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Figure 1 Schematic diagram showing the structure of laminin 5 and 10 chains and the position of two antibody binding sites in the o3 chain
G1 domain (BM165) and the carboxyl terminal half of the a5 chain (4C7). This schematic diagram is not drawn to scale and does not include any
a3 chain splice variants of laminin 5 (a3 B3 y2). The antibody BM165 binds to the first globular (G1) domain of the a3 chain of laminins 5/6
(McMillan et al. 2003b), whereas the antibody 4C7 binds to the carboxyl terminal half end of the o5 chain (present in both laminins 10 and 11).

(Pouliot et al. 2002). However, in certain non-epithelial
cells, the integrins a3B1, a6B1, and a6p4 and o dys-
troglycan are expressed and have been identified as
possible laminin 10/11 receptors (Kikkawa et al. 1998,
2000; Yu and Talts 2003).

Antibodies are now available that recognize spe-
cific laminin chains and provide new tools to investigate
the structure of the epidermal basement membrane.
These antibodies include 4C7 (Engvall et al. 1990;
Tiger et al. 1997) that recognizes a carboxyl terminal
domain of the human a5 chain of laminins 10 (a5 B1
v1, see Figure 1) and 11 (a5 B2 y1). This antibody
blocks the epitope involved in neurite cell adhesion to
the laminin oS chain (Engvall et al. 1986; Makino et al.
2002). Further laminin-specific antibodies to B and vy
chains include 2E8 (recognizing the B1 chain (Engvall
et al. 1986), D18 (y1) (Sanes et al. 1990), and C4 (82)
(Hunter et al. 1989).

To better understand the position and possible
functions of epidermal molecules, we examined the pre-
cise localization of the «5, B1, B2, and y1 laminin
chains and collagen IV in the interfollicular and fol-
licular epidermal basement membrane. In addition,
the expression of laminin chains was also assessed in a
range of epidermolysis bullosa (EB) patients’ skin har-
boring defects in several basement membrane com-
ponents, including laminin 5. We have quantitatively
analyzed and compared the localizations of laminin a5,
B1, B2, and y1 chains with that of laminin 5 («3 33 v2)
from our previously published data (McMillan et al.
2003b) and collagen IV. Comparison of o5, B1, B2,
and 1 chain expression with laminin 5, a well-studied
HD-associated isoform, will determine a more precise
localization for these laminin isoforms. Our data sup-

port the hypothesis that multiple laminin isoforms
colocalize beneath HDs in normal and diseased epi-
dermal basement membranes.

Materials and Methods
Skin Samples

Samples of adult and neonatal control skin from non-spe
cialized sites (abdomen, arm, thigh, #=8; and scalp skin, #=2)
were obtained from routine surgical procedures. Skin samples
were frozen for cryostat sectioning or processed for post-
embedding immunogold electron microscopy (IEM) as de-
scribed below. In all cases, the biopsies were performed with
the patient’s or guardian’s informed consent, with the relevant
institutional approval for experiments handling human mate-
rial, and in accordance with the Helsinki Declaration.

Skin samples from patients affected with a group of rare
genodermatoses, EB, were included in this study (n=15, see
Table 1). Details of the number of patients for each EB disease
subtype, their age at biopsy, details of any identified muta-
tions, or significant results of diagnostic antibody staining are
listed, in addition to the results of their laminin antibody
staining findings (see Table 1). Four Herlitz junctional (HJ)
EB patients harbored laminin-$ chain mutations that were
reported in the literature (Takizawa et al. 1998a—d). In one EB
simplex associated with muscular dystrophy (EBS-MD) patient,
genetic defects have been reported (Pulkkinen et al. 1996).

Confocal Immunofluorescence Microscopy

Indirect immunofluorescence was performed as previously
described (Kennedy et al. 1985) using cryostat skin sections.
Laminin chain expression was confirmed in control skin using
the following antibodies: 4C7 recognizing the human of
chain (see Figure 1) present in laminins 10 and 11 {dilution
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Table 1 Comparison of laminin 5 and laminin 10 expression in patients with various forms of epidermolysis bullosa

EB disease Deficient Laminin-5 vy3 chain Laminin-10 o5 chain
subtype protein Patients’ sex, age, mutation, and staining details GB3 expression 4C7 expression
Control (5) Normal M/31 years, 33 years, 41 years, 45 years, F/15 years +4+ +++
HJEB (6) Laminin 5 M/1 month, W610X/Q166X LAMB3 - +/++

F/9 months, 1997-2A>C (homozygous, LAMB3)

F/1 month, Q936X LAMB3

M/1 month, 1929delCA/W610X LAMB3

F/2 months, M/1 month, laminin-5 negative (GB3 moAb)
NHJEB (2} Laminin 5 M/12 years, M/5 years, laminin-5 reduced (GB3 moAb) + +++
NHJEB (2) Collagen XVIi M/21 years, F/35 years, G252X collagen XVII negative +4++ +4++

(233, 1A8C moAb)

SRDEB (2) Collagen Vil M/7 years, M/1 year, collagen VIl negative (LH7:2 moAb) +4++ +++
JEB-PA/PA-EBS (1) Integrin o634 F/1 month, a6p4 integrin negative (3E1,GOH3 moAb) +++ +++
EBS-MD (2) Plectin M/27 years, M/9 years, plectin negative (HD1-121 moAb) + 4+ +++

EB, epidermolysis bullosa; HJEB, Herlitz junction epidermolysis bullosa; NHJEB, non-Herlitz junctional epidermolysis bullosa; SRDEB, severe recessive dystrophic
epidermolysis bullosa; JEB-PA, junctional epidermolysis bullosa associated with pyloric atresia; which is also known as EBS-PA, epidermolysis bullosa associated with
pyloric atresia. +++, normal, bright staining pattern along dermal-epidermal junction; ++, reduced dermal-epidermal junction staining compared to controls;
+, severely reduced dermal-epidermal junction staining compared to controls; —, absent dermal-epidermal junction staining compared to controls.

1:25; Chemicon International, Temecula, CA) (Engvall et al.
1990; Tiger et al. 1997). The monoclonal antibody 2E8 recog-
nizing the B1 chain (neat) (Engvall et al. 1986), the monoclo-
nal antibody D18 that recognizes the y1 chain (see Figure 1)
{neat) (Sanes et al. 1990), and an antibody C4 to the B2 chain
(see Figure 1) (used neat) (Hunter et al. 1989) were also
included. The antibodies 2E8, D18, and C4 were obtained
from the Developmental Studies Hybridoma Bank, University
of Iowa (lowa City, IA). The mouse monoclonal M3F7
recognizing the helical domain of the al and a2 chains of
collagen IV (used neat) (Foellmer et al. 1983) was also ob-
tained from the Developmental Studies Hybridoma Bank.
Laminin-S antibodies included the mouse monoclonal BM165
directed against the laminin-$ a3 chain terminal first globular
(G1) domain (see Figure 1) (diluted 1:50) (Marinkovich MP,
unpublished data) (McMillan et al. 2003b); K140 directed
against the laminin-5 B3 chain adjacent to domain IV; GB3
directed against the laminin-5 y2 chain (Harlan Sera Lab;
Loughborough, UK); and a rabbit polyclonal serum directed
against the entire laminin-5 molecule (1:200) (McMillan et al.
2003b). The melanocyte marker antibody TMH-1 recognized
the b-locus protein (rat antibody, 1:10 dilution) and was
previously described by Masunaga et al. (1996).

Epidermal sections were fixed in cold acetone (—20C) for
10 min and incubated with 5% normal rabbit sera in 0.1 M
Dulbecco’s PBS for 5 min at 37C. Sections were incubated
with primary antibodies and subsequently with secondary
antibodies conjugated to fluorescein isothiocyanate or Texas
Red (FITC; rabbit anti-mouse IgG or goat anti-rabbit IgG,
1:200; DAKO, Tokyo, Japan; Texas Red conjugated donkey
anti-rabbit; Amersham, UK). To label TMH-1, a preabsorbed
cyanine (CYS$)-conjugated goat anti-rat antibody was used
{Jackson ImmunoResearch; West Grove, PA). All secondary
antibodies were diluted in 3% BSA in 0.1 M PBS for 30 min
at 37C in a darkened, humidified chamber. Sections were
then labeled with a ToPro-3 nuclear counterstain (diluted
1:20,000, blue channel; Jackson ImmunoResearch) if appro-
priate. The sections were then mounted in Permafluor
{Thermo Shandon; Pittsburgh, PA) and examined with a con-
focal microscope (Fluoview FV300; Olympus, Tokyo, Japan)

using an inverted microscope (IX70; Olympus). Controls
included normal skin cryostat sections with the primary
antibody substituted by PBS, myeloma supernatant, or an
irrelevant immunoglobulin isotype, as a negative control. All
experiments were performed at least in duplicate.

Immunogold Electron Microscopy

Four samples of human skin were cryofixed and processed for
postembedding IEM according to the previously described
methods (Shimizu et al. 1989,1990). Samples were washed in
PBS and cryoprotected in 20% glycerol (in PBS) for up to 1 hr
at 4C. Subsequently, cryofixation was performed in liquid
propane at —190C using a freeze plunge apparatus {Leica
CPC; Cambridge, UK) followed by freeze substitution over
3 days at —80C in methanol using an automated freeze sub-
stitution system (AFS; Leica). Specimens were embedded in
Lowicryl K11M (Ladd Research Industries; Burlington, VT)
resin over 4 days at —60C. The temperature was gradually
raised and the resin was polymerized under UV light and lig-
uid nitrogen vapor at 10C. Ultrathin sections were then cut
and collected on pioloform-coated nickel grids. Sections were
stained with uranyl acetate only (15 min) and observed with a
transmission electron microscope {Hitachi H-7100; Tokyo,
Japan) at 75 kV. Blocks showing good ultrastructure were
selected for immunolabeling experiments. Sections were
preincubated in buffer containing PBS with 5% normal goat
serum (NGS), 1% BSA, and 0.1% gelatin. Primary antibodies
or human antisera were all diluted in PBS buffer containing
1% NGS, 1% BSA, and 0.1% gelatin and incubated at 37C
for 2 hr. The sections were then washed in a drop of PBS
buffer four times (5 min each) and placed on a drop of sec-
ondary linker antibody, again diluted in PBS buffer (for 2 hr
at 37C). The secondary antiserum, rabbit anti-mouse IgG
(DAKO; Ely, UK) was diluted 1:500. Sections were then
incubated with a final antibody layer using $-nm gold-
conjugated labeled goat anti-rabbit or goat anti-mouse anti-
bodies (Biocell; Cardiff, UK) diluted 1:500 in Tris-buffered
saline (TBS) for 2 hr at 37C. For double labeling on K11M
sections, the a5 chain of laminins 10/11 (4C7 and a $5-nm
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gold-conjugated goat anti-mouse) and rabbit anti-laminin 5
{polyclonal highlighted by 15-nm gold-conjugated goat anti-
rabbit; Biocell) were used. Sections were washed twice in TBS
buffer and twice in distilled water (5 min each). After staining
with 15% alcoholic uranyl acetate (3 min) and lead citrate (15
min), sections were observed with a transmission electron
microscope (H-7100; Hitachi). Controls included normal skin
sections with the primary antibody substituted by PBS, mye-
loma supernatant, preimmune rabbit serum, or an irrelevant
immunoglobulin isotype, as a negative control. All experi-
ments were performed in triplicate.

Immunogold Quantitative Analysis

The techniques for ultrastructural labeling were similar to
those performed by McMillan et al. (2003b). Electron micro-
graphs were taken at a standard magnification (30K) and
were enlarged by a standard factor X2.08. The final magni-
fication (X62,500) was checked using electron micrographs
taken of a carbon diffraction grating. For standardization
purposes, all observations were made by one observer (JRM).
At least 200 gold particles were assessed per specimen for
each antibody or antiserum and four specimens from different
individuals were examined (see Table 1 and Table 2). A 5-nm
immunogold-conjugated final antibody layer was used. The
percentage of gold particles perpendicularly beneath an ob-
servable electron-dense HD cytoplasmic outer attachment
plaque as described by McMillan and Eady (1996) was scored
and calculated from a large number of gold particles in skin
from four individuals.

Only non-obliquely sectioned areas of dermal-epidermal
junction were included with clearly defined HD plaques,
lamina lucida (LL), and lamina densa (LD). The dermal-
epidermal junction beneath melanocytes or in damaged areas
was excluded from this study. Gold particles that appeared
clumped or associated with any deposit were excluded.

For each antibody or antisera, the positions of gold parti-
cles were statistically tested by one-way ANOVA and a two-
sample #-test using the Minitab statistical package (Minitab
Inc; University of Pennsylvania, Philadelphia, PA). An anti-
body (4C7) that recognizes a carboxyl terminal domain of the
a$ chain of laminins 10/11 was used to determine the mean
position of labeling directly beneath the keratinocyte plasma
membrane (Engvall et al. 1986; Makino et al. 2002)(see
Figure 1 for epitope position). The labeling of the «$ chain
was compared with the distribution of the G1 domain of
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laminin-5 «3 chain (using data previously reported by
McMillan et al. 2003b).

Results

Confocal Fluorescence Microscopy of Control Skin

Laminin-5 staining was restricted to the dermal-
epidermal junction in control skin (data not shown).
This was similar to the dermal-epidermal junction
staining of a§ chain of laminins 10 (data not shown).
Laminins 10 and 11 were also expressed in dermal
blood vessels. Laminin 11 (as identified by the B2
chain) dermal-epidermal junction staining was present
in adult control thigh and arm skin but was variable in
other samples including scalp skin. Therefore, B2 chain
expression appears to be distinct and independent from
that of the a5 chain. Staining for the a5, g1, and y1
chains was weaker in the adult dermal-epidermal junc-
tion than in blood vessels (data not shown), whereas
dermal-epidermal junction staining was generally
brighter in younger skin samples (<16 years, data not
shown). This would appear to support a previous re-
port of age-dependent expression of the laminin 10/11
chains (Pouliot et al. 2002).

Confocal fluorescence microscopy (Figures 2A-2C)
showed that both laminin-5 and a$ chains are ex-
pressed in the dermal-epidermal junction of control
interfollicular epidermis except for small gaps (white
arrows in Figures 2A and 2B) beneath small isolated
cells presumed to be melanocytes staining blue for
the melanocyte marker, TMH-1 (Figures 2A and 2B)
(Masunaga et al. 1996). These data suggest that laminin-
10 chains are restricted to beneath keratinocytes and are
not expressed beneath melanocytes.

A previous scalp skin and hair follicle immunohis-
tochemical study (Akiyama et al. 1995) demonstrated a
specific staining pattern for many HD and anchoring
filament components, particularly laminin 5, which
manifests as reduced staining around the lower hair
bulb and a reemergence of staining over the dermal
papilla region (Akiyama et al. 1995). We observed this

Table 2 Immunogold particle distribution shows the majority of laminin labeling is restricted to beneath the

hemidesmosome (HD) plaque

Recognizes chain

Present in which

Number of Frequency of gold particles

Antibody/antisera and epitope chain/isoform(s) skin samples under HDs % (+SD)
Laminin 5 All chains? Lam 52 2° 77-88*
BM-165 a3 chain Lam 5/6 4 82.65 (+3.87)
4C7 o5 chain Lam 10/11 4 84.3 (+3.89)

2E8 B1 chain Ltam 6/10 4 91.7 (=3.99)

c4 2 chain Lam 7/11 4 88.4 (+3.56)
D18 1 chain Lam 6/7/10/11 4 92.0 (+2.65)
M3F7 Coliagen IV al/a2 helical (IV) 4 61.3 (+3.05)

“Data from McMillan et al. 2003b and Masunaga et al. 1996.
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Figure 2 Reduced laminin 10 (green,
FITC) and laminin 5 (red, Texas Red) la-
beling below the melanocyte marker
TMH-1 (blue, CY-5) of normal adult
control skin. Both laminin 5 and the o5
chain colocalize (orange color) within
the dermal-epidermal junction (A)
and both are expressed only weakly
or are absent beneath melanocytes
(B,C, in blue, see white arrows). The a5
chain of laminins 10/11 together with
laminin 5 is not expressed beneath
melanocytes (A-C, white arrows) but
does show a distinct, strong expression
pattern that includes dermal vessels
(A-C, open arrows). Bar = 25 um; Inset
C=10 pm.

characteristic pattern of staining along the majority
of the follicles, for both laminin 5 (bracketed area in
Figure 3A) and the laminin o5 chain (brackets and
dotted line in Figures 3B and 3D). The laminin 1 and
v1 chains also showed this staining pattern (data not
shown). There was no staining for the B2 chain in the
hair follicle (data not shown). The dermal-epidermal
junction of the bulge region stained for both «3 and the

Figure 3 Indirect immunofluorescence shows a
typical hemidesmosomal (HD) component-iike
expression pattern of the laminin a5 chain in
late anagen human hair follicles. A previous
scalp hair follicle immunohistochemical study
(Akiyama et al. 1995) demonstrated a specific
staining pattern for many HD-anchoring fila-
ment-associated components including laminin
5. In our study, both laminin-5 polyclonal stain-
ing (A) and the laminin o5 chain (B, 4C7) showed
characteristic bright patterns along the epi-
dermal proximal hair shaft including the bulge
region (B,C, Bu) but progressively weaker stain-
ing toward the hair bulb (D, bracketed areas)
with staining becoming brighter again higher
up the hair shaft. Laminin o5 chain staining was
present in the shaft (B) bulge region (B,C) and
the apical tip of the hair bulb matrix (D). Laminin
B1 and y1 chains showed similar staining to the
a5 chain (data not shown). No laminin B2 chain
staining was detected in the hair follicle (data
not shown). Bar = 25 pm.

a5 chains (Figures 3A and 3B, Bu) and the o5 chain also
stained the erector pili muscle (Figure 3C, EP).

Confocal Fluorescence Microscopy of Epidermolysis
Bullosa Skin

The expression of laminins 5 (y2 chain), 10 (all chains),
and 11 (B2 chain) in patients with different forms of EB
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was compared. In both control (Figure 4A) and all of  with defects in laminin 5 (a5 chain, Figures 4B and 4C,
the EB subtypes (Figures 4B-4H), 5, B1, B2, and v1 respectively, asterisks show the split area) (Uitto and
chain expression was detectable. Laminin expression ~ Pulkkinen 2001). The reduction in oS and B2 chain ex-
was weak in areas of split skin particularly in HJEB  pression in HJEB patients, particularly over split skin,

o5 chain
e

y2 chain

Figure 4 Laminin a5 and B2 chains are expressed beneath the epidermis in epidermolysis bullosa (EB) skin but are focally reduced in split lethal
Herlitz junctional EB (HJEB) skin. The laminin &5 chain in control skin showed linear fluorescence along the dermal-epidermal junction and in
dermal blood vessels (A). However, in non-lethal (B) and HIEB skin (C,D), the laminin a5 and B2 chains showed reductions in dermal-epidermal
junction staining, especially where areas of skin had become separated (C, asterisks). This effect was due to antigen degradation in HJEB skin
during skin separation as demonstrated by reduced collagen 1V staining (O, arrows:) over the split areas (O, asterisks), whereas control skin (M),
non-lethal junctional EB (NLJEB) (N) and dystrophic EB skin (P) showed bright linear collagen IV staining, respectively. The presence of o5 and
B2 chain staining in intact EB skin demonstrates that these chains are independently synthesized and maintained even in the presence of other
defective basement membrane components. All other cases of EB showed normal staining for the laminin «5 chain (and 2 chain, not shown),
including junctional EB associated with pyloric atresia (JEB-PA with defects in «6834 integrin (E), EB simplex associated with muscular dystrophy
(EBS-MD with defects in plectin) (F), NLJIEBBP180 with defects in BP180 (G), and severe recessive dystrophic EB (SRDEB with collagen Vil defects
(H). In control and SRDEB patients’ skin, laminin-5 y2 chains were normally expressed (i and L, respectively) using the y2 chain monoclonal
antibody GB3. Laminin-5 expression was severely reduced and absent in both the NLJEB and HJEB cases (J,K), respectively, harboring severe
defects in laminin 5. Bar = 50 um.

Figure 5 The majority of laminin 5 and laminin 10/11 chains are restricted to the lamina densa beneath HDs, whereas collagen IV is expressed
continuously along the basal lamina. Postembedding immunoelectron microscopy with anti-a5 chain (laminin 10) (A-D) and double labeling
with anti-a3 chain (laminin 5) (E) antibodies in control skin reveals a similar labeling pattern for these laminins. Collagen IV (M3F7), however, is
not restricted to beneath HDs but is continuous along the basal lamina (F). Double labeling with laminin 5 polyclonal antiserum (15 nm gold
particles) and laminin 10/11 (with smaller 5 nm gold particles) shows that the majority of labeling colocalizes beneath HDs at the border
between the lamina lucida and lamina densa (E). The majority (84%) of laminin &5 chain labeling (see Table 2 and A-D) was restricted to areas
immediately beneath the HDs, over the LD border (A-D, arrows) whereas only 61% of collagen IV was restricted to beneath HDs (F). HD plaques
(solid arrows) are shown within the keratinocyte cytoplasm (white cross) and the lamina lucida highlighted by asterisks. Bar = 0.2 um.
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suggested that this effect might be due to antigen deg-
radation in vivo in the split areas. The presence of oS
and B2 chains in intact EB skin, however, confirms that
these chains are capable of being independently syn-
thesized and assembled even in the total absence or in
the presence of defective laminin 5. All other EB cases
also showed normal staining for other laminins in-
cluding junctional EB associated with pyloric atresia
(JEB-PA) (with defects in a6p4 integrin, Figure 4E), EB
simplex associated with muscular dystrophy (EBS-MD)
(with defects in plectin, Figure 4F), non-lethal junc-
tional (NLJEB) (with defects in BP180, Figure 4G), and
severe recessive dystrophic epidermolysis bullosa
(SRDEB) (Figure 4H). In control and SRDEB patients’
skin there was normal staining for laminin 5 (y2 chain
using the antibody GB3, see Figure 4L). This was in
contrast to laminin-5 chain staining that was severely
reduced or absent in both the NLJEB (Figure 4]) and
HJEB cases (Figure 4K), harboring severe defects in
laminin-5 expression.

Immunogold Electron Microscopy and
Quantitative Analysis

Labeling of control interfollicular epidermal sections
showed that the majority of laminin-10 a5 chains
(Figures SA-5D; Table 2), B1, y1, and 11 chain (B2
chain, data not shown) were restricted to under the
cytoplasmic HD outer plaques. This was in contrast to
collagen 1V, which was not as restricted to beneath
epidermal HDs plaques (see Figure 5F, 61% collagen
IV vs 82% laminin 5). The difference between all lami-
nin and collagen values was statistically significant
using the one-way ANOVA (p<<0.001) and Student’s
t-test (p<<0.000). All four S, B1, B2, and y1 chain
antibodies and antiserum showed a remarkable simi-
larity in the percentage of labeling associated with the
HD attachment plaque and anchoring filament com-
plex beneath HDs, ranging between 84% and 92% (see
Table 2). Furthermore, these values reflect an almost
identical (HD restricted) expression pattern to the
previously reported values for laminin-5 subunits
(Masunaga et al. 1996; McMillan et al. 2003b) (part
of these findings are also included in Table 2). Our data
are very similar to those of laminin 5 (a3 chain) that on
average demonstrated 82% of labeling restricted to
beneath HDs (see Table 2) at a distance ranging from
35 to 45 nm below the plasma membrane at the LL-LD
junction (Masunaga et al. 1996; McMillan et al.
2003b). The precise distance of the 4C7 epitope on
the C-terminal portion of the a$ chain was §3.07 nm
(+6.69 SD) from the plasma membrane (arrows,
Figures SA-SD). This is 18 nm lower than the G1 do-
main of the laminin-5 o3 chain described previously
(see Figure 1) (McMillan et al. 2003b). The difference
between these two « chain mean values was statistically
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significant using the one-way ANOVA (p>0.01) and
Student’s #-test {(p=0.009). However, visual examina-
tion of the distribution of these two antigens revealed
overlapping values ~30-40 nm beneath the plasma
membrane, the only difference being that the a5 chain
showed a wider range of labeling that extended deeper
in the LD compared with the o3 chain. The remaining
three B1-, B2-, and y1-chain antibodies recognized, as
yet unidentified, epitopes on specific laminin chains and
were therefore not included in the plasma membrane
distance measurements. However, all three antibodies
showed upper LD labeling (not shown), the majority of
which were restricted to beneath HDs similar to the o5
chain. The three B1-, B2-, and y1-chain antibodies were
excluded from the distance measurements but were
scored for their localization either beneath visible HD
attachment plaques (as defined by McMillan and Eady
1996) or within inter-HD areas.

Double labeling for the a5 chain of laminins 10/11
(highlighted by 5-nm small gold particles) and whole
anti-laminin 5 antiserum (shown by the larger 15-nm
gold particles) shows a similar labeling pattern in
the LD beneath electron densities presumed to be HDs
(Figure SE). HD plaques are visible within the
keratinocyte cytoplasm (white cross) and the dermal-
epidermal junction is separated by the LL (Figure SE,
asterisks). Together our data suggest that the oS chains
(including B1, B2, and y1 chains, see Table 2} show a
restricted expression pattern beneath HDs, similar to
laminin § but unlike collagen IV.

Discussion

We have demonstrated that the a5, B1, and y1 chains
show a similar localization to laminin 5 in the human
interfollicular epidermal basement membrane. These
data support the presence of multiple laminin isoforms
beneath HDs in the basement membrane at several
different epidermal sites. A very different localization of
collagen IV within the LD but not restricted to beneath
HDs was observed. These data suggest a complex net-
work of interactions between different basement mem-
brane components beneath the epidermis (Ghohestani
et al. 2001; McMillan et al. 2003a; Miner and
Yurchenco 2004).

In addition we have demonstrated that the expres-
sion of the a5 and B2 chains is independent of laminin
5, as demonstrated by residual staining in HJEB
patients’ skin. The reduction in a5 and B2 chain ex-
pression in HJEB was only observed over separated,
blistered areas of skin, suggesting that this effect is due
to separation-induced antigen degradation in vivo. This
was supported by reduced collagen IV staining in split
areas of EB skin. This was confirmed after reduced
collagen IV staining was observed within separated
areas of HJEB skin samples {data not shown). Our
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results also suggest that the presence of other laminins
cannot fully compensate for defects in laminin-$-
deficient HJEB skin (McMillan et al. 1997,1998). The
oS and B2 chains were also normally expressed in all
other EB samples harboring defects in plectin, collagen
XVII (bullous pemphigoid antigen 2), the a6p4 in-
tegrin, and collagen VIL

In previous reports (Aumailley and Rousselle 1999),
the laminin B2 chain was not expressed in the epider-
mal basement membrane of neonatal foreskin. How-
ever, we showed weak, variable 2 chain expression (in
thigh and arm skin) and absences in other body sites
(scalp skin). We conclude that the lack of B2 staining
may be due to several factors: antigen masking, a low-
level expression, or site- or age-specific variations in
human laminin B2 chain expression that may include
posttranslational protein processing seen in other lami-
nin isoforms (Miner et al. 1997).

Laminin §, together with several HD-associated
antigens, is expressed in a specific pattern around late
anagen hair follicles that excludes staining around the
dermal papilla area (Akiyama et al. 1995; Nutbrown
and Randall 1995). Laminin-10 chains also show this
similar expression pattern in late anagen hair follicles.
Unlike laminin-5 and laminin-10 chains, we failed to
observe any B2 chain expression (laminins 7/11) in any
part of the adult hair follicle; however, this may be due
to a low level of antigen expression or masking of the
B2 chain epitope. The significance of these findings may
be related to the specific growth phases of the lower
non-permanent portion of the hair follicle.

In the laminin o5 chain knockout mouse, an unusual
disruption in hair follicle morphogenesis was demon-
strated (Li, et al., 2003). Li et al. {2003) reported that,
in control mice, laminin 10 was present in murine elon-
gating hair germs when other laminins were down-
regulated, suggesting a specific role for this laminin in
hair follicle development and follicular keratinocyte
migration. Mouse skin lacking laminin 10 also con-
tained fewer hair germs and follicles compared with
control mice, and after transplantation experiments this
skin showed a failure of hair germ elongation and de-
fective basement membrane assembly. Intriguingly,
treatment of these mice with purified exogenous lami-
nin 10 corrected these defects and restored hair follicle
development. Given that human hair follicles are slow
cycling and the majority remains in the late anagen
phase and shows different growth characteristics to
murine follicles, our failure to demonstrate such growth
phase-specific differences in the expression of laminin
10 during the hair cycle stages is not surprising.

The presence of multiple laminin isoforms beneath
HDs suggests the hypothesis that there are laminin
subunits possibly with overlapping functions that form
focal clusters of laminin molecules. This was in contrast
to collagen IV, which was not restricted to HDs and

localized to the LD region. Ultrastructural data show
that the o3 chain (laminin 5) is closer to the plasma
membrane than the oS chain (with only an 18-nm
difference, see Table 2). This might suggest that the oS
chain is more closely associated with a LD component
such as collagen IV. However, given the size of both
laminin chains of ~80-100 nm (as determined by rotary
shadowing experiments), our data suggest a significant
overlap occurs between o3 and a5 chains {(Marinkovich
et al. 1992; Vailly et al. 1994). Further studies using a
larger battery of antibodies are required to determine
the orientation of these laminin components.

Together these data show for the first time that lam-
inin 10/11 chains are restricted to beneath HDs similar
to laminin § but distinct from collagen IV. Our data sug-
gest a specific localization of multiple laminin isoforms
in the epidermal basement membrane beneath HDs and
support the hypothesis that several laminins in close
association may promote stable cell attachment among
different basement membrane molecules.
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Mutations in lipid transporter ABCA12
in harlequin ichthyosis and functional
recovery by corrective gene transfer
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Harlequin ichthyosis (HI) is a devastating skin disorder with an unknown underlying cause. Abnormal
keratinocyte lamellar granules (LGs) are a hallmark of HI skin. ABCA12 is a member of the ATP-binding cas-
sette transporter family, and members of the ABCA subfamily are known to have closely related functions as
lipid transporters. ABCA3 is involved in lipid secretion via LGs from alveolar type IT cells, and missense muta-
tions in ABCA12 have been reported to cause lamellar ichthyosis type 2, a milder form of ichthyosis. Therefore,
we hypothesized that HI might be caused by mutations that lead to serious ABCA12 defects. We identify 5
distinct ABCA12 mutations, either in a compound heterozygous or homozygous state, in patients from 4 HI
families. All the mutations resulted in truncation or deletion of highly conserved regions of ABCA12. Immuno-
electron microscopy revealed that ABCA12 localized to LGs in normal epidermal keratinocytes. We confirmed
that ABCA12 defects cause congested lipid secretion in cultured HI keratinocytes and succeeded in obtaining
the recovery of LG lipid secretion after corrective gene transfer of ABCA12. We concluded that ABCA12 works as
an epidermal keratinocyte lipid transporter and that defective ABCA12 results in a loss of the skin lipid barrier,
leading to HI. Our findings not only allow DNA-based early prenatal diagnosis but also suggest the possibility

of gene therapy for HI.

Introduction
During the evolutionary process, when our ancestors left the safety
of the aquatic environment, they developed a robust, protective
mechanism or process in the skin that allowed adjustment to the
new, dry environment; this is now known as keratinization. In
humans, congenital defects involving skin keratinization cause a
unique genodermatosis, ichthyosis (1, 2), which was named after
the Greek word ichthys, meaning fish. Among the variety of types
of ichthyosis, harlequin ichthyosis (HI) (Mendelian Inheritance of
Man [MIM] 242500) is the most serious subtype (Figure 1); it is also
the most severe congenital skin disorder of unknown etiology.
ABCA12 belongs to a large superfamily of ATP-binding cassette
(ABC) transporters, which aid in the transport of various biomol-
ecules across the cell membrane (3-5). The ABCA subfamily is
thought to be importanc in lipid transport (6). ABCA12 is phylo-
genetically related to ABCA3, which is essential for alveolar surfac-
tant lipid transport/secretion by lamellar granules (LGs) in type
T alveolar lung cells. In skin, LGs are the most common secretoty
granules present in upper epidermal keratinocytes (7). Abnormal
LGs are the most obvious characteristic findings in HI lesional
epidermis. Furthermore, relatively minor missense mutations in
ABCA12 have been reported to underlie type 2 lamellar ichthyosis
(MIM 601277), a milder form of ichthyosis (8). Thus, we hypoth-

Nonstandard abbreviations used: ABC, ATP-binding cassette; CT, threshold cycle;
HI, harlequin ichthyosis; LG, famellar granule; MIM, Mendelian Inheritance of Man.

Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J. Clin. Invest. 115:1777-1784 (2005).
doi:10.1172/]C124834,

The Journal of Clinical Investigation

hrep://www.jci.org

esized that ABCA12 mutations leading to serious ABCA12 protein
defects might underlie HI.

In the present study, we demonstrate that ABCA12 works as
an epidermal keratinocyte lipid transporter and that defective
ABCA12 results in a loss of the skin lipid barrier, leading to HI. We
have found § distinct truncation, deletion, or splice-site mutations
in 4 independent HI families. These mutations were present on
both alleles of our HI patients, either in compound heterozygous
or homozygous state. We demonstrate that ABCAI2 mRNA is
expressed in normal human keratinocytes and thar this expression
is upregulated during keratinization. Our immunoelectron micro-
scopic findings showed that ABCA12 protein localizes to LGs in
the upper epidermal keratinocytes of human skin. Ultrastructural
and immunofluorescent examination of human skin and cultured
epidermal keratinocytes from HI patients who harbor ABCAI2
mutations revealed defective lipid secretion of LG lipid contents.
In addition, using ABCAI2 corrective gene transfer in cultured HI
keratinocytes, we have succeeded in restoring the normal ability of
HI cells to secrete LG lipid.

Resulis

ABCAI2 expression and localization in epidermal keratinocytes. To
confirm the expression of ABCAI2 mRNA in human epidermal
keratinocytes, we performed semiquanticative RT-PCR assays and
demonstrared strong expression of ABCAI2 transcripts in culrured
normal epidermal keratinocytes. To investigate the upregulation
of ABCAI2 during keratinization under high-Ca? conditions, we
evaluated the ABCAI2 transcript population against the GAPDH
transcript using real-time RT-PCR. Calculation of the expres-
Number 7 1777
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sion ratios showed that ABCAI2 transcription was upregulated
4-fold after 1 week in high-Ca?" culture. Furthermore, to confirm
the expression of ABCA12 protein in the epidermis, we raised a
polyclonal anti-ABCA12 antibody that recognizes an epitope near
the C terminus of the ABCA12 polypeptide (residues 2567-2580)
and performed immunostaining for ABCA12. ABCA12 was posi-
tive in the upper epidermal layers, mainly the granular layers, of
normal human skin (Figure 2A); in contrast, there was an absence
of immunolabeling in epidermal keratinocytes from HI patient 4
(Figure 2B), who harbors the homozygous truncation mutation

Figure 2

Localization and structure of ABCA12 protein and the
sites of HI mutations. (A) ABCA12 protein (green)
was localized in the cytoplasm of the upper epidermal
keratinocytes (arrows) in healthy skin. (B) No ABCA12
immunolabeling was seen in the epidermis of patient
4. (C) Weak ABCA12 staining (arrows) was observed
in the epidermis of patient 1. Asterisks indicate non-
specific staining in the stratum corneum. Red, nuclear 3
counterstain. Scale bar: 10 um. (D-F) By immuno-
electron microscopy, ABCA12 protein (5 nm gold G
particles) was restricted to LGs (arrows) in the upper N
epidermal cell (D). Lamellar structures were apparent
in some ABCA12-positive LGs (E). ABCA12-positive
L.Gs (arrows) were observed close to the keratinocyte-
cell membrane (white circles) and they fused with it to

secrete their contents into the interceliular space (F). $

)

Scale bars: 0.2 um. (G) Model of ABCA12 function
in the skin. ABCA12 transports lipid into the LG, and
ABCA12-positive LGs fuse with the cell membrane to

Cell membrane H

Figure 1

Clinical features of Hl patients. (A} Patient 1 from family A harbor-
ing a homozygous mutation IVS23-2A—G in ABCA12. (B) Patient
2 from family B with compound heterozygous ABCA72 mutations,
IV523-2A—G and 5848C—T (R1950X). (C) Patient 3 (family C) car-
rying compound heterozygous ABCA72 mutations, 2021_2022del AA
and 4158_4160delTAC (T1387del). (D) An affected fetus from fam-
ily C aborted at 23 weeks' gestation showed no serious symptoms,
although some abnormal keratinization was observed mainly on the
cheeks and the perioral area.

R434X (see below). This mutation resulted in truncation of the pro-
tein, leading to loss of the epitope for the anti-ABCA12 antibody.
These findings confirmed specificity of the anti-ABCA12 antibody.
In the epidermis of patient 1, who harbors a homozygous splice
acceptor site mutation IVS23-2A—G (see below), weak ABCA12
immunostaining was seen in the granular layer keratinocytes (Fig-
ure 2C). Immunoelectron microscopy revealed that ABCA12 pro-
tein was restricted to the LGs in the cytoplasm of epidermal kerati-
nocytes (Figure 2, D and E). ABCA12-positive LGs were abundant
close to the cell membrane and were observed fusing with the cell
membrane to secrete their lipid content to the extracellular space
of the stratum corneum (Figure 2F). These results indicate chat
ABCA12 is expressed in keratinocytes during keratinization and is
likely to be involved in lipid transport into the extracellular space
via LGs to form the stratum corneum lipid barrier (Figure 2G).
ABCA12 mutations in HI families. Full-length ABCA12 protein
comprises 2595 amino acids and includes 2 ABCs containing 3
characteristic, highly conserved motifs (Walker A, Walker B, and
active transport signature). In addition, there are 2 transmembrane
domains, each consisting of 6 hydrophobic membrane-spanning
helices. Mutational analysis of the 53 exons, including the exon-
intron boundaries of the entire ABCAI2 gene, revealed S novel, dis-
tinct mutations in both alleles, either in compound heterozygous

IVS23-2A- 4G (intron23)

i

T1387de! ’WA 2
{exon28)

R1850X (exon39)

Extraceilular
space

. ABCA12

N e 7

secrete I!px_d into extracellular space to form the inter- = . Y 2021-2022delAA ABC
cellular lipid layer. (H) Structure of ABCA12 protein A (exon16)
and the 5 mutation sites (red arrows) in Hi families. R434X (exon12) [ 1o

. Lipsch | Transmembrane doman
Dark-blue area, cell membrane; bottom of dark-blue p & waker A and B motits
area, cytoplasmic surface. — Lipid transport 4 Actwe transport signature
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or homozygous state, in all patients from 4 HI families (Figure
2H). The mutations in patients were homozygous in the 2 consan-
guineous families and compound heterozygous in the 2 noncon-
sanguineous families (Figure 3). The mutations were verified in
the heterozygous parents. Each of the three mutations, 1300C—T
(R434X), 2021_2022delAA, and 5848C—T (R1950X), resulted in
truncation of a highly conserved region of the ABCA12 protein. The
deletion mutation 4158_4160delTAC led to an in-frame deletion
of a highly conserved threonine residue at codon 1387 (T1387del)
within the first ATP-binding domain of the ABCA12 protein (Fig-
ure 4D). A splice acceptor site mutation, IVS23-2A—>G, was verified
by RT-PCR in mRNA from the patient’s cultured keratinocytes
(Figure 4, A-C). RT-PCR products from the patient showed 2
splice pattern variants different from the normal splicing variant
in which 1 mutant transcript loses a

9-bp sequence from exon 24, which

results in a 3-amino acid deletion A
(Y1099_K1101del). These 3 amino
acids are located between the trans-
membrane domains and are highly
conserved (Figure 4D). The other
mutant transcript lost a 170-bp
sequence from exon 24, which led to
a frameshift. All of these mutations
are thought to seriously affect either
the function or specific critical struc-
tures of the ABCA12 protein.

Family A
-O

DA.

Disturbed lipid secretion in epidermis of Patient 1
HI patients. Morphological observa-
tions revealed extraordinarily thick
stratum corneum (Figure SA) and arr ~1c t e o-a

abnormal LG secretion in keratino-
cytes of the epidermis of HI patients
(Figure S, C and E). Ulerastructur-

L i

keratinocytes under high-Ca?* conditions (2.0 mM) induced a
large number of cells to exhibit intense glucosylceramide stain-
ing around the nuclei, and this glucosylceramide failed to localize
to the periphery of the keratinocyte cytoplasm (congested pat-
tern) (Figure 6, A and C). Conversely, culture of healthy kerati-
nocytes in high-Ca?* conditions resulted in a large proportion
of cells with diffuse glucosylceramide staining throughout the
cytoplasm (widely-distributed pattern) (Figure 6, B and D). This
difference was most pronounced after 1 week in culture (Figure
6, C and D). Electron microscopic observation of HI keratino-
cytes cultured for 1 week in high-Ca?* conditions revealed that
LGs formed, although proper secretion of their contents was
not observed (Figure 6E). This finding suggests defects in LG
lipid transport. Double immunostaining for ABCA12 protein

Patient 1
IVS23-2A—G (homozygote)

) !

(50 B SEEROA ¢ T¢ 10 SR U AN ¢ CrE O G LT a
e Al aml

J &\[ WY m | W w &“M / [ﬂ( il&

B8 Family B
Patient 2
IV823-2A—>(.':‘\1
!
G L 16 PR S ¢ "G
Mt e aeaa AN
Control Patient 2 Control

5848C-»T (R1950X) ,

3

LT GNG GT T -1 LITTHTGHG G
LI ORGT TG

.i‘
e
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. Father Mother Patient 2
ally, the cytoplasm in the stratum
corneumn was congested with abnot- (4 Family C D Family D
mal lipid-containing droplets and O
vacuoles that resembled immature
LG-like vesicles. In the keratinocyte . -
Patient3  Fetus Patient 4 .
cytoplasm of the granular layer, no
2021_2022delAA 1300C—T (R434X) (homozygote)
normal LGs were apparent. AA A 1
Immunofluorescent staining G ni N 6 Trict G ot G G - cre crie v rie re
showed that glucosylceramide, a ) o i A
L i TR [ . 4
major lipid component of LG (7, 9) A~ A Aalt mall o ata T DA A AN Vo AR AaA RS
and an essential component of the UM | _N}\ﬁﬂ&) I S NAR i '_“_A_l' oA \ /\(M\f;\ vy
epidermal permeability barrier (10), Patient 3 Control Patient 4 Control
was diffusely distributed through-
out the epidermis of HI patients 4158_4160delTAC (T1387del)
(Figure 5G); this contrasts with ThC A ! I
LG HGG G G G PG G

the restricted, intense distribution
in the stratum corneum of healthy
skin (Figure SH).

Abnormal lipid secretion in kerati-
nocytes of HI patients and recovery of
ABCAI12 function by corrective gene

o .
M‘\ A
M RVAY 1,{} pn

- L L v AA%al

Patient 3

Figure 3

transfer. Keratinocytes from patient
1, cultured under high-Ca2* condi-
tions (2.0 mM), expressed only a
small amount of mutated ABCA12
protein (Figure 6]). Culture of HI
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Families with HI and ABCA 12 mutations. (A} Patient 1 from family A was a homozygote for the muta-
tion IVS23-2A—G, and both his parents were heterozygous carriers. (B) Patient 2 from family B was a
compound heterozygote for the mutations IVS23-2A—G and 5848C—T (R1950X). (C) Patient 3 from
family C was a compound heterozygote for the mutations 2021_2022delAA and 4158_4160delTAC
(T1387del). (D) Patient 4 from family D was a homozygote for the mutation 1300C—T (R434X), and
her 2 parents were heterozygous carriers.

Volume 115 Number7  July 2005 1779

—108—



C Intron 23
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3 amino amd deletion

K Normal transcript D
N

3-nucleotide deletion

1G iIGGGIGIG

cCiie 16 G
Mutant transcript

(3-amino acid deletion)

170-nucleolide deletion

CTIC IG GCfiCICGGTT |
. Mutant transcript

‘U\l A ,'v& ﬂ (170-nucleotide deletion)

Figure 4

170-nucleotide deletion {trameshift)

Homo sapiens

Rattus norvegicus

Mus musculus

Gallus gallus
Caenorhabditis elegans*

Homo sapiens
Rattus norvegicus
Mus musculus
Gallus gallus
Caenorhabditis elegans®

Exon 24
I Normal transcript
I Mutant transcript
{3—amino acid deletion)
(Y1099_K1101 del)
jo——————=——=== Mutant transcript
b (170-nucleotide deletion)

(frameshift)

IVS23-2A—G: Y1099_K1101del

108IVYEKDLRLHEYMKMMGVNSCSHF 1111
VYEKDLRLHEYMKMMGVNSCSHF
VYEKDLRLHEYMKMMGVNSCSHF
VQEKDLRLYEYMKMMGVNASSHF
VVEKEDRLKEYMRVMG+N +HF

4158_4160delTAC: T1387del

1373ITSLLGPNGAGKTTTISMLTGLFGASAG 1400
ITSLLGPNGAGKTTTISMLTGLFGATAG
ITSLLGPNGAGKTTTMYVIFQLNVKEGY
ITSLLGHNGAGKT TTISILTGLFPTSSG

CTVLLGHNGAGKSTTFSMLTGVASPSSG

Verification of splice-site mutation IVS23-2A—G and conservation of residues deleted by mutations 1VS23-2A—G and 4158_4160deiTAC
(T1387del). (A) RT-PCR analysis of mRNA fragments around the exon 23-24 boundary indicated that keratinocytes from patient 1 (lane P)
showed 2 different mutant transcripts, 674 bp and 513 bp, which were shorter than the control transcript (683 bp) from healthy human kera-
tinocytes (lane C). Lane M, markers. (B) Sequencing of the mutant transcripts and the control transcript revealed that 9 nucleotides and 170
nucleotides were deleted in mutant transcripts. (G) A 9-nucleotide deletion resulted in the loss of 3 amino acids from the N terminal sequence of
exon 24 (Y1099_K1101del), and the 170-nucleotide deletion led to a frameshift. (D) ABCA12 amino acid sequence alignment shows the level of
conservation in diverse species of the amino acids, Y1099_K1101 and T1387 (red characters), which were deleted by mutations in HI families.

Asterisks indicate ABC (abt-4).

and glucosylceramide clearly demonstrated that, before genetic
correction of ABCA12, keratinocytes from patient 1 with a low
expression of mutated ABCA12 protein showed a congested glu-
cosylceramide distribution pattern (Figure 6, J-L). After genetic
correction, however, the HI patient’s keratinocytes, now express-
ing normal ABCA12, showed a normal, widely-distributed pattern
of glucosylceramide staining (Figure 6, M-O). Corrective ABCA12
gene transfer into cultured HI keratinocytes resulted in a signifi-
cant increase in number of cells exhibiting the widely-distributed
pattern of glucosylceramide staining from 6.98% + 3.33% (con-
trol nontransfected patients’ cells) to 16.70% + 2.14 % (transfected
patients’ cells) (Student’s ¢ test, P < 0.02) (Figure 6P). These results
clearly indicate that an ABCA12 deficiency leads to defective LG
lipid transport into the intercellular space in HI patients, both in
the epidermis and in cultured keratinocytes.

Discussion
An abnormal synthesis or metabolism of the LG lipid contents
was previously suspected as being a possible pathogenetic mecha-
nism undetlying HI (11, 12). Here, we demonstrate that a severe
ABCA12 deficiency causes defective lipid transport via LG in kera-
tinizing epidermal cells, resulting in the HI phenotype.

The ABC transporter superfamily is one of the [argest gene fam-
ilies, encoding a highly conserved group of proteins involved in
energy-dependent active transport of a variety of substrates across
membranes, including ions, amino acids, peptides, carbohydrates,
and lipids (3-S, 13). ABC transporters have nucleotide-binding
1780
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folds located in the cytoplasm and utilize energy from ATP to
transport substrates across the cell membrane (3-5). ABC genes are
widely dispersed throughout the eukaryotic genome and ate highly
conserved between species (6). The ABCA subfamily, of which the
ABCAI12 gene is a member, comprises 12 full transporter proteins
and 1 pseudogene (ABCA11). The ABCA subclass has received
considerable attention (14) because mutations in these genes have
been implicated in several human genetic diseases (15-19).

The ABCA1 protein is mutated in the following recessive dis-
orders involving cholesterol and phospholipid transport: Tangier
disease (MIM 205400), familial hypoalphalipoptoteinemia (MIM
604091), and premature atherosclerosis, depending on the site of
the mutations in the protein (17-19). The ABCA4 protein is mutat-
ed in Stargardt disease (MIM 248200) as well as in some forms of
autosomal recessive retinitis pigmentosa (MIM 601718) and in the
majotity of cases of autosomal recessive cone-rod dystrophy (MIM
604116), depending on the mutation site or the combination of
mutation types (15, 20). Heterozygous mutations in ABCA4 have
also been implicated in some cases of macular degeneration (MIM
153800) (16, 20). In a relatively mild type of congenital ichthyosis
(lamellar ichchyosis type 2), 5 ABCAIZ mutations were reported
in 9 families, and all 5 of these mutations were missense muta-
tions that resulted in only 1 amino acid alteration (8). In the pres-
ent series of HI patients, no ABCAI2 missense mutations were
identified, and most of the defects led to severe truncation of the
ABCA12 peptide, affecting important nucleotide-binding fold
domains and/or transmembrane domains. The other, nontrun-
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cation mutations in HI were deletion mutations affecting highly
conserved ABCA12 sequences (Figure 4D). Thus, it is thought that
only truncation or conserved region deletion mutations that seri-
ously affect the function of the ABCA12 transporter protein lead
to the HI phenotype. This is in contrast with diseases caused by
mutations in other members of the ABCA family. Of ABCA4 muta-
tions causing Stargardt disease, 80% were missense, and many of
these occurred in conserved domains of ABCA4 (21). Of ABCAI
mutations resulting in Tangier disease, 60% were missense, locat-
ed within the conserved domains of ABCA1 (22). In this context,
ABCAI2 mutations underlying HI are unique in that these muta-
tions are restricted to truncation or deletion mutations.

Patient 1 was homozygous for the splice acceptor site mutation
1VS23-2A—>G. This splice-site mutation was shown to lead to com-
parable amounts of 2 predicted transcripts, an inframe deletion
of 3 amino acids, and a transcript with a 170-nucleotide deletion
(frameshift) (Figure 4, A-C). Thus, it is still possible that patient 1
expresses some mutated ABCA12 protein. Indeed, expression of a
small amount of ABCA12 protein, although mutated, was detect-
ed in the granular cells of the patient’s epidermis and cultured
keratinocytes by immunofluorescent staining (Figures 2C and 6]).
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Figure 5

Extremely thick stratum corneum and severe disruption of the secre-
tion of LGs in the ABCA12-deficient skin of the present series of Hi
patients. (A) Strikingly thick stratum corneum (SC; double arrow) in the
patient’s skin. (B) Control epidermis showing normal, stratum corneum
(arrow). (C) By electron microscopy, LG secretion was disturbed, and
many abnormal immature (lacking proper lamellar structures) LGs
(arrows) were observed in the keratinocytes. (D) in control skin, LGs
(arrows) were distributed in a gradually increasing pattern toward the
plasma membrane. (E) Abnormal HI LGs (arrows) were localized close
to the cell membrane, but not secreted. (F) L.Gs were secreted into
the extracellular space (arrows). (G) Patient’s epidermis including stra-
tum corneum (arrows) showed diffuse staining for glucosylceramide
(green), a lipid component of LGs. (H) Glucosylceramide staining
(green) was restricted and intense in the stratum corneum (arrows) of
normal skin. Red, nuclear stain. Scale bars: 50 um (A, B, G, H); 1 um
(C, D); 0.5 um (E, F).

This might have some relevance to the fact that patient 1 survived
infancy and is still alive.

ABCA1 and ABCA4 are suspected transmembrane transporters
for intracellular cholesterol/phospholipids (23-25) and proton-
ated N-retinylidenephosphatidylethanolamines (26), respective-
ly. ABCA2, ABCA3, and ABCA7 mRNA levels have been reported
to be upregulated by sustained cholesterol influx mediated by
modified low-density lipoprotein (27, 28), suggesting that ABCA
transporters are involved in transmembrane transport of endog-
enous lipids (23-26). Keratinocyte LGs are known lipid-trans-
porting granules, and LG contents are secreted into the inter-
cellular space, forming an intercellular lipid layer between the
granular layer cells and keratinized cells in the stratum corneum,
which is essential for the proper barrier function of human skin.
Our results indicate that ABCAI12 functions in the transport of
endogenous lipid across the keratinocyte cell membrane into
the stratum corneum intercellular space via LGs. Immunohis-
tological and immunoelectron microscopic observations have
indicated that ABCA3 is involved in lipid secretion of pulmo-
nary surfactant in human lung alveolar type II cells (29). ABCA3
and ABCA12 are very closely related in the ABCA subfamily phy-
logenetic tree (30). It is interesting that the functions of both
ABCA3 and ABCA12 are involved in alveolar surfactant and
stratum corneum lipid secretion, respectively. This suggests that
these 2 transporter systems are evolutionary adaptations to aid
the respiratoty system and the integument in a dry environment,
developed as vertebrates left the aquatic environment and began
terrestrial lives. HI skin thac harbors serious defects in ABCA12
highlights the important role(s) of epidermal lipid transport in
adapting human skin to a terrestrial, dry environment.

HI is one of the most severe of all genodermatoses and has a very
poor prognosis. Thus, parents’ request for prenatal diagnosis is to
be taken seriously and with care. However, to our knowledge, the
causative gene was not identified until now. For the last 20 years,
prenatal diagnoses have only been performed by electron micro-
scopic observation of fetal skin biopsy at a late stage of pregnancy
(19-23 weeks estimated gestational age) (31-33). In this report, we
have identified the causative gene in HI, which now makes possible
DNA-based prenatal diagnosis using chorionic villus or amniotic
tluid sampling at an earlier stage of pregnancy, with a lower proce-
dural risk and a reduced burden on prospective mothers, similar to
that of screening for other severe genetic disorders, including kera-
tinization disorders (34). Furthermore, we have performed correc-
Number 7 1781
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tive gene transfer in HI keratinocytes and succeeded in obtaining
phenotypic rescue of a patient’s cultured keratinocytes. These data
provide significant clues that establish a strategic approach to HI
gene therapy treatment. We believe that the generic information
presented in this study will be highly beneficial to our understand-
ing of HI pathogenesis and in optimizing HI patient diagnosis,
genetic counseling, care, and treatment.
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Figure 6

Cultured HI keratinocytes carrying ABCA 12 mutations showed abnor-
mal congestion of lipid, and this phenotype was recovered by correc-
tive ABCA12 gene transfer. (A—D) HI keratinocytes cultured in high
Ca?+ conditions showed that glucosyiceramide, a major component
of LG lipid, was distributed densely around the nuclei (in a congested
pattern) (green, FITC). Control normal human keratinocytes showed a
widely distributed, diffuse glucosylceramide staining pattern. (E} Elec-
tron microscopic (EM) observation revealed, in cultured HI keratino-
cytes, that apparently amorphous, electron lucent LG-like structures
(arrows) formed, but were not secreted. (F) Normal secretion of LG
contents (arrow) in a control keratinocyte. (G-0O) Before genetic cor-
rection, an Hi patient cell showed weak ABCA12 immunostaining (red,
TRITC) and a congested pattern of glucosylceramide staining (green,
FITC) (J-L.). After genetic correction, an HI patient cell demonstrated
stronger ABCA12 labeling (red) and a normal distribution pattern of
glucosylceramide (green) (M—-0), similar to those of a normal human
keratinocyte (G-I). (P) Corrective gene transfer resulted in a statisti-
cally significant increase in the number of cells with completely nor-
mal, widely distributed glucosylceramide patterns. *P < 0.02, Student's
t test. Scale bars: 10 um (A-D, G-0); 0.5 um (E, F).

Methods
Patients and families. Four HI patients, patients 1-4, and I affected fetus,
fetus 1 (4 males, 1 female), from 4 independent families, families A-D,
showed a serious collapse in the keratinized skin batrier (Figure 1). Family
A and family D were consanguineous (marriage of first cousins). All the
patients showed severe hyperkeratosis at birth and presented with general-
ized, thick scales over their entire body surface with the presence of marked
fissuring. Severe ectropion, eclabium, and malformed pinnae were appar-
ent in all cases. Patient 2 from family B died 3 days after birth. Patient 3
from family C died 15 days after birth, and an affected fetus from family C
was terminated at the parents’ request after a positive prenatal diagnostic
skin test (33). After written, informed consent was obtained, blood samples
were collected from each participating family member, and skin biopsy or
autopsy specimens were obtained from the patients and the affected fetus.
The study was given appropriate ethical approval by the Ethics Committee
at Hokkaido University Graduate School of Medicine.

Mutation screening. Mutation analysis was performed in patients, an
affected fetus, and other family members in the 4 families, as far as DNA
samples would allow. Briefly, genomic DNA isolated from peripheral blood
was subjected to PCR amplification, followed by direct automated sequenc-
ing using an ABI PRISM 3100 genetic analyzer (Applied Biosystems). Oli-
gonucleotide primers and PCR conditions used for amplification of exons
1-53 of ABCA12 were originally derived from the report by Lefevre et al. (8)
and were partially modified for the present study. The entire coding region,
including the exon/intron boundaries for both forward and reverse strands
from all patients, family members, and controls, were sequenced. No muta-
tions were found in 100 control alleles from the Japanese population.

Verification of the splice acceptor site mutation. In order to verify the splice
acceptor site mutation IVS23-2A—G, RT-PCR amplification of mRNA
spanning the exon 23-24 boundary was performed using mRNA samples
from cultured HI keratinocytes (see below). After RT-PCR amplification,
direct sequencing of the products was performed.

Establishment of HI keratinocyte cell culture. A skin sample from patient 1 was
processed for primary keratinocyte culture, and cells were grown according to
standard procedures in defined keratinocyte serum-free medium (Invitrogen
Corp.). Cultures were grown for several passages in low-Ca?' (0.09 mM) con-
ditions and then switched to high-Ca?* (2.0 mM) conditions.

RT-PCR of ABCA12 mRNA. RT-PCR of ABCA12 mRNA was performed
with Superscript 2 (Invitrogen Corp.) following the manufacturer’s
Number 7
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instructions, Specific primers for PCR amplification were as follows: for-
ward 5'-GAATTGCAAACTGGAAGGAACTCCC-3' and reverse S'-GAGT-
CAGCTAGGATTAGACAGC-3". These primers were used for amplification
of a 683-bp fragment around exon 23-24 boundary of normal cDNA.

Real time-PCR. For quantitarive analysis of ABCA12 expression levels, total
RNA extracted was subjected to real-time RT-PCR using the ABI PRISM
7000 sequence detection system (Applied Biosystems). Specific primers/
probes for human ABCA12, TagMan Gene Expression Assay (HS00292421;
Applied Biosystems) were used. Differences between the mean CT values
of ABCAI12 and those of GAPDH were calculated as ACTyample = CTascarz
- CTgapon and those of the ACT for the cultured keratinocytes in the low
Ca? condition as (ACTlibraror = CTascarz - CTgarpn). Final results, the sam-
ple-calibrator ratio, expressed as n-fold differences in ABCAI2 expression
were determined by 2-(ACTsample - ACTealibeator),

Cloning of ABCA12 and corrective gene transfer of HI keratinocytes. Using
human keratinocyte cDNA as a template, overlapping clones of human
ABCAI2 cDNA were amplified by PCR. A composite full-length cDNA was
constructed, subjected to nucleotide sequencing, and subcloned into a
pCMV-rag4B vector (Stratagene). The expression plasmid pCMV-tag4B-
ABCA12 was transfected into HI keratinocytes using Lipofectamine reagent
(Invitrogen Corp.) according to the manufacturer’s recommendation. As
a control, pCMV-tag4B was transfected into the cells. The transfected cells
and control cells from patient 1 were stained with anti-glucosylceramide
antibody, and the number of keratinocytes showing the 3 distinct types
of glucosylceramide distribution patterns — congested, intermediate, and
widely distributed — were assessed and calculated by 1 obsetver after view-
ing under a confocal laser scanning microscope, the Olympus Fluoview,
FV300 confocal microscope (Olympus).

Morphological observation. Skin biopsy samples or cultured keratinocytes
were fixed in 2% glutaraldehyde solution, postfixed in 1% OsO4, dehydrat-
ed, and processed for conventional electron microscopic observation,

Antibodies. Polyclonal anti-ABCA12 antibody was raised in rabbits
using a 14-amino acid sequence synthetic peptide (residues 2567-2580)
derived from the ABCA12 sequence (NM 173076) as the immunogen.

The other primary antibody was mouse monoclonal anti-ceramide anti-
body (Alexis Biochemicals).

Immunofluorescent labeling. Immunofluorescent labeling was performed
on frozen tissue sections and keratinocyte cultures as previously described
(35). Fluorescent labeling was performed with FITC-conjugated secondary
antibodies, followed by 10 ug/ml propidium iodide (Sigma-Aldrich) to coun-
terstain nuclei. For double labeling, fluorescent labeling was performed with
a TRITC-conjugated secondary antibody for the anti-ABCA12 antibody. The
stained samples were observed under a confocal laser scanning microscope.

Postembedding immunogold electron microscopy. Normal human skin sam-
ples were obrained from skin surgical operations under fully informed
consent and were processed for postembedding immunoelectron
microscopy as previously described (36). Cyrofixed, cryosubstituted
samples were embedded in Lowicryl K11M resin (Electron Microscopy
Sciences). Ultrathin sections were cut and incubated with anti-ABCA12
antibody, a secondary linker antibody. and a 5-nm gold-conjugated
antibody for immunogold labeling.
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Ichthyosis bullosa of Siemens (IBS, MIM 146800) is a unique congenital ichthyo-
sis characterized by mild epidermal hyperkeratosis over flexural areas, blister for-
mation and the development of superficially denuded areas of hyperkeratotic
skin. It is clinically difficult to distinguish severe IBS from mild bullous congen-
ital ichthyosiform erythroderma (BCIE, MIM 113800). In the current literature,
19 IBS families with keratin 2e (K2e) mutations have been reported, despite only
five IBS families having been reported before the first identification of K2e muta-
tion in 1994. We studied four patients from three Japanese IBS families. They
had previously been misdiagnosed as having BCIE before the correct diagnosis
was made after mutation detection. To detect the pathogenic mutations, we per-
formed direct sequencing of the entire coding regions of KRT2E encoding K2e in
the patients and healthy family members. K2¢ mutations, a 1469T — C trans-
ition (L490P) and a 1477G — A transition (E493K) within the conserved 2B
helix termination motif of the rod domain were detected in the families and the
definite diagnosis of IBS was made in the four cases. The present results indicate
that IBS is not such a rare entity as was previously thought, and accurate diagno-

sis is now available by mutation analysis.

Ichthyosis bullosa of Siemens (IBS, MIM 146800) is an auto-
somal dominant hereditary keratinization disorder which
shows similar, but milder, clinical and histopathological find-
ings to those in bullous congenital ichthyosiform erythroderma
(BCIE, MIM 113800)." In 1994, keratin 2e (K2e) mutations
were identified as causative in patients with IBS.”™ It has been
thought that IBS could be distinguished from BCIE by the
milder clinical manifestations, the absence of erythroderma,
the presence of superficial denuded areas over hyperkeratotic
skin (the Mauserung phenomenon), and by the characteristic dis-
tribution of hyperkeratosis. Histologically, the epidermolytic
hyperkeratosis in IBS is confined to the granular and upper
spinous layers with intracorneal blister formation.'

Despite these characteristic findings in IBS, however, it is
very difficult to distinguish severe cases of IBS from mild cases
of BCIE.>® 1t is feasible that some patients with IBS may have
been misdiagnosed as having mild BCIE, partly because IBS
was thought to be an extremely rare condition. In this report,
we present four IBS patients from three families who were
clinically misdiagnosed for years as having BCIE, but who
were finally given the correct diagnosis of IBS after the detec-

tion of K2e gene mutations.

Case reporis

We present four patients from three independent, unrelated
families of Japanese origin. All the patients were both clinic-
ally and histopathologically misdiagnosed for years as having
BCIE.

Family 1

Patient 1, a 9-year-old girl, had had blister formation over her
whole body since 1 year of age. Physical examination revealed
that she had dark to light grey hyperkeratosis covering the
extremities and buttocks (Fig. 1a). The palms and soles were
spared. Blisters and superficial denuded areas were noted on
the extremities (Fig. 1b). No other family members, including
her two brothers, showed any skin symptoms.

Family 2

Patient 2, a 56-year-old woman, had had blisters on her
ex(remities since 8 months of age. Since infancy, hyperkeratosis
had been apparent over the whole body. Physical examination

© 2005 British Association of Dermatologists e British Journal of Dermatology 2005 152, pp1353-1356 1353

— 114 —




1354 Ichthyosis bullosa of Siemens, M. Akiyama et al.

revealed that she had fine, grey scales covering the extremities
and buttocks. Superficial denuded areas were noted on the
extremities. Annular erythema was also noted on the extremit-
ies (Fig. Ic) and the trunk. The palms and soles were spared.
Patient 3, her son, was a 28-year-old man showing similar skin
symptoms. When he was 3 months old, blisters and thick scales
were seen on his trunk and extremities. Physical examination
revealed that he had dark grey hyperkeratosis covering the
extremities and buttocks. Scales were prominent on the elbows,
knees, ankle and wrist joints and axillae, although the palms
and soles were spared. Small blisters were noted on the extrem-

ities.

Family 3

Patient 4, a 3-year-old boy, had had a history of blistering on
the extremities since he was 1 month old. Physical examina-
tion revealed that he had dark grey hyperkeratosis and scales
mainly covering the extensor side of his extremities and the
buttocks. Blisters and superficially denuded areas were noted
in the hyperkeratotic plaques on the extremities (Fig. 1d,e).
The palms and soles were spared. His father, paternal grand-

mother and aunt showed similar symptoms.

Mutation detection

DNA was isolated by standard methods from the peripheral
blood of the patients and unaffected family members. The
coding regions of the K2e gene (KRT2E) were amplified by
polymerase chain reaction (PCR) using genomic DNA as a
template. We employed oligonucleotide primers for amplifica-
tion of all nine KRT2E exons, as reported elsewhere.® Specific-
ally, the sense primer 5-ACCTAACACTCCCAGGGCCA-3" and

Fig 1. Clinical features of the patients with
ichthyosis bullosa of Siemens. Hyperkeratosis
on the flexor thigh (a) and a superficial
denuded area on the lower leg (b) of patient
1. Annular erythema with scales on the
forearm of patient 2 {c). Blisters and scales on
the erythematous skin of the leg (d) and
hyperkeratosis and a superficial denuded area
on the dorsum of the foot (e) of patient 4.

antisense primer 5-CCCCATTCTCTGCTTTCCCT-3” were used
for amplification of exon 7. All PCR products were sequenced
in an ABI 310 automated sequencer.

Direct sequencing of exon 7 of KRT2E disclosed a T — C
transition at nucleotide position 1469 in patient 1 from family
1 (Fig. 2a). This nucleotide substitution resulted in the change
of a codon from leucine to proline (CTG — CCG), and the
mutation was designated as L490P, which has previously been
reported to be pathogenic in IBS.?

Direct sequencing of exon 7 disclosed a G — A transition
at nucleotide position 1477 in patients 2 and 3 from family 2
and patient 4 from family 3 (Fig. 2b,c). This nucleotide sub-
stitution resulted in the change of a codon for glutaminc acid
to lysine (GAG — AAG), and the mutation was designated as
E493K, which has previously been reported in IBS.”™*7~°
These mutations were not found by direct sequencing in DNA
samples from any other healthy family members.

Ulirastructure and distribution of keratin 2e and other
keratinization-associated molecules

Flectron microscopic observations of skin biopsy specimens
revealed a disrupted keratin filament network and clumped
keratin filaments only in the granular cells and in the spinous
cells just below the granular layer.

Immunofluorescence labelling was performed as described
previously.'® The stained sections were observed using a con-
focal laser scanning microscope. Immunofluorescence labelling
with anti-K2e antibody (Progen Biotechnik GmbH, Heidel-
berg, Germany) showed that K2e was expressed in the gran-
ular layers and lower down into the spinous layers in the
epidermis of patient 1, whereas K2e was distributed only in

the uppermost spinous and the granular layers in normal
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Fig 2. Pedigrees of the families and KRT2E sequences from the
patients and normal controls. Patient 1 from family 1 (a) showed a
1469T — C transition. Patients 2 and 3 from family 2 (b) and patient
4 from family 3 (c) had a 1477G — A transition. Affected individuals
are indicated by black symbols.

contro} skin (Fig. 3). Keratin 1 (K1), keratin 5 (K5), keratin
10 (K10),
buted even in the patient’s epidermis.

involucrin and loricrin were all normally distri-

Discussion

In all members of the keratin protein family, the helix bound-
ary motifs are highly conserved regions of approximately 20
amino acids located at the beginning and end of the central
coiled-coil rod domain, which have been implicated in
molecular overlapping interactions as part of the formation of
10-nm filaments from dimers comprising both type I acidic
and a type It basic-neutral keratins.'' Single amino acid altera-
tions by point mutation in these essential, helix boundary
motifs frequently cause a disease phenotype in the majority of
the keratin diseases (Human Intermediate Filament Mutation
Database, http://www.interfil.org). The same is true in IBS,
and all the causative mutations have been identified in the K2e
protein helix initiation or termination motifs. We describe
three Japanese families with IBS. One family had the mutation
L490P and the other two families had the mutation 493K in
the 2B helix termination motif of K2e.
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Fig 3. Immunofluorescence labelling for keratin 2e (K2e) revealed an
abnormally broadened K2e-positive zone in the upper epidermis of
the patient’s skin (a), compared with normal control skin (c) (dotted
line, basement membrane zone). A comparison with keratin 5 (K5)
immunostaining (b,d) indicates clear K2e expression in the upper
spinous layers in the patient’s epidermis. (a,b) Patient epidermis;
(c.d) normal control epidermis; (a,c) K2e staining; (b,d) K5 staining.
K2e or K5, fluorescein isothiocyanate (green); nuclei, propidium

iodide (red). Original magnification X 30.

In the human epidermis, X1 and K10 expression occurs in
the suprabasal layers, replacing K5 and keratin 14 as cells dif-
ferentiate.'? K2e is expressed somewhat later in keratinocyte
differentiation as keratinocytes approach the granular layer. In
the present study, by immunofluorescence, a greater thickness
of the zone of K2e-positive keratinocytes was seen in the
patient’s epidermis. Costaining with anti-K2e and anti-K5 anti-
bodies clearly demonstrated that K2e expression was occurring
lower down into the spinous layers than in normal epidermis.
However, ultrastructurally, clumped keratin filaments were
restricted to the cytoplasm of granular layer cells and the
uppermost spinous layer cells. These findings suggested that,
in the patient’s epidermis, granular degeneration occurred
only in the uppermost spinous and granular layers, although
hyperkeratosis in the lesional epidermis resulted in a secon-
dary overexpression of K2e in the spinous layers of the
patient’s epidermis.

The palms and soles were completely spared in all the pre-
sent patients. In IBS the palms and soles are always spared,
while they may be mildly scaly in BCIE patients with K10
mutations. BCIE patients with K1 mutations generally have
severe palmoplantar keratoderma. Thus, the presence of and
type of palmoplantar keratoderma might be a useful diagnostic
indicator for IBS and BCIE.

Since 1994, when the causative genetic defects for IBS

were first identified as mutations in KRT2E coding K2e,
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