholysis in
these mice.

Currently, the possible mechanisms for acantholysis in PV
include: (1) interference of desmosomal cadherin induced by
intracellular changes that occur subsequently to autoantibody
binding, (2) direct inhibition of the extracellular Dsg3 adhesive
ability by autoantibody binding to Dsg3 (steric hindrance), (3)
decrease of Dsg3 from desmosomes. Recent studies have
speculated that either one of these alone might not be sufficient
to explain the acantholysis in PV [7-9].

The purpose of this study is to detect changes in the
desmosomal molecular composition in Dsg3—/— mice and PV
model mice in order to give insight into the mechanisms of
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acantholysis in each mouse in order to obtain a better under-
standing of PV acantholysis.

2. Material and methods
2.1. Mice

2.1.1. Dsg3 knockout mice

Dsg3—/— mice were obtained by mating male Dsg3—/- and
female Dsg3+/— mice (Jackson Laboratory, Bar Harbor, Maine, USA)
[3]. Dsg3—/— mice had been crossed with C57BL/6, but had, strictly
speaking, a mixed genetic background of 129/SV and C57BL/6] (H-
2b) mice. Due to the fact that we could not obtain their littermates,
C57BL/6 mice were used as controls, although there might be a
possibility to have a small anatomical difference. This study used
Dsg3—/— mice at 13 weeks of age and C57BL/6 mice at 20 weeks of
age, both of which were young adult mice.

2.1.2. PV model mice

PV model mice were obtained as described previously [4]. In
brief, Dsg3—/— mice, which did not have immunological tolerance
to Dsg3, were immunized with recombinant mouse Dsg3 and their
splenocytes were transferred to 7-week-old C57BL/6 Rag2—|—
mice that had been backcrossed to B6SJLPtrca mice for ten
generations (Taconic Farms, Germantown, NY, USA) [10]. The
Rag2-—/- mice produced anti-Dsg3 autoantibodies continuously
and showed erosions in the oral mucous membranes and patchy
hair loss 15-25 day after the transfer. The immuno-EM study was
duplicated using two PV model mice at 16 weeks of age. C57BL/6
Rag2-—/— mice at 13 weeks of age that also had been backcrossed to
B6SjLPtrca mice were used as controls.

In order to detect the initial ultrastructural changes in the
desmosomes, the samples were taken from the oral mucous
membrane where neither blistering nor erosion was seen in both
Dsg3-/- and PV model mice,

2.2, Antibodies

Seven antibodies against major desmosomal components were
used in this study; (1) rabbit polyclonal antibedies to desmoplakin
(Dp) C terminus (Research Diagnostics, Flanders, New Jersey), (2)
rabbit polyclonal antibodies to plakoglobin (Pg) N terminus (H80,
Santa Cruz Biochnology, Santa Cruz, California), (3) mouse
monoclonal antibody to plakophilin1 (Pp1) N terminus (5C2,
PROGEN, Heidelberg, Germany), (4) mouse monoclonal antibody
to mouse desmogleinl (Dsgl) C terminal side of intracellular
domain (DG3.10, Research Diagnostics, Flanders, New Jersey), (5)
guinea pig polyclonal antibodies to desmocollin3 (Dsc3) N
terminal side of intracellular domain (gp2280, a kind gift from
Dr. PJ. Koch) [11}, (6) guinea pig polyclonal antibodies to mouse
desmocollinl (Dsc1) N terminal side of intracellular domain
(gp899, a kind gift from Dr. P.J. Koch) [11], (7) mouse monoclonal
antibody to mouse desmoglein3 (Dsg3) extracellular domain
(AK18) [12]. The dilutions of the antibodies for post-embedding
immunogold-EM were: (1) 1:40, (2) 1:40, (3) 1:4, (4) 1:40, (5)
1:400, (6) 1:100 and (7) 1:2.

2.3. Post-embedding immunogold-EM

Post-embedding immunogold-EM with cryofixation and freeze
substitution without using chemical fixatives was performed as
previously described {13]. In brief, samples were taken from the
oral mucous membrane of mice and rapidly frozen by plunging
them into liquid propane cooled to —190°C. The samples were
substituted in methanol at —60 °C for 48 h, embedded in Lowicryl
K11M (Chemische Werke Lowi, Waldkraiburg, Germany) at —60 °C

and polymerized by UV radiation. Ultrathin sections were cut from
the samples and sequentially incubated with blocking buffer, 5%
normal goat serum (NGS), 0.8% bovine serum albumin (BSA), 0.1%
gelatin and 2 mM NaNj in phosphate-buffered saline (PBS) pH 7.4,
for 30 min at room temperature, and primary antibodies diluted in
incubation buffer (PBS pH 7.4 with 1% NGS, 0.8% BSA, 0.1% gelatin
and 2 mM NaN3) for overnight at 4 °C. After washing with washing
buffer (PBS pH 7.4 with 0.8% BSA, 0.1% gelatin and 2 mM NaNj3), the
sections were incubated with 5-nm gold-conjugated secondary
antibodies (anti-rabbit or anti-mouse IgG (H+L), Amersham
Bioscience, Buckinghamshire, UK; anti-guinea pig 1gG (H + L), BB
International, London, UK) diluted 1:40 in incubation buffer (PBS
pH 7.4 with 1% NGS, 0.8% BSA, 0.1% gelatin and 2mM NaNj)
overnight and then washed with washing buffer and distilled
water. To enlarge the gold particles, the sections were incubated
with the IntenSE silver enhancement solutions (Amersham
Bioscience) for 3 min as described previously [14]. Sections were
counterstained with uranyl acetate and lead citrate and observed
under the transmission EM (model 1200EX, JEOL, Tokyo, Japan). All
the immunoEM studies were duplicated using two different mice.

2.4. Quantitative analysis

In order to detect early molecular changes before desmosome
splitting occurred, all the samples were from normal appearing
mucous membranes. Desmosomes between the basal cells and
suprabasal cells (apical desmosomes, i.e., desmosomes in the
apical side of basal cells) and desmosomes between the spinous
cells in the mid-epidermis were analyzed separately because the
normal molecular composition of a desmosome may differ
according to the different cell layer. EM figures of desmosomes
that were cut perpendicularly to the plasma membrane so that
three layers of each plasma membrane were clearly seen were
selected and statistically analyzed.

For the analysis of the distribution of desmosomal components,
the distance of each gold particle from the outermost layer of the
plasma membrane was measured on the electron micrographs as
shown in Fig. 1 and plotted on a histogram as described previously
[15]. The mean distances from the plasma membrane were
compared statistically with normal contrals,

At the same time, the number of the gold particles per
desmosome was counted. For each molecule, the mean number of
gold particles per desmosome was tested statistically with a p-
value less than 0.01. In each study, either Student's t-test or
Welch's t-test were used.

As for Dsg3 in the PV model mice, we could not analyze either
the distribution or the number, due to the fact that in vivo anti-
Dsg3 IgG is already bound to Dsg3.

3. Resuits

3.1. In Dsg3~/- mice, Dp was shifted slightly to the intercellular side
and the number of Pg per desmosome was significantly decreased

The structure of the desmosomes seemed to be intact in all
samples and no splitting of the desmosome and widening of the
intercellular spaces were observed. The ultrastructural localization
of Dp, Pg, Pp1, Dsg1, Dsc3 and Dsg3 in the apical desmosomes in
the Dsg3—/— mouse and its control mouse are shown in Fig. 2(A-],
M-N). Dsg3 was undetectable in the Dsg3—/— mouse at all. Dsc1
was undetectable in the apical desmosomes. The localizations of
gold particles seemed to show no big difference at a glance
between the Dsg3—/— and control mouse. The distance of the gold
particles labeling from the plasma membrane was plotted (Fig. 3
left panels) and statistical data such as the mean distance, standard
error and standard deviation were calculated (Table 1). The mean
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Fig. 1. Immunoelectron micrograph of a desmasome (A)and a schematic diagram of a
substitution method was demonstrated. A desmosome has a symmetrical structure tha
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desmosome (B). The ultrastructure of a desmosome using cryofixation and the freeze
t has a dense rmid line (DML) as the axis. The gold labels were seen as black dots in the

immunoelectron micrograph. For the distribution analysis, the distances of each gold particle were measured from the outer layer of the nearer plasma membrane {(PM), and
particles lying over the extracellular region were assigned a negative value. ODP, outer dense plaque; IDP, inner dense plaque; AP, attachment plaque; IF, intermediate

filament. Bar = 200 nm.

distribution of Dp in the apical desmosomes in Dsg3—/— mouse
was shown to shift 12.6nm in the intracellular direction in
comparison to the control mouse (p < 0.05), but the distribution of
other desmosomal components was almost identical to that of the
control mouse.

In the desmosomes between the spinous cells in the mid-
epidermis, Dsc1 were detectable in the desmosome in addition to
the components observed in the apical desmosomes (Fig. 2Kand L).
The distribution of gold particles labeling each component is
shown in the right panels of Fig. 3. As shown in Table 1, the mean
distribution of Dp in the mid-epidermal desmosomes in the
Dsg3—/— mouse was shown to shift 9.0 nm in the intracellular
direction in comparison to the control mouse (p < 0.05) but the
other components including Dscl showed an almost identical
distribution.

Table 1
The distance of desmosomal components from the plasma membrane in Dsg3—-/~
mice.

The number of labeled proteins per desmosome was counted in
the Dsg3—/~ mouse and the control mouse (Table 2). Interestingly,
only the number of Pg showed a significant decrease both in the
apical (69%) and the mid-epidermal desmosomes (60%) in the
Dsg3—/— mouse. The number of the other components showed no
significant difference.

The replication test using another pair of Dsg3~/— and control
mice showed similar results (data not shown)

3.2. In the PV model mice, Dp was shifted markedly to intercellular
side and the number of Pg per desmosome did not show any difference

The ultrastructural localization of Dp, Pg and Dsc3 in the apical
desmosomes in the PV model mouse is shown in Fig. 4. The
localization of gold labels for Dp (A) was seen farther from plasma
membrane than that in the control mouse (B). The distance

Table 2
The number of desmosomal molecular labelings per desmosome in Dsg3—/- mice.

Mean + SE nm (o, n)

Dsg3—/- apical Control apical

Mean number + SE (o, n)

Dsg3-~/~ apical Control apical

Dp 79.1" £ 1.4 (0=37.2,n=591)

29.5¢ 1.7 (0=24.0, n=196)

66.5"% 1.6 (0= 31.9, 11 =405)
26,5+ 1.4 (0=22.2,n=254)

Ppl1 6.95+078 (0=102,n=167) 734+079 (o= 11.1,n=197)
Dsgl 22,6 £ 1.1 (5= 16.7, n=246) 202 1.0 (o= 169, n=268)
Dsc3 14.2 + 1.0 (0=16.5,n=301) 13.6£0.8 (0'=14.3,n1=331)
Mean & SE nm (o, n)
Dsg3~/- middle Control middle
Dp 743"+ 1.2 (0=344,n=771) 653+ 1.3 (0=32.1,1=579)
rg 26212 (0=234,n=372) 25.1 £ 1.1 (0'=21.7, n=394)
ppt 6.93 4 0,65 (or=12.3, n=356) 796+ 0.72 (0= 12.6,n=304)
Dsgt 202 £ 0.8 (o=15.1,n=337) 223409 (o=16.2, n=320)
Dsc3 7.98 % 0,69 (0=12.7, n=337) 752 £0.62 (0= 11,4, n=344)
Dscl 8.21+0.72 (0=12.8, n=318) 9,81 + 0,69 (0=14.0,n=418)

Dp 764496 (0=36.1,n=14) 748 +89(06=37.8,n=18)
Pg 19.7 £ 1.8 (6=92,n=27) 28.7°+3.0(c=13.3,n=20)
Pp1 62+07(0c=44,n=39) 6,14 09 (0=50,n=35)
Dsgl 9.0+£08(0=52,n=41) 88+ 1.0(0=641=38)
Dsc3 50:£04(0c=34,n=79) 6.1+04 (0=44, n=96)

Mean number £ SE (o, n)

Dsg3 =/~ middle Control middle
Dp 80.6 £52 (0=30.7, n=35) 89.9+83 (0=47.51=33)
Pg 247+ 14 (0=81,n=33) 413 +£30(c=174,n=33)
Ppl 119+08(0=59.n=61) 11.3+1.0(c=65n=47)
Dsgl 297433 (5182, n=31) 34.7+26(0=162,1=39)
Dsc3 40+£03(0=32,n=123) 49404 (0=40,n=110)
Dscl 6.0+£05(c=456,n=88) 83+ 08 (0=67,n=65)

SE, standard error; o, standard deviation; ny, number of particles used for the
analysis; apical, between basal and supra basal.
* Significantly different at p < 0.0001.

SE, standard ertor; o, standard deviation; n, number of desmosomes used for the
analysis; apical, between basal and supra basal.
" Significantly different at p < 0.0001,
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Fig. 2. The ultrastructural localization of desmosomal components in the Dsg3—/— mouse and the control mouse. (A, C, E, G, 1 and M) were from the desmosomes on the apical
side of basal cells 1n the Dsg3~/~ mouse and (B, D, F, H, ] and N) were from the desmosomes on the apical side of basal cells in the control mouse. (K and L) were from
desmosomes on the spinous cells in the Dsg3—/— and the control mouse. The Dp labels (A, B) were seen at the intracellular area distant from plasma membrane (inner dense
plaque} in both mice. The Pg labels (C, D) and Dsg1 labels (G, H) were seen on the outer dense plaque. The Pp1 labels (E, F) and Dsc3 labels (1, ]) were seen along the plasma
membrane of desmosomes. The Dsg3 labels in the desmosomes in the Dsg3—/— mouse (M) were completely undetectable. On the other hand, the Dsg3 labels in the
desmosomes in the control mouse (N) were seen along the plasma membrane. Except for Dsg3, no apparent difference between the two mice was recognized before the
statistical analyses were performed. Dscl (K, L) in the mid-epidermal desmosomes was observed along the plasma membrane of desmosomes. Bars = 200 nm.

between the gold particles and the plasma membrane was plotted
in Fig. 5(left panels). There were two peaks in the Dp distribution of
apical desmosomes, One major peak was located at the position
identical to that of the control mouse. An additional minor peak
was seen at 100 nm more distant from the major peak. The mean
distribution of Dp in the apical desmosomes in the PV model
mouse shifted 22.7 nm in the intracellular direction (Table 3). The
distribution of Pg and Dsc3 showed no locational changes. In the

Table 3
The distance of desmosomal components from the plasma membrane in PV model
mice,

Mean + 5E (o, n)

PV model apical Control apical

mid-epidermal desmosomes, Dsc1 was detectable and is shown in
Fig. 4(G and H). The distribution of the gold particles labeling each
component is shown in the right panels in Fig. 5. As shown in
Table 3, the mean distribution of Dp in the mid-epidermal
desmosomes in the PV model mouse was shifted 24.2 nm in the
cytoplasmic direction (p < 0.05). The other components including
Dsc1 showed almost identical distribution to that in the control
mouse. The number of the gold labeling per desmosome was
counted and summarized in Table 4. None of the desmosomal
components showed a significant difference between the PV model

Table 4
The number of desmosomal molecular labelings per desmosome in PV model mice.

Mean number + SE (o, n)

9427424 (o=451, 1= 354)

FV model apical

Control apical

Dp 51.2+49{0=213,n=19) 48.6 £ 4.7 (0=18.9, n=16)
Pg 348+19(0=78,n=17) 328426 (0=126,n=23)
Dsc3 42103 (0=2.5, n=65) 43+03 (0=28,n=72)
Mean number + SE (o, n) ;
PV model middle Control middle
Dp 49,6 £ 5.0 (0=27.2,11=30) 492 +40(0=213,n=29)
Pg 38.7+33 (=163, n=25) 39.94+3.0(0=15.8,n=29)
Dsc3 56403 (0=34,n=132) 46+ 04(0=37,n=91)
Dsel 73£07(0=53, n=51) 5.9 + 0.7 (o= 5.6, n=56)

Dp. 715" £ 1.7 (0=34.7, 1= 443)
Pg 237+ 12(0=16,6,n=188) 245+ 1.1 (0 =158, n=226)
Dsc3 136+ 09 (0=13.7, n=238) 12,1207 (6=12.7, n=288)
Mean + SE (o, n)
PV model middle Control middle
Dp 93.0“‘:1: 2.0(0=40.5, n=423) 68.8 £ 1.5 (0= 32.8, n=484)
Pg 260+08(0=154,n1=348) 245409 (0=16.2, n=302)
Dsc3 8.10+ 050 (0=99, n=387) 9.41 £ 0.66 (=109, n=273)
Dscl 8.36'£0.53 (0= 10,6, n=394) 8.49 £ 0.54 (0 = 10.8, n'=408)
SE, standard error; o, standard deviation; n, number of particles used for the

analysis; apical, between basal and supra basal.
" Significantly different at p < 0.0001.

SE, standard error; o, standard deviation; n, number of desmosomes used for the
analysis; apical, between basal and suprabasal.
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Fig. 4. The ultrastructural localization of the desmosomal components in the PV model mice. (A-F) were from the apical desmosomes in the PV model mice or control. (G and

H) were from the nid-epidermal desmosomes, Bars = 200 nm.

mouse and its control mouse in both the apical and mid-epidermal
desmosomes.

The replication test using another pair of PV model and control
mice showed similar results (data not shown).

4. Discussion

Dp is predicted to form a homodimer containing two globular
end domains joined by a central alpha-helical rod domain [16]. The
C-terminal domain of Dp interacts with intermediate filaments
{17] and the N-terminal domain interacts with Dsc, Pg and Pp1
[18]. On the other hand, Dp cannot bind to Dsg1 or Dsg3 directly,
but it binds indirectly via Pg [19,20] (Fig. 6). The findings in this
study are summarized in Table 5. The number of Pg in the
desmosome was decreased in Dsg3—/— mice and this may indicate
a close relationship between Dsg3 and Pg. The genetic lack of Dsg3
might influence the recruitment of Pg into desmosomes. In
addition, the molecular compensation for Dsg3 by other desmo-
somal cadherins did not occur in terms of the molecular quantity in
the Dsg3—/— mouse desmosomes. This fact further confirms that
the acantholysis seen in the Dsg3—/— mice was due to the fragility
of desmosomes that lack Dsg3. However, the PV model mice did
not show any change in the number of desmosomal components
including Pg. This result indicates that the decrease of Pg does not
play a role in the mechanism of acantholysis in the PV model
mouse.

There was a small but statistically significant shift of Dp in the
intracellular direction in Dsg3—/— mice. In other words, the lack of
Dsg3 influenced the location of Dp although they are not
connected directly. The decreased number of Pg may account
for this phenomenon. Although the number of Dp was not
reduced, Pg, a major ligand of Dp in the attachment plaque, was
decreased and Dp might be dragged toward the cytoplasm.
Otherwise, the small shift of Dp might simply be the result of a
conformational change of the molecule due to the deficiency of its
ligand.

The distribution of Dp in PV model mice was localized much
more distant from the plasma membrane than in Dsg3—/— mice.
From the Dp distribution, there seemed to be two populations of
Dp; a non-shifted group and a shifted group, in the apical
desmosomes. The shift is estimated to be about 100nm
intracellulary from the normal location, which makes the mean
distance 22.7 nm longer than that of the normal control. Because
the PV model mice did not show any change in the number of
desmosomal components, the mechanisms of the large Dp shift in
PV model mice cannot be explained by a decrease of Pg, as in the
Dsg3—/— mice. Autoantibody binding to Dsg3 in PV model mice
should transfer some signals into the cytoplasm and some
intracellular events may occur [21-25]. Therefore, the large shift
of Dp in the PV model mice might possibly suggest the intrinsic
elongation of Dp as a signaling event. However, keratin retraction
from the cell membrane after PV antibody binding 1s a well-known

PV model
Middle

Table 5

A summary of the desmosomal molecular change in the Dsg3—/— and PV model mice in this study.
Dsg3=/[~
Apical Middle

Apical

Changes in molecular amount per desmosome

decreast

Dsgl - -
Dsc3 - -
Dset =

Apical, between basal and supra basal.
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Fig. 5. The distribution of the desmosomal components in the PV model mice and control mouse. The distances between Dp, Pg, Dsc3 and Dscl labels and the plasma
membrane in the PV mode! and the control mouse were plotted. The results from apical desmosomes were shown in the left panels, and those from desmosomes 1n the mid-
epidermis were in the right panels. There were two peaks in the Dp distribution of the apical desmosomes. One major peak was located at a position identical to that observed
1n the control nuce. An additional minor peak was seen at 100 nm more distant from the major peak.

in vitro phenomenon [7]. Retraction of keratin with Dp is observed
at lateral side of basal keratinocytes of the PV model mice [4].
Moreover, a recent report of a model for the disruption of
desmosomes in response to PV autoantibodies showed that the
Dsg3/Pg complex appears to separate from Dp [9]. Therefore, it is
suggested that a large shift of Dp may represent a keratin retraction
reactive to autoantibody binding. The desmosomal molecular
composition was studied in both the apical and mid-epidermal
desmosomes and yielded similar results. Although an apparent
minor peak could not be detected in mid-epidermal desmosomes,
mean distance of Dp shifted to the similar degree. Considering the
fact that the cell separation takes place between the basal and the

suprabasal cells in PV model mice, the shift of Dp alone is not
sufficient to explain the mechanism of acantholysis. A recent study
demonstrates that the human PV 1gG has a direct inhibitory ability
against Dsg3-mediated transinteraction [26]. The functional
blocking of Dsg3 in the apical desmosomes may be important to
explain the cell separation.

In conclusion, this highly detailed EM study detected distinct
molecular changes between Dsg3—/— mice and PV model mice and
indicated that the binding of autoantibodies induced the shift of Dp
from the desmosomal plaque, which could be an early molecular
change before acantholysis occurs under the in vivo conditions of
the PV model mouse,.
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Collagen XVII Participates in Keratinocyte Adhesion
to Collagen 1V, and in p38MAPK-Dependent
Migration and Cell Signaling

Hongjiang Qiao"*3, Akihiko Shibaki®?, Heather A. Long?, Gang Wang?, Qiang Li*, Wataru Nishie?,
Riichiro Abe?, Masashi Akiyama?, Hiroshi Shimizu?® and James R. McMillan'-2

Collagen XVII (COL17) participates in keratinocyte adhesion and possibly migration, as COL17 defects disrupt
keratinocyte-basal lamina adhesion and underlie the disease non-Herlitz junctional epidermolysis bullosa.
Using small interference RNA (siRNA) to knock down COL17 expression in HaCaT cells, we assessed cell
characteristics, including adhesion, migration, and signaling. Control and siRNA-transfected keratinocytes
showed no difference in adhesion on plastic dishes after incubation for 8 hours in serum-free keratinocyte-
growth medium; however, when grown on collagen IV alone or BD matrigel (containing collagen IV and laminin
isoforms), COL17-deficient cells showed significantly reduced adhesion compared with controls (P<0.01), and
mitogen-activated protein kinase (MAPK)/ERK kinase (MEK)1/2 and MAPK showed reduced phosphorylation.
Furthermore, COL17-deficient HaCaT cells plated on plastic exhibited reduced motility that was p38MAPK-
dependent (after addition of the p38MAPK inhibitor SB203580). Together, these results suggest that COL17 has
significantly wider signaling roles than were previously thought, including the involvement of COL17 in
keratinocyte adhesion to collagen IV, in p38MAPK-dependent cell migration, and multiple cell signaling events

pertaining to MEK1/2 phosphorylation.

Journal of Investigative Dermatology (2009) 129, 2288-2295; doi:10.1038/;:d.2009.20; published online 26 February 2009

INTRODUCTION

Collagen XVII (formerly known as BPAG2 or BP180) (COL17)
is a transmembrane protein that plays a critical role in linking
the cytoskeleton and the extracellular environment (Shimizu
et al., 1989; Franzke et al., 2005). It is also an autoantigen in
bullous pemphigoid, a blistering skin disease (Jablonska
et al., 1958; Sams, 1970; Shimizu et al,, 1989). Mutations in
the human COL17 gene, COL17A1, lead to COL17 protein
deficiency, reduced keratinocyte-basement membrane adhe-
sion, and reductions in the size of hemidesmosome (HD)
plagues, involved in epidermal adhesion (McMillan et al.,
1998) (Zillikens and Giudice, 1999). These defects lead to
non-Herlitz junctional epidermolysis bullosa, an autosomal
recessive blistering disease with a variable clinical phenotype
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largely dependent on mutation severity (McGrath et al.,
1995, 1996; Bauer and Lanschuetzer, 2003).

Epidermal keratinocytes expressing defective COL17
show altered basement-membrane adhesion, increased skin
separation (Nakamura et al., 2006; Nishie et al., 2007), and
increased migration rates (Tasanen et al, 2004). COL17-
knockout mice (Nishie et al., 2007) show a similar phenotype
to that of nHJEB patients, including multiple erosions and hair
defects and premature loss of hair (McGrath et al, 1995,
1996; Bauer and Lanschuetzer, 2003).

Regulation of keratinocyte adhesion and migration likely
involves COL17 collagenous ectodomain shedding because
of cleavage close to the plasma membrane of keratinocytes
and malignant epithelial cells (Franzke et al., 2002, 2004;
Labrousse et al., 2002; Zimina et al., 2005, 2007). The shed
ectodomain is thought to regulate attachment by inducing
cell detachment, profoundly affecting cell adhesion and
subsequent signaling, thereby increasing motility, and dis-
rupting differentiation, and it is already known to be involved
in autoimmune disease development (Schumann et al,
2000).

The process of cell migration over the extracellular matrix
plays a critical role not only in maintaining epidermal
homeostasis but also in promoting angiogenesis, and it is
involved in inflammation, embryonic development (Martin
and Parkhurst, 2004), wound repair (Friedl, 2004; Friedl
et al., 2004), and tumor metastasis (Braiman-Wiksman et al.,
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2007; Raja et al, 2007). Central to this process, several
papers have reported that activation of the mitogen-activated
protein kinase (MAPK) pathway leads to transcriptional
control of genes important for cell proliferation and
differentiation (Zhang et al., 2004; Deng et al., 2006; Choma
et al, 2007). However, both growth factor receptors and
integrins can also induce multiple signaling events leading to
MAPK activity and the rapid induction of cell migration,
suggesting that MAPK can lead to direct activation of the
intracellular motility machinery independent of de novo gene
transcription. (Pearson et al.,, 2001; Stoll et al., 2003; Deng
et al., 2006; Fitsialos et al., 2007).

In this study, we analyzed the precise mechanism(s)
whereby COL17 modulates keratinocyte migration under
various physiological and pathological situations to gain a
better understanding of the general role of COL17 in the
regulation of keratinocyte adhesion, signaling activation, and
p38MAPK-dependent migration.

RESULTS

Establishment of COL17-knockdown clones

In an effort to determine whether expression of COL17 in
HaCaT cells can affect cell characteristics such as cell
motility and morphology, we used RNA interference
approaches to knock down COL17 expression. First, HaCaT
cells were transfected using lipofectamine with the plasmid-
based vector pSilencer 3.0-hygro, specific to human COL17
or to green fluorescent protein (GFP), and clones were
selected using 0.4 mg/ml hygromycin. To confirm the extent
of COL17-expression knockdown in subcloned cell lines
(si17-4 and -6; N. C., respectively vs controls), total RNA
and protein were harvested and analyzed by RT-PCR and
western blotting. COL17 gene expression studied by RT-PCR
(Figure 1a) showed a marked reduction in the relative ratio of
COL17 expression to the glyceraldehyde-3-phosphate dehy-
drogenase housekeeping gene internal control. These data
show an approximate fourfold reduction in COL17 message
expression in comparison with the control cells. Western
blotting data showed similar reductions in both mRNA and
protein expression. The blotting results, shown in Figure 1b,
showed a significantly reduced level of COL17 in cells that
had been transfected with the two vectors expressing short
hairpin RNA against COL17 (pSi-COL17). The levels were
significantly lower than those in wild type or control short
hairpin RNA (pSi-GFP) transfected-HaCaT cells, without any
detectable change in f-actin expression. Densitometry
scanning to quantify the western blots revealed the degree
of protein expression to be about 70% of control COL17
protein levels, whereas the siGFP-treated cells failed to show
any significant change in COL17 expression. All cell lines
showed no changes in cell viability compared with wild-type
HaCaT cells (data not shown).

COL17-knockdown HaCaT cells show reduced motility but no
change in adhesion

To study the role of COL17 in the migration of cells plated
onto uncoated plastic dishes, cells were incubated in serum-
free keratinocyte-growth medium at 37°C for 8hours
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Figure 1. Expression of COL17 in HaCaT cell lines and COL17-knockdown
clones by RT-PCR and immunoblot analysis. (a) RT-PCR studies of reference
RT-RNA samples validated decreased expression of COL17 (by approximately
fourfold) in si17-4 and si17-6 cell lines compared with normal and
mock-transfected controls. HaCaT: parental celis; N. C.: GFP sIRNA
vector-transfected HaCaT cells; si17-4 and -6: COL17 siRNA-expressed
clones. Three experiments were performed in duplicate, and values represent
the mean + SE. (b} Confirmation of stable expresston of COL17 in the HaCaT
cell line. The expression of actin was monitored to ensure equivalent loading
and protein transfer.

(calcium concentration at 0.2 or 1.44 mm). Subconfluent cells
were seeded, and after 2 hours the distance (in pm) migrated
by the cells was measured using Image] software (Figure 2a).
Compared with COL17-knockdown clones, HaCaT cells and
negative-control cell line cells migrated approximately 2- to
2.5-fold further during the ensuing 12-hour period (Figure 2b).
The addition of keratinocyte growth factor to the medium
increased the migration rates in control HaCaT cells and
COL17-knockdown cells (Figure 2b). These findings suggest
that untreated or control GFP-transfected HaCaT cells are
more motile than COL17-knockdown cells when plated on
uncoated tissue culture plastic (TCP) dishes. We then
compared the adhesion of HaCaT cells to COL17-knockdown
siRNA-treated HaCaT cells in a short-term adhesion assay on
uncoated dishes. The adhesion of siRNA-treated HaCaT cells
was equivalent to that of HaCaT cells on uncoated dishes
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Figure 2. Cefl migration of control and COL17 knockdown HaCaT-derived
cell lines. (a) Representative cell tracks of control and siRNA-treated cells,
scale bar: 100 um. The distance (in pm) migrated by the cells was measured
using Imagej software. (b) Assessment of total cell migration distance over
12 hours showed that control and GFP-transfected HaCaT cell lines both
showed high migration rates, but the two COL1 7-knockdown cell lines
showed dramatically reduced rates of cell migration (by more than twofold)
on uncoated tissue culture plastic. KGF was added into HaCaT cells and
COL17-knockdown cells as positive control for assessing migration potential.
Three experiments were performed 1 duplicate, and values represent the
mean + SE.

(Figure 3a). Thus, COL17 is involved in regulating normal
migration of HaCaT cells on uncoated TCP dishes, but is not
involved in HaCaT cell attachment to uncoated TCP. To
analyze the role of COL17 in adhesion, cells were plated onto
dishes coated with different proteins, collagen types 1, IV, and
BD-Matrigel. The adhesion of COL17 knockdown HaCaT
cells was significantly reduced (P<0.005) compared with that
of control HaCaT cells on collagen IV and BD-Matrigel-
coated dishes (BD-Matrigel comprises both collagen IV and
multiple laminin isoform chains) (Figure 3a). Furthermore, the
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Figure 3. Cell adhesion and migration assays on collagen {, IV or BD-
matrigel coated dishes. (a) The results showed no differences in adhesion in
the control and COL17-deficient cells on uncoated tissue culture plastic, but
significant reductions in the number of COL17 deficient cells attached
(P<0.005) on collagen IV and BD-Matrigel substrate. Collagen i-coated
dishes showed only minor and statistically insignificant changes in adhesive
cell number between control and COL17-deficient cells. (b) Cell migration
distance was also checked under the same conditions as adhesion. Similar
results were obtained with cells on uncoated plastic dishes with COL17-
knockdown cells showing reduced migration rates on all three substrates
compared with controls. Migration of COL17-knockdown cells showed
slightly larger reductions compared with controls when grown on collagen IV
and BD-Matrigel substrate. Three experiments were performed 1n duplicate,
and values represent the mean + SE.

extent to which adhesion was reduced was roughly equivalent
in both collagen and Matrigel-coated dishes. We surmise that
COL17 is important in cell adhesion to collagen IV, and a
similar effect can be seen with the collagen 1V present in the
BD-Matrigel-coated dishes. However, COL17-depleted cells
showed only marginally weaker binding to collagen | and is
therefore likely to be less important in cultured cell adhesion
to collagen 1. The migration of these cells on different
substrates was also investigated. Similar to the results shown
on uncoated TCP dishes, HaCaT cells and GFP-transfected



control cells migrated approximately twofold farther com-
pared with COL17-knockdown clones over 12 hours when
plated on collagen IV or Matrigel-coated dishes (Figure 3b). In
addition, COL17-knockdown HaCaT cells plated on collagen |
coated dishes showed marginal reductions in motility,
although the difference was not statistically significant.

Activation of MAPK in HaCaT cells

Earlier reports have implicated the involvement of MAPK
activity in cell motility (Stoll et al.,, 2003; Choma et al., 2007;
Fitsialos et al., 2007). We therefore used siRNA-transfected
HaCaT cells to investigate the role of MAPK in COL17-
regulated cell motility. The activation of MAPK was measured
by antiphosphotyrosine immunoblotting. Compared with the
untreated HaCaT cells cultured in keratinocyte-growth med-
ium, siRNA-treated COL17-knockdown HaCaT cells showed
reduced MAPK/ERK kinase (MEK) 1/2 activity (Figure 4). It is
known that activated MEK1/2 can activate p38MAPK (Slack-
Davis et al., 2003; Manohar et al., 2004; Deng et al., 2006),
and this is thought to be important in the regulation of
keratinocyte migration. We therefore examined whether siRNA
treatment downregulates p38MAPK activity in HaCaT kerati-
nocytes (Figure 4). siRNA-induced COL17 knockdown reduced
p38MAPK activity in HaCaT cells. In contrast, the total amount
of both MEK 1/2 and p38MAPK was not changed by siRNA-
induced COL17 knockdown. These results indicate that COL17
knockdown reduced MAPK activity, possibly resulting in
reduced HaCaT cell migration.

MAPK inhibitors inhibit COL17-regulated cell migration but not
adhesion

To further analyze the role of p38MAPK activation in the
control of keratinocyte migration, we next investigated
whether inhibition of the p38MAPK pathways could prevent

Phospho-MEK1/2
MEK1/2
Phospho-p38
" R 1
Sl T 11
° Lasar densitemetry of bands
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Figure 4 Laser densitometry analysis of protein immunoblots from control
and COL17-deficient HaCaT-derived cell lines. Laser densitometry showed
that both phospho-MEK1/2 and phospho-p38 MAPK showed reduced
immunostaining in COL17-deficient cell lines. These results showed that
MEK1/2 and MAP kinase activation is greater in untreated HaCaT cells than in
siRNA COL17-knockdown HaCaT cells. We observed no change in MEK1/2
and p38MAPK, and there was normal staining of equal intensity for the
unphosphorylated forms of MEK1/2 and p38MAPK. The expression of actin
was used as an internal standard foading and protein transfer control.
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the regulation of cell migration by COL17. Pretreatment of
cells with the p38MAPK inhibitor SB 203580 blocked cell
migration in a dose-dependent manner and also blocked the
activation of p38MAP (Figure 5a). The 10um dose was
selected as the lowest optimal dose of SB 203580 to be used
in these inhibition of migration experiments. Pretreatment of
cells with 10pm SB 203580 inhibited cell migration by
approximately 60% compared with untreated cells (Figure
5b). Under identical conditions, adhesion was again mea-
sured and the p38 inhibitor SB 203580 failed to show any
effect on cell adhesion (Figure 5¢). These data show that
MAPK-inhibitors inhibit COL17-dependent cell migration but
not adhesion, and therefore p38MAPK activation is important
for migration but not adhesion in keratinocyte culture
systems.

DISCUSSION

COL17 is a HD component that is involved in
HD-attachment plaque stability and in providing basal-
keratinocyte adhesion to the underlying epidermal basement
membrane and extracellular matrix (McGrath et al., 1995;
McMillan et al.,, 1998; Nishie et al, 2007). Defects in
keratinocyte COL17 expression have marked consequences
on cell behavior, as earlier papers have reported that COL17
deficiency induces a migratory phenotype (Tasanen et al.,
2004; Zimina et al., 2005). In vivo, HDs are associated with
stable keratinocyte anchorage, and conversely, HD disas-
sembly is a prerequisite for keratinocyte migration (De Luca
etal., 1994; Poumay et al., 1994; Raja et al., 2007). Thus, the
integration of COL17 in the keratinocyte attachment complex
represents an important step in the sequence of events
regulating robust keratinocyte adhesion, limiting migration,
and our results show that siRNA COL17 knockdown affects
cell migration and adhesion on collagen IV and Matrigel
substrates. Interestingly, siRNA COL17 knockdown of HaCaT
cells on TCP showed a reduced migratory phenotype that
contradicts other studies. Tasanen et al. reported that
keratinocytes with COL17 null mutations showed increased
cell migration compared with wild-type cells (Tasanen et al.,
2004). However, they studied human junctional epidermo-
lysis bullosa patient keratinocytes with COL17 null mutations
and used laminin 332 (laminin 5)-coated substrates that affect
keratinocyte adhesion in a different manner, and thus explain
the different findings. BD-Matrigel contains mouse laminin
isoforms (including laminin 111, formerly laminin 1, and
likely several other isoforms) and siRNA COL17-depleted
HaCaT cells exhibited reduced adhesion, which may allow
for the more motile environment shown in earlier reports. The
involvement of COL17 in cell migration has been shown
earlier(Tasanen et al., 2004; Parikka et al., 2006; Huilaja
et al., 2007). An optimum level of adhesion strength is
generally thought to be required for cell migration, suggesting
that markedly weak adhesion may also impair proper cell
traction. Similarly, excessive adhesion can also inhibit
motility, and therefore precise and correct control of cell
dysadhesion is required for optimal migration rates. The role
of COL17 in the stabilization of epithelial cells on various
matrices in vitro provides an explanation for the lack of
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Figure 5. SB 203580 inhibits COL17-regulated cell migration but not adhesion. Inhibition of keratinocyte migration by the MAPK inhibitor S8 203580 (a) is
dose-dependent, (b) but does not rely on narmal COL17 levels of expression. Dose response of MAPK inhibitor SB 203580 shows a significant reduction n
keratinocyte motility at levels above 10 um (this value was then used 1n subsequent experiments to determine the role of MAPK in COL17-deficient migration

suppression).
any synergistic effect, and (c)

Both COL17-deficient HaCaT cells and MAPK inhibition using SB 203580 suppressed keratinocyte migration to a similar extent, but (b) without
this inhibitor did not affect adhesion in any cell line. Results of western biotting, which show phosphorylation status of p38 in each

condition, three experiments were performed in duplicate, and values represent the mean + SE.

keratinocyte adhesion to the dermal-epidermal junction in
COL17-deficient nHJEB patients. Indeed, patients lacking
COL17 do exhibit ‘a relatively mild blistering phenotype
because of their lack of robust adhesion to the basal lamina
extracellular matrix components that likely include the
collagens (particularly collagen IV), «6f4 integrin, or laminin
332. COL17 is expressed in the upper part of the outer root
sheath hair follicle keratinocytes (Messenger et al., 1991;
Joubeh et al., 2003) and in ameloblast cells involved in tooth
formation, consistent with nHJEB patients exhibiting asso-
ciated hair and tooth defects. Cell adhesion and migration are
generally thought to be critical for the maintenance of the
keratinocyte hair follicle bulge population and interfollicular
regions, and thus loss of COL17 and subsequent effects on
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cell adhesion, migration, and signaling during the hair cycle
and differentiation in these regions explain the hair loss and
skin thinning observed in nHJEB COL17-deficient patients.
Cell migration requires a complex coordinated interaction
of proteins and signaling events that control important cell
motility events. Our results show that COL17 siRNA knock-
down affects cell migration through the p38MAPK-signaling
pathway. The MAPK pathway influences many cellular
processes, including cell division, gene transcription, and
stress responses. Many papers have reported the role of
MAPK in cell migration, acting on cytoskeletal components
(Osmanagic-Myers et al., 2006; Pullikuth and Catling, 2007).
MAPK signaling events have been shown to be triggered by a
number of different growth factors, cytokines, and integrins,



which influence specific cell migration events. Cellular
transformation by H-Ras or c-Src is also associated with
increased MAPK activity and enhanced cell proliferation, and
migration in neoplasia. The MAPK pathways are involved not
only in cell migration but also in aspects of cell adhesion
(integrin attachment initiates downstream signaling). In this
report, we provide evidence that p38MAPK signaling can
regulate cell migration by directly affecting the migratory
machinery. Blocking p38MAPK activity with a selective
inhibitor resulted in the loss of cell migration, with no
obvious effect on cell adhesion. Our results suggest that
COL17 may be involved in p38MAPK-signaling pathways
during cell migration, but that it is not a prerequisite for
in vitro adhesion, suggesting mutually exclusive p38MAPK-
signaling pathways involving COL17 adhesion and migra-
tion. The precise relationship between COL17 and p38MAPK
in cell migration is not yet clear: whether it is a direct
interaction or acts through other secondary factors. The
MAPK' pathway cross talks with many different signaling
pathways to regulate cellular activities and likewise other
signaling molecules can influence upstream and downstream
targets of the p38MAPK pathway, which allows fine control
of specific cellular activities. With ongoing investigation, the
interactions of p38MAPK and COL17 with other signaling
pathways can be clarified.

A further important finding was that cells with normal
levels of COL17 showed higher rates of adhesion to collagen
IV or BD-Matrigel (comprising mouse laminin isoforms and
collagen IV) than to collagen | or plastic in comparison. From
our data, we hypothesize that COL17 may play a specific role
in collagen IV adhesion, albeit with weaker association in
comparison to laminin 332-integrin «6P4 adhesive interac-
tion. Such interactions fit with the clinically milder pheno-
type observed in non-Herlitz junctional epidermolysis
bullosa human patients and mouse models.

Taken together, our data suggest that keratinocyte adhe-
sion and migration are differentially regulated. This is the
case as many different adherent cell types do not migrate
without prior specific cytokine or growth factor stimulation.
Earlier studies have shown that MAPK activity is critical for
transcriptional gene events leading to cell proliferation and
differentiation, which may explain how COL17 and MAPK
activation can independently influence cell movement on
different extracellular matrices during tissue remodeling, as
well as tumor cell invasion. Our findings suggest that COL17
is important in keratinocyte adhesion and in relaying signals
from the extracellular matrix to the internal signaling
apparatus during cell migration.

MATERIALS AND METHODS

Cell culture and establishment of stable cell lines

The HaCaT cell line (Boukamp et al, 1990), a spontaneously
transformed but non-malignant human keratinocyte cell line, was
used in this study. The cells were cultured at 37°C in a 5% CO,
humidified atmosphere in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal calf serum (Gibco BRL, Gaithersburg,
MD). HaCaT cells were passaged overnight at a concentration of
5x 10%ml to 1 x 10%ml, in 6-well plates under standard conditions.
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Fifteen-minutes before transfection, the medium was changed to
OPTI-MEM (Gibco Invitrogen, Carlsbad, CA) quiescent medium
(without fetal calf serum ). Transfections were carried out using
Lipofectamine transfection reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Four hours after
transfection, medium containing 10% fetal calf serum was added.
Two stable monoclonal lines from the single cell of siRNA
expression vector transfectants (si17-4, si17-6) were established
after medium treatment with 0.3 mg/ml hygromycin (Wako, Osaka,
Japan) for 7 days, using limiting dilution methods. The relative
reduction in COL17 expression by siRNA was analyzed by
immunoblotting cell culture extracts and RT-PCR.

RNA interference (1)

We designed small interference siRNA nucleotides to knock down
COL17 expression as described in the manufacturer’s technical
information (Ambion, Austin, TX). A set of 19-mer oligonucleotides
(AAGTATTGCTGTCAAGCCGTQ), corresponding to 4,642 nucleo-
tides downstream of the transcription start site, was selected. We
confirmed that the selected oligonucleotide sets failed to show
homology to any other genes by BLAST searching and that they
would not therefore interfere with other genes. The oligonucleotides
were synthesized and column purified. The 19-mer sense siRNA
sequence and antisense siRNA sequences were linked with a nine
nucleotide spacer (TTCAAGAGA) loop. Six T bases and 6 A bases
were added as a termination signal to the 3’ end of the forward
oligonucleotides and the 5’ end of the reverse oligonucleotides,
respectively. Five nucleotides corresponding to the Bam HI (GATCC)
and Hind Ilt (AGCTT) restriction sites were then added to the 5' end
of the forward oligonucleotides and the 3’ end of the reverse
oligonucleotides, respectively. Forward and reverse oligonucleotides
were incubated in annealing buffer (100mm K-acetate, 30mm
HEPESKOH (pH 7.4), and 2 mm Mg-acetate) for 3 minutes at 90 °C,
followed by incubation for 1hour at 37°C. The annealed DNA
fragment was ligated with the linearized pSilencer 3.1-H1 hygro
siRNA plasmid expression vector (Ambion) at the Bam Hi and Hind
1 sites, and a COL17 siRNA vector (pSi-COL17) was thus
constructed. A negative-control siRNA vector (pSi-GFP) that targeted
using an unrelated (non-specific) GFP c¢DNA sequence
5-GGTTATGTACAGGAACGCA-3’ that had no matches to any
human gene was also prepared under similar conditions,

RNA extraction and quantification using RT-PCR

Total RNA was extracted from HaCaT cells using TRizol (Invitrogen,
Burlington, ON, Canada). RNA was dissolved in 30 DEPC-H,O and
immediately stored at —70 °C. The concentration and purity of RNA
were evaluated by measuring the absorbance at 260nm, and by
calculating the ratio of absorbance at 260-280nm using a UV
spectrophotometer (Ultrospec-3000 spectrophotometer, Pharmacia
Biotech, UK). RT-PCR analysis for COL17 was performed on RNA
extracts using ABI prism 7500 (Applied Biosystems, Foster City, CA)
and the 5’exonuclease assay (TagMan technology). The cDNA was
used for RT-PCR performed in 96-well optical reaction plates with
cDNA equivalent to 30 ng RNA in a reaction of 25 pl containing 1X
Tagman Universal Master Mix, 900nm of specific forward and
reverse primer for COL17. Controls included RNA subjected to
RT-PCR without reverse transcriptase and PCR with water replacing
cDNA template. The data were normalized using glyceraldehyde-3-
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phosphate dehydrogenase mRNA expression levels as an internal
standard, and converted into fold change on the basis of a doubling
of PCR product in each PCR cycle, according to the manufacturer’s
guidelines described earlier.

Analysis of migration assay

The effects of COL17 on cell migration were studied using 3 cm
plastic coated dishes. HaCaT cells were incubated in serum-free
keratinocyte growth medium (Cambrex, Walkersville, MD) at 37 °C
for 8 hours. HaCaT cells in logarithmic-growth phase were detached
using trypsin-EDTA. In all, 3,000 celis were seeded in 3 cm TCP
dishes and further cultured at 37°C in a 5% CO, humidified
atmosphere in serum-free DMEM. Migrating cells were photo-
graphed every 5minutes using time-lapse video (Olympus DP70,
Tokyo, Japan) from 2-14 hours after plating. The distance migrated
by 40 cells over 12 hours was later measured using Image] software
{McMillan et al., 2007). To analyze the migration on dishes coated
with different proteins, 50 ul cell matrix type | (2.4 mg/ml), type IV
collagens (2.4 mg/ml) (Nitta Gelatin, Osaka, Japan), and 504l BD
Matrigel (10.0-12.0mg/ml) (BD Bioscience, San Jose, CA) were
coated on petri dishes according to the manufacturer’s protocol.
After drying, multiwell tissue culture plates were washed in serum-
free DMEM and then used immediately for cell migration assays. For
MAPK inhibition experiments, a p38MAPK specific inhibitor (SB
203580) (Hornby, ON, Canada) was purchased from Calbiochem
and used at a final concentration of 10 um after dose optimization,
and was added to serum-free medium. At the same time, 0.5 nm
keratinocyte growth factor (NIBSC, Hertfordshire, UK) was used as
positive control for migration assays (Ceccarelli et al., 2007).

Cell adhesion assays

To analyze adhesion, 96-well plates were used. Wells were rinsed
with phosphate-buffered saline (PBS) and blocked with 0.1% BSA in
PBS for 30 minutes before use. HaCaT cells in serum-free DMEM
containing 0.1% BSA were seeded at a concentration of 5 x 10*
cells/well. After 1 hour at 37 °C, cells were rinsed twice with PBS,
fixed for 10 minutes at room temperature in 70% ethanol, rinsed
again with PBS and stained in 0.1% crystal violet (Tokyo Chemical
industry, Tokyo, Japan), and kept in water for 30 minutes at room
temperature. After staining, cells were rinsed 3 times with water, air
dried, and solubilized in 1% SDS in PBS, and the OD color read with
an ELISA-plate reader (Mithras LB 940, Berthold Inc., Tokyo, Japan)
at 570nm. A blank value corresponding to BSA-coated wells was
automatically subtracted. To analyze adhesion on dishes coated with
different proteins, cell matrix type | and type IV collagens,
BD-Matrigel was coated to the dishes using the same method as
described above. After drying, multiwell tissue culture plates were
washed in serum-free DMEM, then immediately used for cell
adhesion assays as described above.

Activation of MEK1/2 and p38MAPK

Cells were incubated in serum-free keratinocyte-growth medium at
37°C for 8hours. Cells were solubilized in SDS-sample buffer
(40 mm Tris-HCl, pH 7.4, 5% 2ME, 2% SDS, 0.05% bromphenol
blue), and the cell extracts were subjected to western immunoblot-
ting analyses using either anti-phospho-MEK1/2 antibody (166F8) or
anti-phospho-p38MAPK antibody (12F8), which selectively recog-
nizes the activated forms of MEK1/2 (phosphorylated Ser 221) or
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p38MAPKs (phosphorylated Thr180/Tyr182), respectively. To detect
MEK1/2 or p38MAPKs, anti-MEK1/2 antibody or anti-p38MAPK
antibody was used. All of these antibodies were purchased from Cell
Signaling (Danvers, MA). Actin was used as the loading control to
account for equal protein loading for each blot lane. For these
experiments, equal amounts of cell extract (> 50 mg of total proteins)
were resolved on an SDS polyacrylamide gel, transferred to a
nitrocellulose membrane (Bio-Rad Laboratories, inc., Tokyo, Japan),
and immunoblotted with corresponding antibodies. The results were
visualized by a horseradish-peroxidase-conjugated secondary anti-
body.

Immunoblotting analysis

Total cell cultures were extracted using lysis buffer as described
earlier. Cell lysates were analyzed by SDS-polyacrylamide gel
electrophoresis and blotted as described earlier, using goat anti-
COL17 (N-18) polyclonal antibody (Santa Cruz, CA), anti-MEK1/2
monoclonal antibody, and anti-phospho-MEK1/2, anti-p38MAPK
and phospho-p38MAPK (Cell Signaling, Danvers, MA), and anti--
actin monoclonal antibody (Chemicon, Temecula, CA). The bound
primary antibodies on membranes were incubated with peroxidase-
conjugated anti-mouse 1gG+M (Jackson ImmunoResearch
Lab., West Grove, PA) or anti-goat 1gG (R&D Systems, Inc.,
Minneapolis, MN) and detected by enhanced chemiluminesence
western blotting detection reagents (Amersham Biosciences, Amer-
sham, UK). Band images were detected by an LAS 1000 mini system
(Fuji Film, Kanagawa, Japan). '

Statistical analysis

The data shown represent mean values of at least three different
experiments, expressed as mean £ SE. Student’s t-test was used to
compare the data, and a P-value of <0.05 was considered to be
statistically significant.
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Recessive dystrophic epidermolysis bullosa (RDEB) is
a severe hereditary bullous disease caused by muta-
tions in COL741, which encodes type VII collagen
(COLY). Col7al knockout mice (COL7™~/7) exhibit a
severe RDEB phenotype and die within a few days
after birth. Toward developing novel approaches for
treating patients with RDEB, we attempted to rescue
COL7™~/~ mice by introducing human COL7AI cDNA.
We first generated transgenic mice that express hu-
man COL7A1 c¢DNA specifically in either epidermal
keratinocytes or dermal fibroblasts. We then per-
formed transgenic rescue experiments by crossing
these transgenic mice with COL7™"/~ heterozygous
mice. Surprisingly, human COL7 expressed by kera-
tinocytes or by fibroblasts was able to rescue all of
the abnormal phenotypic manifestations of the
COL7™ ™/~ mice, indicating that fibroblasts as well as
keratinocytes are potential targets for RDEB gene
therapy. Furthermore, we generated transgenic mice
with a premature termination codon expressing trun-
cated COL7 protein and performed the same rescue
experiments. Notably, the COL7™ /" mice rescued
with the human COL741 allele were able to survive
despite demonstrating clinical manifestations very
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similar to those of human RDEB, indicating that we
were able to generate surviving animal models of RDEB
with a mutated human COL7AI gene. This model has
great potential for future research into the pathomecha-
nisms of dystrophic epidermolysis bullosa and the de-
velopment of gene therapies for patients with dystrophic
epidermolysis bullosa. (4m J Patbol 2009, 175:2508-2517;

DOI: 10.2353/ajpath.2009.090347)

Dystrophic epidermolysis bullosa (DEB) is clinically char-
acterized by mucocutaneous blistering n response to
minor trauma, followed by scarring and nail dystrophy
The blistering occurs along the epidermal basement
membrane zone (BMZ) just beneath the lamina densa at
the level of the anchoring fibrils The inheritance of DEB
can be autosomal dominant (DDEB) or autosomal reces-
sive (RDEB), each comprising subtypes of different clin-
ical presentations and severities ' Both DDEB and RDEB
are known to be caused by mutations in the COL7A7
gene encoding type VI collagen (COL7), the major com-
ponent of anchoring fibrils.?2 The most severe RDEB sub-
type, the Hallopeau-Siemens subtype, shows a complete
lack of expression of type Vi collagen, whereas a less
severe RDEB subtype, the non-Hallopeau-Siemens sub-
type, shows some collagen expression The clinical fea-
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tures of DDEB are, in general, milder than those of RDEB
and tend to improve with age The molecular mecha-
nisms of DEB have been thoroughly investigated, and
precise diagnosis and estimation of prognosis is now
possible There is no specific treatment for different forms
of DEB, and the current focus of research is to develop
more effective treatments for this group of blistering
disorders

Corrective gene therapy whereby normal COL7 is in-
troduced into the patients’ cells, has great potenta!l as a
treatment for DEB However, several obstacles must be
overcome before its clinical therapeutic application. First,
there have been no useful DEB animal models that re-
produce the human mutated gene for experiments Al-
though COL7 knockout mice have been generated, most
of such mice die within a few days of birth, and none
survive more than 2 weeks 3 A surviving DEB mouse that
was reported recently was the DEB hypomorphic mouse
mode! * These mice, which had about 10% of the normal
mouse COL7, did not show the abnormal form and func-
tion of anchoring fibrils seen in human patients of RDEB.
Second, no studies have examined in detail whether the
introduction of the human COL7 gene into DEB mouse
cells can rescue the DEB phenotype without causing
adverse effects in a living DEB model Third, there is
controversy over which cells may serve as optimal tar-
gets in gene therapies for DEB Several studies have
targeted keratinocytes, because the cells that secrete
COL7 are mainly keratinocytes and to a lesser extent
fibroblasts.> However, we and others have recently re-
ported that injection of gene-transferred fibroblasts into
the skin can efficiently restore COL7 expression in the
dermal-epidermal junction in vitro -8 Furthermore, intra-
dermal injection of allogeneic fibroblasts into skin of pa-
tients with RDEB skin was shown to result in enhanced
COL7 expression in selected patients ® Therefore, we
need to compare keratinocytes and fibroblasts to clarify
their efficacy as target cells in an in vivo model system
of RDEB.

To address these issues, we generated transgenic
mice with human COL7A7 under different promoters
and performed transgenic rescue experiments on the
Col7a1™ '~ background using those transgenic mice.
Furthermore, to develop a DEB model that accurately
reproduces human DEB not only in terms of clinical man-
ifestations but also in terms of gene mutation, we also
introduced a mutated human COL7A7 gene into this
mouse model system and created human mutant gene-
expressing rescued mice corresponding to the surviving
animal of DEB Our results advance our understanding of
the function and biology of COL7

Materials and Methods

Generation of Transgenic Mice

Human full-length COL7A1 cDNA was constructed from
several overlapping cONA clones (Sawamura et al,
2002) We used a pCMVp expression vector (Invitrogen,
Carlsbad, CA) that contained the cytomegalovirus (CMV)
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COL7AT mRNA expression by RT-PCR analvsis Molecubar weight marhers
(M) are a 100-bp DNA fadder C: Eapression of COL7 was also mvestigated
hy Western blot analysis using ant-human monodonal anubody LH7 2
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promoter, the simian virus 40 (SV40) splice donor/splice
acceptor site, the lacZ gene, and the SV40 polyadenyla-
tion signal We selected human keratin 14 (K14),"° the
mouse pro-a 2 chain of type | collagen (col1a2),'! or the
CMV promoter for epidermis-specific, dermis-specific, or
ubiquitous expression of the transgene, respectively. We
first modified pCMVg by replacing LacZ with human full-
length COL7A7T cDNA, and the CMV promoter with the
human K14 or the mouse col1a2 gene Finally, we pro-
duced three COL7A7 constructs for transgenic mice (Fig-
ure 1A). They were digested with appropriate restriction
enzymes, purified, and introduced into BDF1 oocytes,
which were subsequently transplanted into the recipient
mice Founders were bred to wild-type C57BL/6 females
To confirm germine transmission, PCR analyses on
genomic DNA were performed (forward, 5'-CTCAGTG-
GATGTTGCCTTT-3'; reverse, 5-TAAGAACACAATGT-
CAGCGG-3') using specific primers and the following
thermal cycling parameters: 94°C for 5 minutes, 94°C for
45 seconds, and 56°C for 45 seconds, followed by 35
cycles at 72°C for 45 seconds and 72°C for 7 minutes
The transgenic (Tg) mice with K14, col1a2, and CMV
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Table 1. Summary of the Genetically Engneered Mice Involved in ‘This Study
Mouse Genotype Phenotype

coL7m/- Knockout mouse with targeted disruption of the mouse Col7a7 encoding RDEB (severe disease
mouse type Vi collagen phenotype)

coL7m+- Col7a1 heterozygous knockout mouse Chlinically normal

COL7KI4h~ Transgenic mouse with human COL7AT driven by the human K14 promoter Clinically normal

COLyeott-n+ Transgenic mouse with human COL7AT driven by the promoter of the gene Clinically normal
encoding mouse pro-a 2 chain of type ! collagen

COL7CMv-h+ Transgenic mouse with human COL7AT driven by the ubiquitous CMV promoter - Clinically normal

COL7m'—/—, K14-h~
oter

COL?m—I—, coti-h + prom
chain of type | collagen promoter

COL7™—— OMV-h+  Co17a7 knockout mouse rescued by human COL7AT with the CMV promoter

Transgenic mouse with mutated human type Vi collagen with 7528delG
mutation under the human K14 promoter

COL7™{— K14-ah+  0ni7a1 knockout mouse with the mutated human type Vil collagen with

COL7KI4~Ah+

7528delG

Col7a1 knockout mouse rescued by human COL7AT with the human K14

Col7al knockout mouse rescued by human COL7AT with the mouse pro-a 2

Chinmically normal
Clinically normal

Chmically normal
Chinicaily normal

RDEB {moderate disease
phenotype)

Kis-ht

promoters were designated as K14Tg mice (COL7 ),
colia2Tg mice (COL7°°"M'), and CMVTg mice
(COL7SMV-M) respectively (Table 1).

Transgenic Rescue Experiment

Transgenic mice with different promoters (COL7*'*™"",
COL7%9-P* and COL7°MV-"*) were crossbred to het-
erozygous col7al knackout mouse (COL7™ *=y gener-
ated by Heinonen et al® to create heterozygous mice
carrying human COL7AT cDNA. Then these mice were
mated again with COL7™*/" mice to obtain a mouse
that harbored the human COL7 gene in a col7al knock-
out background The resulting transgenic rescue mice,
each with either the K14, col1a2, or CMV promoter,
were, respectively, designated as COL7™ /7 <14+,
COL7™~/m cotht and COL7™~/~ CMVh* (Table 1)
The rescued mice (COL7™~/= Ki4h+ CcOLym~/- colthr,
and COL7™~ /= EMV-h vy were analyzed by histopatho-
jogical, immunofluorescence, and immunoblot analy-
ses as described below. Whole-skin samples from the
rescued mice were used for the immunoblot analysis

RT-PCR and Western Blot Analysis

Mouse skin was obtained from the back of each mouse
and incubated with 10 mg/m! dispase for 8 hours at 4°C
to separate the epidermis and dermis The epidermal and
dermal sheets were minced, and total RNA was extracted
using an RNeasy RNA extraction kit (Qiagen, Hilden,
Germany) The cDNA was synthesized with the Super-
Script First-Strand Synthesis System for RT-PCR (Invitro-
gen, Grand Island, NY) and subjected to PCR, using
specific primers (forward, 5'-CTCAGTGGATGTTGC-
CTTTA-3"; reverse, 5-TAAGAACACAATGTCAGCGG-3')
and the following thermal cycling parameters: 94°C for 5
minutes, 94°C for 1 minute, and 56°C for 1 minute; fol-
lowed by 35 cycles at 72°C for 1 minute and 72°C for 7
minutes

For Western blot analysis, the epidermal and dermal
sheets were mixed with a protease inhibitor cocktail (Sigma-
Aldrich, St Louis, MO), homogenized, and centrifuged at

15,000 X g The supernatant of each sample was sepa-
rated on a 5% polyacrylamide gel under reducing con-
ditions. Immunoblotting analysis was performed by incu-
bation with the LH7.2 monoclonal antibody (1.1000) for
18 hours at 4°C and then with secondary goat anti-mouse
igG antibodies conjugated with peroxidase (1.2000) for 1
hour at 37°C. The resultant complexes were processed
using the Phototope HRP Western Blot Detection System
(Cell Signaling Technology, Beverly, MA) according to
the manufacturer’s protocol

Histopathological, Immunofiuorescence,
Ultrastructural, and Immunoelectron
Microscopic Analyses

Mouse skin samples were fixed in 10% formalin neutral
buffer solution for paraffin embedding or were immedi-
ately frozen in OCT compound and stored at —80°C.
Paraffin-embedded sections were cut to 5 pm and
stained with H&E solution Alternatively, the LH7 2
monoclonal antibody against the NC-1 amino-terminal
domain of COL7 (Chemicon, Temecula, CA) was used
for immunofluorescence staining on frozen sections
from tissue samples embedded in OCT compound
The bound antibodies were detected with fluorescein
isothiocyanate-conjugated goat anti-mouse IgG anti-
body (Jackson ImmunoResearch Laboratories, Inc,
West Grove, PA). Nuclear counterstaining with pro-
pidium iodide was performed in some immunofluores-
cence labeling experiments

For electron microscopic examination, skin specimens
were fixed in 5% glutaraldehyde, postfixed in 1% osmium
tetroxide, and stained en block in uranyl acetate They
were dehydrated in a graded ethanol series and embed-
ded in Araldite 6005. Ultrathin sections were cut and
stained with uranyl acetate and lead citrate The sections
were examined with a transmission electron microscope
(H-7100; Hitachi, Tokyo, Japan) at 75 kV For semiquan-
titative morphometric analysis, the number of anchoring
fibrils on electron micrographs was counted and the
number of anchoring fibrils per unit length of lamina



densa was estimated as number of anchoring fibrils/1 um
of lamina densa Minimal anchoring fibril features re-
quired for quantification were the presence of an arch
structure of fibrils inserted into the dermis from the lamina
densa Twenty electron microscopic sections were exam-
ined for each mouse line. For immunoelectron micro-
scopic analysis, skin samples were cryofixed with liquid
propane cooled with nitrogen, cryosubstituted at —80°C,
and low temperature-embedded at —60°C in Lowicryl
K11M resin before undergoing UV polymerization Uttra-
thin sections were cut to 90 nm thickness The LH7 2
monoclonal antibody was used as the primary antibody,
and then a goat anti-rabbit IgG 10-nm gold-conjugated
secondary antibody was used (Amersham, Poole, UK)
The sections were stained with uranyl acetate and lead
crirate and examined with a transmission electron
microscope

Transgenic Rescue Experiment with the Human
Mutated Gene

We generated a full-length human COL7A7 cDNA con-
taining the ¢.7528delG mutation and replaced the nor-
mal human COL7A7 cDNA K14 promoter construct
(Figure 1A) with the human mutated COL7A7 cDNA
(c 7528delG) The guanine at 7528 is at the end of the
collagenous domain of COL7, and the mutation creates a
premature stop codon at 18 bp downstream. The ex-
pressed protein is a truncated COL7 lacking the NC-2
domain at the C terminus. Using the same techniques as
described above, we produced transgenic mice by mi-
croinjection, screening PCR, and germline transmission
The transgenic mice (COL7"'*2"*) were crossbred to
heterozygous col7a7 knockout mouse (COL7™/~). Then
these mice (COL7™*/~ K14-8h+) were intercrossed to ob-
tain a mouse that harbored the mutated human COL7
gene in a col7al knockout background (Table 1) The
rescued mice (COL7™™/~ '4-4" 1y were analyzed by his-
topathological, immunofiuorescence, and immunoblot
analyses as described above

Results

Generation of Transgenic Mice Showing
Keratinocyte- or Fibroblast-Targeted Expression
of Human COL7

To allow selective expresston of human COL7A7 in epi-
dermal keratinocytes or in dermal fibroblasts, we used
human K14 and mouse col1a2 promoters, which have
been shown to specify epidermal and dermal expression
in mice, respectively " The mice with K14 or col1a?
promoters were designated as K14Tg mice (COL7K4h+)
and col1a2Tg mice (COL7°?""""*) respectively (Figure
1A). In addition, the ubigutous CMV promoter was used
o generate transgenic mice with both epidermal and
dermal expression (CMVTg mice: COL7CMY™M*) (Figure
1A) To demonstrate tissue-specific expression, we ob-
tained epidermis and dermis from the mice and deter-
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Figure 2. Both epidernms- and demus-targeted transgene products of hu-
man COL™ molecules were preusely localized i the dermoepidermal junc-
uon n the transgenic nuce  Immunofluorescence staming with the ant-
human COL7 monoclonal anthody  LH7 2 showed o human COL?
mmunolabeling in the dermoepidermal junction of the wild-type mouse skin
(A and B) Skin samples from all three transgenic mouse lines (heratimogvie-
targeted K14Tg mice (COL7N! ™M) (C and D) fibioblast-targeted <ol 1a2Tg
e (COLT™M) (E and F). and CMVYTg muce with ubiquious COL?
expression (COL7MY™M 1) (G and HY showed human COL7 Tineas stanmg at
the epidermal BMZ (white arrowheads) COL7R '™ mouse shin res ealed
addiondl punctate stammg 1 epidenma ketatnocytes, and COL7 @+
mouse shin showed addinonal diftuse stuning in dermal Biohlasts Doned lines
demarcate the skin surface Left column (A, C, E, und G), low-power view, right
column (B, D, F, and H), high-power view Human COL7 mmunolabeling
green (uorescen sothiocyanate), nuclear stun, red (propidium idide) Scale
bars = 30 pm

mined COL7AT mRNA expression by RT-PCR analysis
using primers specific for human transcripts The resuits
show that COL7%"*"* mice COL7A7 mRNA expression s
restricted to the epidermis and mRNA expression of
COL7AT in COL7°°""""* mice is restricted to the dermis
Expression of epidermal and dermal COL7AT mRNA was
detected in COL7MY""* mice (Figure 1B) Western blot
analysis also shows epidermal or dermal expression
mostly consistent with the specific promoters, except for
a weak COL7 band detected in the dermal component
from COL7¥""* mice (Figure 1C) A smali amount of
COL7 secreted by epidermal keratinocytes moves into
the dermal side The weak COL7 band in the dermal
component from COL7"**"* mice probably reflects the
translocated COL7 peptides

Immunofluorescence study using LH7 2 anti-human
COL7 monoclonal antibody showed the linear epidermal




