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ABSTRACT

Autologous keratinocyte grafts provide clinical benefit by rapidly covering wounded areas, but they
are fragile. We therefore developed biocompatible hexagonal-packed porous films with uniform, circu-
lar pore sizes to support human keratinocytes and fibroblasts. Cells were cultured on these porous poly
(e-calprolactone) films with pore sizes ranging from novel ultra-small 3 pm to 20 pm. These were compared
with flat (pore-less) films. Cell growth rates, adhesion, migration, and ultrastructural morphology were
examined. Human keratinocytes and fibroblasts attached to all films. Furthermore, small-pore (3-5pm)
films showed the highest levels of cell adhesion and survival and prevented migration into the pores and
opposing film surface. Keratinocyte migration over small-pore film surface was inhibited. Keratinocytes
optimally attached to 3-pm-pore films due to a combination of greater pore numbers (porosity), a greater
circumference of the pore edge per unit surface area, and greater frequency of flat surface areas for
attachment, allowing better cell-substrate and cell-cell attachment and growth. The 3-pum pore size allowed
cell-cell communication, together with diffusion of soluble nutrients and factors from the culture medium
or wound substrate. These characteristics are considered important in developing grafts for use in the
treatment of human skin wounds.

INTRODUCTION

T HERE HAVE BEEN NUMEROUS REPORTS OF micro-scale and
nano-scale structured materials with biologically sig-
nificant properties using basic chemical composition and
micro- or nano-scale structural features that may influence
cell characteristics grown on these materials.'™ Studies ex-
amining this phenomenon include those exploring fibro-
vascular connective tissue cultured on foams,®” osteoblasts
grown on porous surfaces,> tissue fibroblasts on porous
membranes,'® and mouse 3T3 fibroblast-maintained porous
collagen—glycosaminoglycan scaffolds."! The typical cell re-
sponses to nano- and micro-scale structure and geometry

include changes in cell adhesion, proliferation, and survival
on smaller-scale structures and altered morphology, includ-
ing cell size, shape, and orientation.®”'>! Material pore
size has emerged as a significant factor affecting cell adhe-
sion and growth on culture substrates; however, the pore
shape in many experimental biomaterials has been irregu-
lar and had poor uniformity of pore distribution, with
variable, generally poorly controlled pore size. 10115 we
have developed a low-cost process of porous film manu-
facturing using biocompatible poly (e-caprolactone) (PCL)
material that produces a regular, controlled pore size and a
regular, hexagonally packed pore distribution on a flat
film, 16719
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Unsupported human skin grafts in current use are com-
posed of keratinocyte sheets and are thin, fragile grafts that
must be removed from a donor site, causing further patient
injury, and later applied to pre-prepared, cleaned wounded
areas to aid rapid wound coverage and achieve effective
results. Additional supportofthese cultured autologous grafts,
especially during the handling process, is desirable to im-
prove graft application. Aliphatic polymers such as those
made from PCL provide sufficient strength, support, and
flexibility and are also biocompatible and biodegradable in
the human body. (They are already being used in surgical
sutures and blood vessel stents or supports.'>?%) The porous
film also provides an occlusive surface to separate distinct
groups of cells on opposite sides; the size of the film pores
can precisely control the wound bed connective tissue cells
and cultured epithelial cells and the extent to which these
two cells types interact.?! In addition, the center of the pore
can itself be used to store or protect biological structures, for
example, adhesion components or growth factors encap-
sulated in controlled-release technologies. Previously, the
range of pore sizes that have been regularly and uniformly
fabricated has been between 5 and 20 um in diameter be-
cause of limitations in the polymer and solvent used.'®**?
Here, we demonstrate that this limit has been extended to
grow skin-derived cells on the smallest pores (3 um) that can
be fabricated using self-organizing processes. The precise
control of regular pore size limits cell adhesion and com-
munication as well as allowing storage of bioactive com-
pounds provides an important benefit to using the porous
films as graft substrates.

We have developed a way to easily and cheaply prepare a
regular, patterned surface on which cells can be grown that
allow it to be used as a graft to improve wound healing. Our
novel porous PCL films (devised and patented by Creative
Research Initiative Sousei, Hokkaido University, see patents
by Tanaka et al." McMillan et al.?) have been tested as a
biodegradable platform to support cultures of various human
cells, 16:18.2425 Furthermore, we report here the first fabri-
cation and use of ultra-small-pore-size films with 3-pm-
sized pores and report the effects culturing the 2 main
skin-derived cells, keratinocytes and fibroblasts, grown on
this substrate.

To investigate the effect regular porous films have on
monocultures of skin cells, we have investigated the prop-
erties of cultured human epidermal keratinocyte and dermal
fibroblast cell adhesion, migration, growth, and morphol-
ogy on different-sized pore substrates. The aim of this study

'Biodegradable honeycomb films for tissue engineering scaf-
folds (Patent number: 1999-340568(JP). Application date: 1999/
11/30.) Biomedical devices (Patent number: 2001-342484 (JP).
Application date: 2001/11/07.)

*Porous honeycomb films: applications for cultured human
keratinocyte and fibroblast composite grafts and human skin
equivalents (Patent number: 2005-188948(JP). Application date:
2005/06/28.)

MCMILLAN ET AL.

is to enhance our understanding of the processes of cell-
substrate interactions and how these factors affect cell ad-
hesion, growth, migration, and morphology. This knowledge

will allow us™to make further improvemernits to optimize
skin graft efficacy and improve wound healing.

MATERIALS AND METHODS

Preparation of porous films

The porous PCL uniform 3-dimensional porous filins were
manufactured using previously described procedures.'®*%
Films were disinfected and sterilized (using ethanol and ul-
traviolet light sterilization), washed, an dair dried, and trapped
air was removed using a combination of serial ethanol and
sterile 0.1 M Dulbecco’s phosphate buffered saline (PBS)
washes (Invitrogen/Gibco, BRL, Carlsbad, CA). The sterilized
porous films were then directly seeded with monocultures of
keratinocytes or fibroblasts. The production procedure uses
polymer-solvent mixtures to form perfectly spherical solvent-
filled spaces, and thereby pores, in the films. Thus, pore size
and depth are intrinsically linked.

Cell sources

The cells (keratinocytes and fibroblasts) were seeded on
the upper surface of the film only. Fibroblast cells were
sustained in Dulbecco’s modified Eagle medium (DMEM)
with 10% fetal calf serum, penicillin, and streptomycin
(Cambrex, Walkersville, MD) for 24 h to 10 days. Keratino-
cytes were cultured in keratinocyte growth medium (KGM) I
(Cambrex, Walkersville, MD) for between 24 h and 10 days.
Normal human neonatal foreskin keratinocytes (Cambrex)
were grown in KGM I culture medium (Clonetics, Walk-
ersville, MD) until passage 2 or 3 (P2/P3). The cells were
then trypsinized and stored in 10% dimethyl sulfoxide
(DMSO) under liquid nitrogen until needed. Normal human
dermal fibroblasts were obtained (Cambrex) and grown in
DMEM (Cambrex) until P2. Cells were then trypsinized and
stored in 10% DMSO under liquid nitrogen until required.

Cell adhesion and growth assays

Normal human neonatal keratinocytes (P2/P3) or dermal
fibroblasts (P2) were grown in appropriate culture medium.
Cells were trypsinized and counted and 3x10° cells plated
onto l6-mm-diameter sterilized circular glass-supported
substrates including flat (pore-less) PCL film and porous
PCL films. This density has previously been determined to
be more than sufficient for proper seeding of keratinocyte
grafts.*® Cells were left to adhere for 2 or 24 h to these films
with various sized pores. After this time period, the plates
were washed 4 times in sterile 0.1 M Dulbecco’s PBS and
the numbers of live keratinocytes counted after a 5-min in-
cubation with 0.05 pg/mL of acetoxymethyl ester (AME,
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C-369), a fluorescent marker for live cells (Molecular
Probes, Eugene, OR), in PBS followed by two 5-min washes
each in PBS and then DMEM. Only live cells (keratinocytes
or-fibroblasts)-are-able to-deacetylate-the-non-fluorescent
protein, converting it into fluorescent form. Attached cells
were immediately counted using an Olympus Fluoview
FV300 confocal and IX70 inverted microscope (Olympus,
Tokyo, Japan). Only attached, live, uniformly fluorescent
cells were counted on each substrate at a single time point
(24 h after initial plating). The mean number of live cells per
high power field (n > 10) per substrate was calculated. This
experiment was repeated 3 times. The treatment groups were
compared using one-way analysis of variance (ANOVA)
and two sample t-tests using the Minitab statistical package
(Minitab Inc., University of Pennsylvania, Philadelphia,
PA) at p < 0.05 or <0.01 showing significant effects.

For the cell-growth assay, P2-P3 cells were grown on flat
or porous films, as previously described,* and grown in
appropriate culture medium. At specific time points (24, 48,
and >144h) the plates were washed 4 times in sterile 0.1 M
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FIG. 1.

Dulbecco’s PBS and the numbers of live cells counted as
previously described one directly from phase-contrast pho-
tomicrographs. Attached cells were counted using an Olym-
pus-IX70-inverted-Fluoview-FV300-confocal-microscope:
The numbers of live cells per high-power field (n > 10) were
calculated per substrate group. Statistical analysis was
performed between the treatment groups using one-way
ANOVA and two sample t-tests using the Minitab statistical
package. The results are shown in Figure 1B and D. This
experiment was repeated 3 times.

Migration assay

Normal control P3 keratinocytes or fibroblasts were plated
onto substrates (flat calprolactone or porous films). Cells were
grown on various substrates in KGM I (keratinocytes) or
DMEM (fibroblasts, Clonetics). Cells were grown at between
1x10° and 3% 10° cells per 16-mm well on various substrates
as previously described and placed in a temperature- and
carbon dioxide (COj)-controlled microscopic stage while
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Keratinocytes show greater increases in cell-substrate adhesion and growth than fibroblasts on porous poly(g-caprolactone)

films. Keratinocyte adhesion assays over 24h (A) demonstrated statistically significantly (p <0.01) greater keratinocyte adhesion
between 3 um porous films than between all other larger films. (B) Keratinocyte growth assay over 144 h (6 days) showed a similar
ranking but also more-significant differences between 3-pm and other films. Fibroblast adhesion rates over 24 h showed no significant
changes when these cells were plated on different films (C). (D) The fibroblast growth rate over 144 h showed moderate differences
(p < 0.05) between the flat, 3-um, and 5-pm group and the larger-pore 10-um, 15-pum, and 20-pum group. For fibroblasts, the 5-um films

appeared optimal for growth. Statistical analysis: one-way analysis
#%p < 0.01). Error bars 1 = standard deviation.

of variance (ANOVA) and Student t tests. *ANOVA, p <0.05,



cells were observed using video microscopy using an INU-NI
series microscope stage fitted to an inverted TE 2000 mi-
croscope (Nikon, Tokyo, Japan). Single-cell migration assays

using time-lapse digital video microscopy were performedfor

periods of between 8 and 24 h. The number of cells observed
using video microscopy was greater than 50 cells per group.
Cells were observed using a time-lapse video interval of
5min, and the distance traveled was observed using a pre-
calibrated scale and MCID/M2 image analysis software
(Imaging Research Inc., Ontario, Canada). Cell viability
counts were confirmed after 5 min incubation with 0.05 pg/
mL of C-369 AME, a fluorescent marker for live cells (Mo-
lecular Probes), and examination under a confocal micro-
scope as previously described. The average distance traveled
per hour was calculated for each cell type on each substrate.
Statistical analysis was performed to compare the treatment
groups using one-way ANOVA and two sample t-tests using
the Minitab statistical package.

Scanning electron microscopy

Cells grown on various substrates for 48 h were fixed in
2% glutaraldehyde for at least 4 h and processed for routine
scanning electron microscopy (SEM). Briefly, samples were
dehydrated in a graded ethanol series, treated twice with
isoamyl acetate, and critical point CO, dried using a Hitachi
HCP-2 followed by platinum-palladium sputter coating in a
Hitachi E-1030 (Tokyo, Japan). Specimens were examined
using a Hitachi S-4500 scanning electron microscope fitted
with a digital image capture system. Approximately 200
adherent cells were examined per group.

Transmission electron microscopy

Cells grown on films for 48 h were fixed in 2% glutaral-
dehyde solution, post-fixed in 1% osmium oxide, dehydrated,
and processed for conventional electron microscopic obser-
vation according to the methods described previously.” Al-
ternatively, samples were dehydrated using a graded ethanol
series but were not treated with propylene oxide. Instead they
were washed in 100% ethanol and a methanol-acetic acid
mixture and subsequently embedded in white acrylic resin
(London Resin Company, Reading, UK) or Lowicryl KI1M
(Ladd Research Industries, Burlington, VT) to avoid harmful
film—-solvent interactions that were polymerized using ultra-
violet light at 4°C for 48h. Semithin sections were cut and
stained with Richardson’s stain.>® Samples were cut, stained
with uranyl acetate and lead citrate, and viewed under a Hi-
tachi H-7100 transmission electron microscope at 75kV.

Confocal immunofluorescence microscopy

Indirectimmunofluorescence was performed as previously
described® using 3-pm porous films with keratinocyte and
5-wm porous films and fibroblast monocultures in addition
to cryostat normal skin sections. The mouse monoclonals
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M3F7and LH7:2, recognizing collagen IV and collagen VI,
respectively, were used at neat and 1 in 2 dilutions.”” M3F7
were obtained from the Developmental Studies Hybridoma

bank; University of Towa: A laminin-5-antibody, GB3; di-
rected against the laminin 5 2 chain (Harlan Sera Labora-
tory, Loughborough, UK), mouse immunoglobulin (Ig)G
vinculin VIN-11-05 (Sigma, St Louis, MI) 1 in 100 dilution,
desmoplakin (11F5) used at 1 in 50 dilution, and E cadherin
HECDI1 were used. 4C7 monoclonal antibody recognizing
the laminin 10 was used diluted 1 in 25.%° The following
primary antibodies and sera were also used in this study:
anti-human keratin 14, clone LLOO1 diluted 1 in 2 (gifts from
B. Lane, Dundee, UK), anti-talin, TD77 mouse antibody
diluted 1 in 200, mouse anti-collagen I (1 in 100), and rabbit
polyclonal vimentin diluted 1 in 200 (Abcam, Cambridge,
UK) against synthetic talin (amino acids 2269-2541) en-
coding the polypeptide f actin binding region. Staining
for actin was performed using phalloidin and rabbit anti-
human actin rabbit IgG antisera (Biomedical Technologies,
Stoughton, MS).

Cell and film cryostat sections were fixed in acetone
methanol and incubated with primary antibodies and antisera.
Sections were incubated with secondary antibodies conju-
gated to fluorescein isothiocyanate (FITC; rabbit anti-mouse
1gG or goat anti-rabbit IgG; 1:200; Dako, Tokyo, Japan).
Sections were then labeled with a Topro 3 nuclear counter-
stain (Jackson Immuno-Research, West Grove, PA, diluted
1 in 20,000). The sections were examined using an Olympus
Fluoview FV300 confocal microscope. Controls included
normal skin cryostat sections, with PBS substituted for the
primary antibody, myeloma supernatant, or an irrelevant
immunoglobulin isotype as a negative control. All experi-
ments were performed at least twice.

RESULTS

Cell adhesion and growth assays

Cell adhesion on porous films. Keratinocytes (Fig. 1A)
and fibroblasts (Fig. 1C) were able to attach to, adhere to,
and grow on all porous films. The initial adhesion of kera-
tinocytes (over 24 h) was greater on the small-diameter po-
rous films (with 3 pm producing the best results, closely
followed by the 5-um, 10-pm, 15-pum, and 20-um porous
films, see Fig. 1A). Keratinocyte adhesion was greatest using
the smaller-diameter porous film pores (with 3 um produc-
ing the best results, followed closely by the 5-um film, Fig.
1). However, overall, cell adhesion to the porous films was
significantly greater in human dermal-derived fibroblasts
than in human epidermal keratinocytes (Fig. 1A vs 1C).
Fibroblasts, overall, showed far less-significant differences
(Fig. 1C, p > 0.05) between adhesion rates on different films,
with only a slight increase in adhesion 3 pm compared to
sequential minimal decreases in 5pm, 10 um and flat sur-
faces. These data are in broad agreement with our previous
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report that demonstrated high levels of adhesion to various
porous films shown by the mouse NIH 3T3 fibroblast cell
line.*

tively). The differences here reflect severely slower kerati-
nocyte migration rates on any PCL film than the reporied
migration of keratinocytes on plastic® and gradually slower
migration rates of fibroblasts grown on 3-pwm and 5-pm films

Cell growth rates. Cell growth rates were assessed for up
to 6 days. All culture samples were seeded with the same
number of cells on each substrate in each well. After 6 days of
culture, live cells were stained and cells counted per randomly
selected high-power field. Keratinocytes showed the highest
proliferation and/or survival rates on 3-um porous films, al-
though the 5-um porous films also demonstrated a slightly
slower growth rate. These two samples’ growth rates were
significantly higher than those of any of the larger-pore films
(10 pm > 15 pm > 20 um) or flat substrate.

Fibroblasts showed similar, high growth levels on the 5-
um and 3-pum pore films and flat substrates. However, they
also showed significantly lower growth rates on the larger-
pore films (10-pm, 15-pm, and 20-pm pores) than on those
with smaller pores. This was an approximately 25% to 30%
lower growth rates on films with 10-pum pores than on those
with 5-pm pores.

Cell migration over the film suiface

Lateral cell migration over the surface of the porous film
was analyzed using time-lapse video and image analysis and
showed that keratinocyte migration rates were lower after
plating of cells onto any PCL filim than for keratinocytes
grown on plastic31 (Fig. 2, grey bar flat (poreless) PCL vs
porous PCL films). Fibroblast migration was significantly less
(p<0.05 and p <0.01) but not completely inhibited after
plating on porous films, causing reductions of up to 30% (Fig.
2 white bars flat PCL vs 3-pum and 5-um PCL film, respec-

Video cell migration assay of fibroblasts (in black) and
keratinocytes (grey) on porous membrane substrates

gz Human fibroblasts

Human keratinocytes
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FIG. 2. Video microscopy—assessed migration showed higher
migration rates for fibroblasts than for keratinocytes when main-
tained on porous films. Keratinocyte migration was inhibited on
porous membranes, whereas fibroblasts showed the highest mi-
gration rates on flat pore-less films, only moderate reductions in
migration on 3-um films and more significant reductions on 5- to
10-pum films. Surprisingly fibroblast migration showed a modest
increase on the 20-pum films. Statistical analysis: one-way analysis
of variance and Student t tests. *p < 0.05, **p < 0.01). Error bars
1=SD.

(respectively) than for those grown on pore-less flat films.

Migrating cells can cross films with smaller pore sizes
more easily than they can cross films with large pores. In
addition, the length of pore edge per specific unit surface
area is greatest in the small-pore film, which enables cells to
use plasma membrane lamleopodia extensions (presumably
containing focal contacts) to gain better adhesion on the
underlying surface and allow better signal transduction that
enable still better adhesion and growth.

Scanning electron microscopy

Keratinocytes seeded onto flat pore-less surfaces attached
quickly, spread, and flattened within 2 to 4 h of plating (and
were examined using phase contrast microscopy). Cells at-
tached to the underlying substrate using thin filopodial ex-
tensions of the plasma membrane that resembled focal
adhesions (Fig. 3A-D, white arrows). Keratinocytes subse-
quently formed small colonies of cells that grew and migrated
over the flat films. Keratinocytes on all sizes of porous sub-
strates (Fig. 3B--D) took longer than 48 h to spread (Fig. 3B).
Keratinocytes seeded near adjacent cells or those that pro-
duced daughter cells after mitotic division maintained des-
mosome connections (white arrowheads in Fig. 3C) between
adjacent cells. Cells were typically positioned over adjacent
pores (see Fig. 3B, C). Ultimately, keratinocytes plated on
films with pores of any size spread and flattened, covering the
film surface with a diameter of as much as 30 to 40 um (Fig.
3D). Eventually, keratinocytes characteristically formed thin,
flat, “fried egg” shapes that covered the pores and surface of
the film in equal proportion (Fig. 3D). On the largest-pore
films (15-20 pm) occasional individual keratinocytes could
be seen within the pores of the film (data not shown).

Fibroblasts grown on flat films quickly attached, spread,
and flattened within 3h (Fig. 3E). Fibroblasts on porous
films spread more slowly than on flat films and initially
maintained an elongated shape but without significant flat-
tening (Fig. 3F vs E). Eventually, fibroblasts spread and
formed flattened shapes covering the porous films as the
number of cells increased (Fig. 3G). In larger-pore films
(>5 um), entire cells were observed that had entered pores,
and the cell body passed into the pore space between the
upper and lower layers of the film (Fig. 3H, inset). Fibro-
blasts, because of their thinner, more-elongated shape, were
much more frequently observed entering the large film pores
(Fig. 3H and inset) than keratinocytes.

Transmission electron microscopic analysis
of cells grown on support films
Transmembrane cell migration keratinocytes. Semithin

sections showed the basically normal morphology of kerati-
nocytes and fibroblasts grown on flat and porous film supports



Flat PCL 3 pm PCL

)
0}
=
>
&)
o
c
v
©
3o
@
<

Fibroblasts

MCMILLAN ET AL.

5 ym PCL 10 um PCL

FIG. 3. Scanning electron micrographs showing the morphology of cells grown on flat and porous films after 48h in culture.
Keratinocytes (A-D) and fibroblasts (E-H) exhibit good cell-substrate attachment on all the surfaces by means of cell projections
(filopodia) attaching to the surfaces (arrows in A). These cell projections resembled focal adhesion associated lamellipodia/
filopodia (arrows in A-D). Keratinocytes were slower to spread than fibroblasts but formed flatter, more-rounded cells (B~D). Adjacent
keratinocytes were able to form close cell—cell associations at possible sites of cell-junction formation (arrowheads in C). Conversely,
fibroblasts formed small round cells but rapidly (in <1 h) elongated becoming spindle-like cells containing nuclear bulges eventually
becoming 25 pum in length. On larger porous films with pores 10 um and greater, cell processes and entire fibroblasts entered the pores
(see inset in H). Scale bars (A, C, E) 15um, (B, D, F, G, H) 30 um.

(Fig. 4A-J). The black dashed lines highlight the upper sur-
face of the flat or porous film (Fig. 4A-J). Keratinocytes
seeded on porous films initially showed a rounded morphol-
ogy and typically sent down small cytoplasmic projections
extending 1 to pum into the pores (arrows in Fig. 4C, E, G, I).
The number of pores per unit surface area were highest in
small-pore (3 pm, Fig. 4C) films and lowest on the large-pore
films (15 pm, Fig. 41; 20 um, Fig. 4K). (For review of porous
film properties, see?2.) This means that keratinocytes grown
on small-pore film could form greater numbers of cell pro-
jections into the pores per unit surface area than in larger-pore
films. In the large-pore films, entire necrotic keratinocytes
with pyknotic nuclei were observed within the open pore
spaces (Fig. 4K, arrows).

As previously demonstrated using SEM, fibroblasts grown
on all porous films showed a flatter morphology than kera-
tinocytes (Fig. 4B). Fibroblasts were also able to extend
variable length cell processes and entire cells into the pores,
but because these cells were generally longer and thinner
than keratinocytes, entire cells were able to enter any pores
larger than 5 pm (arrows in Fig. 3F, H, J, L). As the pore size
increased beyond S um, increasing numbers of fibroblasts
were able to migrate and multiply in the center of the porous
films (Fig. 3F, H, J, L).

Transmembrane cell migration. The transmembrane
migration of keratinocytes was completely prevented us-
ing films with smaller-diameter pored (with the 3- and

S5-um films most effectively preventing transmigration).
Only the smallest-pore (3 um) films were effective at pre-
venting the transmembrane transfer of migrating fibro-
blasts cells into the spaces in the center of the film. The
ratio of pore-size diameter to minimum cell diameter is
an important property in determining the extent of cell
transmembrane migration into the pores and their subse-
quent migration to the other side of the porous film. The
use of small-pore films might therefore prove advantageous
in a graft to avoid the transmembrane transfer of different
cell types.

Keratinocyte ultrastructure

Ultrastructure of individual keratinocytes grown on flat
and porous films showed a 3- to 4-cell multi-layered but
incompletely keratinized epidermis, typical of cells main-
tained in submerged culture (keratinocytes seeded on 5-pm
film Fig. 4M, N). At the apical surface, there were numerous
villus-like structures and linking adjacent keratinocytes.
There were electron-dense desmosomal plaques associated
with keratin intermediate-filament bundles (Fig. 4N, white
arrow and inset). At the basal pole of the cultured epider-
mis, there were severely disorganized keratin filaments, but
no basal lamina or well-formed hemidesmosome structures
were present (Fig. 4M). Small, hypoplastic hemidesmo-
somes were occasionally observed along the basal pole but
were not attached or associated with any external or under-
lying structures. Sub-basal dense plates were not observed on
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Keratinocvies
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FIG. 4. Semithin and transmission electron microscopy shows the cell morphology, position, and ultrastructure of cells grown on
porous films. The dotted lines (A~J) highlight the upper surfaces of the films. Both cell types grown on small-pore films (A~D, 3-5um,
arrows) produced filopodial cell projections into the pore space. Furthermore, keratinocytes grown on larger pores (10- to 20-pum-sized
pores, E-J, arrows) formed larger processes, and on the 20-um pores, the keratinocytes entered the pore (see arrows in I). Often these
isolated cells showed pyknotic nuclei and failed to survive (I). Fibroblasts were generally longer than even the largest pore size and
entered pore sizes greater than 10 pm. The histology of keratinocyte (H) and fibroblast (I) long-term cultures maintained for 3 weeks
shows multiple layers of cells. Ultrastructural analysis of keratinocytes showed no basal lamina or properly formed hemidesmosomes
(M, arrows, inset in M). However, multiple intermediate and microfilaments were observed overlying the keratinocyte plasma mem-
brane (M, N). Desmosomes were also seen between keratinocytes (white arrows in N, inset). Fibroblasts formed thin, elongated stacks
of active cells containing vesicles and mitochondria and collagen fibers between adjacent cells. Scale bar 10 pm (A-~L), 100 nam (M, O),

1 pm (N, P). Color images available online at www.liebertpub.com/ten.

any hemidesmosomes. A significant number of substratum-
associated actin microfilament bundles were observed at the
base of the basal layer keratinocytes (Fig. 4M) and in cell
processes (data not shown).

Fibroblast ultrastructure

The ultrastructure of fibroblasts grown on 5-pm porous
films showed heterogeneous layers of closely and loosely
packed fibroblasts (Fig. 40, P). Fibroblast morphology was
generally that of active cells containing numerous secretory
and endocytotic vesicles and together with numerous organ-
elles (Fig. 4P). Cultured fibroblasts typically formed between
2 and 4 cell layers, in which the cells were closely packed or
contained intercellular spaces filled with extracellular matrix,
ground substance, and cross-banded collagen fibers (Fig. 40,
inset). A significant amount of substratum-associated actin
microfilament and (presumably vimentin) intermediate fil-
ament bundles were observed within the fibroblasts (Fig.
40) and in cell processes (data not shown).

Confocal fluorescence microscopy

Keratinocytes cultured on 3-pm films stained with keratin
14 and at the cell borders with the cell adhesion markers
desmoplakin and E-cadherin. Keratinocytes showed bright
staining for the focal contact and adhesion associated an-
tigens vinculin, actin, and vitronectin but not for the epi-
dermal matrix proteins or the hemidesmosomal anchoring
filament protein laminins 5 (332), laminin 10/11 (511 or
521), collagen I, or collagen IV. Collagen VII and fibro-
nectin showed weak epidermal cytoplasmic staining but no
evidence of matrix deposition on the film.

Fibroblasts cultured on 5-um films stained with vimentin
(not keratin) and at the cell borders and extracellularly with
fibronectin, vitronectin, and collagen I. Fibroblasts showed
normal, bright cytoplasmic staining for the focal contact-
associated antigens vinculin and actin and weaker staining
for talin but no staining for the epidermal matrix proteins
laminins 5(332), laminin 10 (511), collagen I, or collagen
IV. Collagen VII showed weak cytoplasmic staining with no
evidence of matrix deposition on the film.



DISCUSSION

Keratinocytes and fibroblasts adhere to, spread on, and
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together with the abundance of cytoplasmic actin filaments
and focal adhesion components observed within filopodia
and lamelapodia, we suggest that focal adhesions form the

can grow and survive on flat and all sizes of regular, hex-
agonally packed porous (e-calprolactone) films with pores
ranging in size from 3 to 20pum. Specifically, we have
demonstrated that keratinocyte attachment is dependent on
the size of the pores and that cell adhesion was highest on the
smallest 3-um films. The unique characteristics of the po-
rous patterned films account for these changes in the 2 cell
types studied. Each cell type displays subtle differences due
to their particular adhesion and growth characteristics, as
shown by their unique repertoire of cell-adhesion receptors
and cell—cell interactions with porous substrates.

Substrate characteristics, temperature, the presence of
cations,32 cell activation state, and cell viability, which is
modulated by cytokines, govern keratinocyte adhesion in
part. Keratinocytes in our study were more discriminating
than fibroblasts and adhered best on smaller-pore-sized film
(3-pum-pored films), the next best adhesion pore size being 5-
pm-pore film. The explanation for these effects comes after
several observations. First, if this pore size is greater than the
size of the initial seeded cells, they can and do enter the film
pores. Because keratinocytes require direct adjacent cell-
cell contact for proper levels of growth, signaling, and cell
survival, cell separation caused by the larger pores is likely
to detrimentally affect these processes. It has previously
been shown that keratinocytes seeded onto grafts without
proper cell-cell and cell-substrate contact fail to form ap-
propriate epidermal sheets® and survive in culture ?5*
Further beneficial characteristics of the small-pore films in-
clude the fact that they have a greater surface area over which
cells can adhere. Finally, the smaller pore size produces a
greater length of pore edge per surface area that cells can
insert their plasma membrane lamelapodia and filopodial
extensions into to gain leverage and increase cell adhesion.
This leverage may also inhibit cell migration. Keratinocytes
require cell-cell and cell-substrate contact especially for cell
growth and survival. When cells, especially keratinocytes,
become isolated or removed from adjacent cell-cell contact
(or are trapped in pores) readily undergo cell cycle arrest or
apoptotic changes,* as was seen with pyknotic cells in our
growth experiments. Similarly, mutations in the first human
genetic disease affecting focal contact-adhesion protein
kindlin-1 in skin also cause premature keratinocyte cell
death by apoptosis and skin thinning and erosions. >’

Our data suggest that the most important keratinocyte
adhesive mechanism does not involve the proper formation
of the hemidesmosome junction or the assembly of any extra-
cellular components, including laminins 5/ 10%° or matrix
secretion of collagens I, IV, and VIL Conversely, fibroblasts
and keratinocytes that adhered to porous films assembled
highly dynamic, actin-associated focal adhesion-like struc-
tures that were observed attaching to the surface of the films.
Given the short time frame over which cells, particularly
fibroblasts, adhered to and spread on the films and taken

majority of adhesive junctions on these surfaces. The iden-
tification of fibronectin and vitronectin deposits in cultures
and recent findings of the importance of focal contacts and
their associated proteins on the adhesion of other cell types
cultured on porous membranes further supports this hy-
pothesis, #3849

Closely related to the film adhesive characteristics is the
related ability to allow cell migration. The ability of the cells
to gain leverage because of the extra length of pore edge or to
enter the film pores in the small-pore samples probably af-
fected keratinocyte and fibroblast migration rates, as previ-
ously mentioned. Our findings support previous reports that
fibroblast migration on collagen sponges with various size
pores was significantly greater than that of keratinocytes.*?

In addition, we demonstrated that the smallest, 3-um pore
size was most efficient at inhibiting the transmigration of
both cell types (to the opposite side of the film). Cell trans-
migration has important future implications in the design of
monolayer or bilayer polymer grafts for the treatment of skin
wounds. The beneficial adhesive properties and blocking of
transmigration of the smaller pores will prove to be an im-
portant factor when this film is used to support a bilayered
human skin equivalent or dermal equivalent by preventing
two different cells types from mixing.

Keratinocytes are more selective than fibroblasts and
grow best on small pore-sized film (3-pm-pored films). The
second most effective film size for keratinocyte adhe-
sion was the 5-pum film (3pm>5pm > 10pum > flat >>
15 pm < 20 pm). Explaining these growth effects on both
cell types encompasses cell substrate adhesion and ability
to migrate and form cell—cell contacts that all contributed to
affect in vitro growth rates.*' Our data suggested that the
keratinocytes were more likely to grow poorly in isolation
or in small colonies without significant all-round cell—cell
contact. This would have important implications for cell
contact—induced growth signals.**** Other reports have
also indicated that keratinocytes were more likely to grow
poorly in isolation without cell-cell contact similar to that
seen on porous collagen sponges.*° Fibroblasts grew equally
well on flat or small-pore-sized film but on pores larger
than 10 pm showed significantly slower grow rates. Direct
migration of fibroblasts on the underlying substrate was
relatively short term due to formation of multiple cell lay-
ers. However, fibroblast adhesion and growth-signaling
mechanisms are known to involve many of the same actin-
associated focal-adhesion molecules as in keratinocytes,**
NIH 3T3 fibroblasts have previously been demonstrated to
adhere to all sizes of porous films.**

The important characteristics of porous films that cause
significant changes in cell adhesion, migration, and growth
rates include characteristics that enable cells to extend focal-
contact plasma-membrane projections to gain adhesion and
leverage that allow better growth. Further work is required to



SMALL PORE FILMS SUPPORT CULTURED SKIN CELLS

describe the properties of PCL films with smaller pores and
to determine whether further beneficial effects of adhesion,
growth, and increases in keratinocyte migration rates that are

observed in culture are maintainedin in vivo wound-healing
models.
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Based Prenatal Diagnosis of Harlequin
Ichthyosis and Characterization of ABCA12 Mutation
Consequences

Masashi Akiyama'®, Matthias Titeux*°, Kaori Sakai’, James R. McMillan', Laure Tonasso?, Patrick Calvas?®,
Frederique Jossic*, Alain Hovnanian®? and Hiroshi Shimizu'

Until the identification of ABCA12 as the causative gene, prenatal diagnosis (PD) for harlequin ichthyosis (HI)
had been performed by electron microscopic observation of fetal skin biopsy samples. We report the first case
of HI DNA-based PD. Direct sequence analysis of ABCAT2 revealed that the deceased proband was a compound
heterozygote for two novel mutations. The maternal nonsense mutation p.Ser1249Term likely leads to
nonsense-mediated messenger RNA decay. The paternal mutation ¢.7436G > A affects the last codon of exon 50
and was expected to be a splice site mutation. For their third pregnancy, the parents requested PD. Direct
sequence analysis of fetal genomic DNA from amniotic fluid cells at 17 weeks gestation revealed the fetus was a
compound heterozygote for both mutations. The parents requested the pregnancy to be terminated. Analysis of
ABCA12 transcripts of cultured keratinocytes from the abortus showed the presence of six abnormally spliced
products from the allele carrying the splice site mutation. Four of them lead to premature termination codons
whereas the two others produced shortened proteins missing 21 and 31 amino acids from the second ATP-
binding cassette. This report provides evidence for residual ABCA12 expression in HI, and demonstrates the

efficiency of early DNA-based PD of HL

Journal of Investigative Dermatology (2007) 127, 568-573. doi:10.1038/5}.jid.5700617; published online 2 November 2006

INTRODUCTION

Harlequin ichthyosis (HI) is a severe and usually fatal
congenital ichthyosis with an autosomal recessive inheri-
tance pattern (Williams and Elias, 1987; Akiyama, 2006). The
clinical features include thick, plate-like scales with ectro-
pion, eclabium, and flattened ears. Infants affected with Hl
frequently die within the first few weeks of life. Skin
development is altered in utero; hyperkeratosis of the hair
canal occurs in the second trimester and characteristic
ultrastructural abnormalities including abnormal lamellar
granules, are present in the affected fetal epidermis (Dale
et al., 1990; Akiyama et al., 1994, 1998). Before the gene
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underlying Hl was identified in 2005, prenatal diagnosis (PD)
of the disease relied on ultrastructural examination of fetal
skin biopsy samples at 19-23 weeks estimated gestational age
(EGA) (Blanchet-Bardon et al., 1983; Suzumori and Kanzaki,
1991; Akiyama et al., 1994, 1999).

ABCAT12 is a transporter which belongs to the ATP-binding
cassette (ABC) transporter superfamily (Annilo et al., 2002;
Uitto, 2005). In 2005, we identified serious loss of function
mutations in ABCA12 coding an ABC transporter, that leads
to defective lipid transport in epidermal keratinocytes and
results in an HI phenotype (Akiyama et al., 2005). Another
group independently demonstrated that mutations in
ABCA12 underlie HI by linkage analysis (Kelsell et al,
2005). Thus, HI PD using molecular ABCA12 mutational
analysis has become possible. We report here the first
successful DNA-based PD for HI using fetal genomic DNA
specimens from amniotic fluid cells.

RESULTS

Case history and the clinical features of the proband

The newborn proband was the first child from unrelated,
healthy French parents. He was affected with HI and died
soon after birth. He displayed severe hyperkeratosis with
fissures over his entire body, severe ectropion, and eclabium
(Figure Ta~c). There was no family history of genodermatoses
in the family. The parents had a healthy son, their second
child. For their third pregnancy, the parents requested HI PD.

© 2006 The Society for Investigative Dermatology
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Figure 1. Clinical features of the proband, ABCA12 mutations in the family, and abnormal ABCA12 immunostaining in the patient’s epidermis. (a, b, and ¢)

Severe hyperkeratosis with fissures covering (a) the proband’s face (b) scalp and back, (c) chest and abdomen. (a) Eclabium and (b)

malformed pinna were

apparent. (d) A novel nonsense mutation p.Ser1249Term was found in the proband, the mother, and the fetus (arrows). The novel splice site mutation
¢.7436G > A was detected in the proband, the father and the fetus (arrows). The fetus was prenatally diagnosed as affected. (e) In the patient’s upper epidermis,
weak ABCA12 immunostaining (green: arrows) was seen diffusely in the keratinocyte cytoplasm. (f) In normal control human epidermis, intense ABCA12
labeling (green) was noted in the granular layers (arrows). ABCA12, FITC (green); nuclear staining, propidium iodide (red). Bar=10pum.

ABCA12 mutation analysis

Mutation analysis of the 53 exons including the intron-exon
boundaries of the entire ABCAT2 gene revealed that the
proband was a compound heterozygote for two novel
ABCA12 mutations, ¢.3746C> A and ¢.7436G > A (sequence
according to Lefévre et al. (2003)) (GenBank accession NM
173076) (Figure 1d). ¢.3746C>A in exon 26 was a novel
nonsense mutation that changed a serine residue at codon
1249 to a stop codon (p.Ser1249Term). This nonsense
mutation p.Ser1249Term in exon 26 likely leads to non-
sense-mediated messenger RNA (mRNA) decay rather than
protein truncation, resulting in ABCA12 deficiency (see
section ABCA12 transcript analysis in cultured keratinocytes
from the fetus). The mutation p.Ser1249Term was also found
in the mother. The other mutation ¢.7436G>A in exon 50
affects the last amino acid of exon 50 and was expected to be
a splice site mutation. Its potential effects on the splicing
pattern of ABCAT2 pre-mRNA were investigated (see section
ABCA12 transcript analysis in cultured keratinocytes from the
fetus). This splice site mutation was found in the father. Thus,
the nonsense mutation p.Ser1249Term was of maternal origin
and the splice site mutation ¢.7436G > A of paternal origin.
These mutations were not found in 200 normal alleles (50

French and 50 Japanese healthy unrelated individuals) by
sequence analysis, and were unlikely to be polymorphic
variations (data not shown).

DNA-based PD of the fetus

Direct sequencing of PCR products including exon 26 or 50
of ABCA12 from the fetal genomic DNA revealed the
presence of the maternal nonsense mutation p.Ser1249Term
in exon 26 and the paternal splice site mutation c.7436G>A
in exon 50 (Figure 1d). Thus, the fetus harbored both ABCA12
pathogenic mutations and was predicted to be affected. The
pregnancy was terminated at 19 weeks gestation after the
parents’ request. The fetus showed characteristic changes
including thin and fragile skin with petechia, eclabium,
small, thickened and abnormally rimmed ears, rigid and
swollen fingers and toes.

ABCAT12 protein expression in the proband’s skin

In the patient, ABCA12 immunostaining in the upper
epidermis was reduced (Figure 1e), when compared with
the intense ABCA12 immunostaining in the upper epidermal
fayers, mainly in the granular layers, of normal human skin
(Figure 11).
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Ultrastructure of the skin from the abortus

Autopsy skin samples from the abortus showed abnormal,
vacuolated lamellar-granules-in-the upper-intermediate-cells
and a large number of lipid droplets in the cytoplasm of
incompletely keratinized keratinocytes.

ABCA12 transcript analysis in cultured keratinocytes from the
fetus

Analysis of reverse transcription-PCR products from cultured
keratinocytes of the fetus HI keratinocyte (HIK) and normal
human keratinocytes (NHKs) on agarose gel electrophoresis
revealed the presence of a single band in NHK PCR products
and three bands in HIK PCR products (data not shown). PCR
products were subsequently cloned and sequenced. A total of
seven different mRNAs generated from the allele carrying the
¢.7436G>A mutation were identified (Figure 2a and b).
Transcript p.Arg2479Lys corresponds to the full-length

ABCA12 transcript carrying a lysine residue in place of the
arginine 2479. In addition, six of these transcripts are

~generated-by-splicing-from-several-cryptic splice donor-sites

located in exon 50 of ABCAT2. Transcript A4 carries a 4bp
deletion around the mutation (c.7433_7436del) leading to a
frameshift and a PTC 11 amino acids downstream
(p.Arg2479Leufs x 11). Transcript A31 displays a 37bp
deletion (c.7406_7436del) leading to a frameshift and a
PTC 11 downstream (p.lle2470_Arg2479 > Leufs x 11). Tran-
script A43 presents a 43 bp deletion (c.7394_7436del)
leading to a frameshift and a PTC 11 amino acids down-
stream (p.Lys2466_Arg2479>Leufs x 11). Transcript A50
shows a 50bp deletion (c.7387_7436del) leading to a
frameshift and a PTC 13 amino acids downstream
(p.Asn2464_Arg2479>Trpfs x 13). Interestingly, transcript
A63 predicts a truncated protein deleted from Leucine 2459
to Arginine 2479 (p.Leu2459_Arg2479del) owing to an in
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WT cDHA
WT protein
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2,130 2,460

Amino-acid position
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Figure 2. Expression analysis of ABCA12 transcripis and protein. (a and b) Sequence alignment of the several transcripts generated by the allele carrying the
paternal splice site mutation ¢.7436G > A. (a) Wild-type cDNA (blue) and protein sequences of exon 50 of ABCA72. Amino-acid numbering is indicated. (b)
Nucleotide and deduced protein sequences of splice variants of the allele carrying the ¢.7436G > A mutation (green). Premature stop codons and aberrant
sequences owing to frameshifts are indicated in red. Splice variants include the correctly spliced product (p.Arg2479Lys) and six aberrantly spliced forms leading
to out-of-frame (transcripts A4, A31, A43, and A50) and in-frame (463 and A93) deletions. () Capillary electrophoresis analysis of ABCAT2 cDNA amplimers.
Fragments extending over exons 49-53 were amplified by PCR using reverse-transcribed mRNA from primary cultures of HIK and NHKs. Although only one
peak at 422 bp is present in NHK, several peaks are detected in HIK. The peak at 422 bp corresponds to the full-length transcript, arising either from the wild-type
alleles (in NHK) or from the allele carrying the p.Ser1249Term null mutation and from the allele carrying the p.Arg2479Lys mutation (in HIK). The other peaks at
418, 379, 372, 359, and 329 bp, correspond respectively to transcripts A4, A43, A50, A63, and A93. The relative amount of each transcript, evaluated by the
size of the peaks, shows that transcript A63 is predominant. Note that transcript A31 is missing, probably because its synthesis level is below the detection
threshold of this technique. (d) Western blot analysis of ABCA12 protein in NHK and in HIK. A band at 298 kDa (arrow) is present in NHKs extract, however a
slightly lower band (arrowhead, 289kDa) is present in the HIK extracts. This lower band probably arises from the transcript A63 and to a less extent from the
transcript A93.
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frame deletion of 63 bp (c.7374_7436del), whereas transcript
A93 presents an in frame skipping of the entire exon 50

predicting a truncated protein”deleted from™Serine 2448 to

Serine 2478 (p.Ser2448_Ser2478del). The cryptic splice sites
used to generate transcripts A4, A31, A50, and A63 were
predicted using the automated splice site analysis software by
Nalla and Rogan (2005).

Capillary electrophoresis analysis of the ABCAT2 com-
plementary DNA (cDNA) amplimers showed one amplimer
(422 bp) in NHKs corresponding to the normal sequence of
exon 50, whereas five abnormal species were present in HIK
(Figure 2c). All but one (A31) identified transcripts were
found. The relative amount of transcript, indicated by the
height of the peaks, showed that the A63 transcript is
predominant, whereas the A31 transcript was not detectable.
Interestingly, the height of the peak at 422 bp which arises
from both the p.Arg2479Lys transcript and from the transcript
synthesized from the other ABCAT2 allele carnying the
p.Ser1249Term mutation is weak, indicating that the amount
of both transcripts is low. This suggests that the allele carrying
the null mutation is likely to be subjected to nonsense
mediated mRNA decay and that only a small amount of
ABCA12 protein arise from the natural splice site of the pre-
mRNA carrying the ¢.7436G > A.

ABCA12 protein expression in fetal cultured keratinocytes
Western blot analysis revealed the presence of a band of an
expected molecular weight of 298kDa in protein extracts
from NHKs, whereas a slightly smaller band of 289 kDa was
seen in HI keratinocyte extracts (Figure 2d). This band
probably corresponds to the proteins synthesized from both
transcript A63 and transcript A93 which are predicted to
encode proteins of calculated molecular weight of 291 and
289kDa, respectively, and cannot be resolved on the SDS-
PAGE. Smaller bands were seen in both extracts and probably
correspond to degradation products. Western blot analysis
failed to reveal the presence of other shortened proteins in the
extract of HIK. However, the epitope recognized by the
antibody is located at the end of the C-terminus domain of
ABCA12 and thus is not present in the predicted proteins
encoded by transcripts A4, A31, A43, and A50, and by the
product of the allele carrying the p.Ser1249Term mutation.

DISCUSSION

Hi is the most severe ichthyotic genodermatosis and has a
very poor prognosis. Therefore, any parents’ request for PD
should be taken very seriously. However, until 2005 the
causative gene had not been identified and previous prenatal
diagnoses were performed using electron microscopic
examination of fetal skin biopsies during the later stages of
pregnancies (Blanchet-Bardon et al., 1983; Suzumori and
Kanzaki, 1991; Akiyama et al., 1994, 1999). HI PD by fetal
skin biopsy was usually performed at 21-22 weeks EGA
(Blanchet-Bardon et al., 1983; Suzumori and Kanzaki, 1991;
Akiyama et al., 1994, 1999). According to these reports, fetal
skin biopsy specimens at that age showed characteristic
abnormalities including a large number of lipid droplets in
the keratinized cells and abnormal or absent lamellar
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granules, which were sufficient findings for the PD of the
disorder.

However;PD~of HI~by-fetalskin—biopsy-is~technically
difficult, requires excellent skin biopsy site selection, and is
time-consuming. We need to gain a significant better
understanding of fetal skin development and only a few
experts are able to make this reliable diagnosis. Owing to the
fact that the interfollicular epidermis at 19 weeks EGA or
earlier is not sufficiently developed to exhibit the character-
istic morphologic changes of keratinization (Holbrook and
Odland, 1980), the observations of interfollicular keratino-
cytes are thought to sometime provide insufficient or
unreliable information for PD or prenatal exclusion of HI.
However, at 19 weeks EGA, we were able to see
characteristic ultrastructural HI abnormalities in the kerati-
nized cells in the hair canal or infundibulum of the
developing hair follicle in the case of an affected fetus
(Akiyama et al., 1999). This is because keratinization in the
hair cone and hair canal occurs at around 15 weeks EGA,
approximately 8-9 weeks before the keratinization of inter-
follicular epidermis in human fetal skin development
(Holbrook and Odland, 1978). However, fetal biopsy speci-
mens at 19 weeks EGA may not always provide sufficient
information for PD or exclusion of HI because the inter-
follicular epidermis has not yet keratinized at this stage of
epidermal development (Shimizu et al., 2005).

In 2005, ABCA12 was identified as the underlying gene
causing HI (Akiyama et al, 2005; Kelsell et al, 2005).
Additional HI cases harboring ABCAT2 mutations have now
been reported (Akiyama et al,, 2006a,b). Owing to these
discoveries, it has now become possible to undertake HI
DNA-based PD by chorionic villus or amniotic fluid sampling
from the earlier stages of pregnancy. These procedures are
technically more reliable and have a reduced burden on the
mothers, as in other severe genetic keratinization disorders
(Tsuji-Abe et al., 2004). We report here a successful PD of HI
using fetal genomic DNA obtained at 17 weeks EGA. It is
anticipated that in the future, even earlier prenatal diagnoses
using completely non-invasive analysis of DNA from fetal
cells in the maternal circulation will be possible (Uitto et al.,
2003), as well as pre-implantation genetic diagnosis for HI
(Shimizu and Suzumori, 1999).

Expression analysis of ABCAT2 in cultured keratinoctyes
from the abortus revealed that the allele carrying the
¢.7436G>A mutation produced seven different transcripts.
The synthesis of six different truncated or deleted transcripts
from this allele explains the loss of function of this allele. In
particular, transcripts A63 and A93 predict the synthesis of
deleted proteins (deletion of 21 and 31 amino-acid residues,
respectively) with calculated molecular weights of 291 and
289 kDa, which cannot be separated on the SDS-PAGE. Thus,
the protein detected at 289kDa is likely to arise from both
transcripts, but predominantly from transcript A63, which is
present in higher amount. The two proteins lack part of the
second ATP-binding cassette, which is predicted to drama-
tically affect ABCA12 function. Although, small amounts of a
full-length ABCA12 protein carrying the p.Arg2479Llys
mutation may theoretically be synthesized, they were not
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detected. Thus, loss of ABCA12 function results from the
combination of a null allele, and the synthesis of non-

functionaldeletedproteins' unable-to-restore-a-normal-

phenotype.

The terminated fetuses in the previous reports of positive
PD of HI showed macroscopic changes consistent with the Hi
phenotype at 22 weeks or older EGA (Blanchet-Bardon et al.,
1983; Suzumori and Kanzaki, 1991; Akiyama et al, 1994,
1999). In our previous report, we demonstrated that an
affected fetus already showed a clinically apparent HI
phenotype at 21 weeks EGA (Akiyama et al, 1999).
Characteristic HI changes of Hi were seen both macrosco-
pically and ultrastructurally at 19 weeks EGA and the present
case suggests that the HI phenotype has started to emerge in
the affected fetus at the late second trimester of pregnancy.

MATERIALS AND METHODS

Mutation detection

Mutational analysis was performed in the proband and both parents.
Briefly, genomic DNA isolated from peripheral blood was subjected
to PCR amplification, followed by direct automated sequencing
using an ABI PRISM 3100 genetic analyzer (ABl Advanced
Biotechnologies, Columbia, MD). Oligonucleotide primers and
PCR conditions used for amplification of all exons 153 of ABCA12
were originally derived from the report by Lefévre et al. (2003) and
were partially modified as described previously (Akiyama et al,
2005). The entire coding region including the exon/intron bound-
aries for both forward and reverse strands from the proband, the
parents and 100 healthy control individuals (50 French and 50
Japanese) were sequenced.

DNA-based prenatal testing

Amniotic fluid cells were obtained under ultrasound guidance at 17
weeks gestation. Fetal DNA was extracted from fresh cells, and
detection of ABCAT2 mutations targeting the mutations that were
found in the proband was subsequently performed, as described
above. There were no sonographic findings suggestive of an affected
fetus. No complications arose from the procedure.

Cell culture

Primary human keratinocytes and fibroblasts were obtained from
skin fragments of the abortus and a punch biopsy of a healthy
control. Keratinocytes were cultured on a feeder layer of lethaly
irradiated mouse 3T3-J2 fibroblasts as described previously (Barran-
don and Green, 1987). Fibroblasts were grown in DMEM supple-
mented with 10% heat-inactivated fetal calf serum (Eurobio, Les
Ulis, France).

RNA extraction and reverse transcription-PCR analysis

RNA from cultured keratinocytes and fibroblasts was extracted with
the SV Total RNA Isolation System (Promega, Charbonnigres,
France), and firststrand cDNA synthesis was carried out using
random hexamer primers and superscript [l reverse transcriptase
(Invitrogen, Carlsbad, CA). Next, a segment of the ABCAT2 cDNA
was PCR-amplified with primers 5-TCCGTCATCCTCACATCTTCA-
3’ (forward) and 5'-GAACCTTGGCTGCTGGTATC-3' (reverse) using
Go-Taq polymerase (Promega, Charbonniéres, France). The cDNA
amplimers were cloned into PGEM-T vector (Promega, Charbon-
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niéres, France) and sequenced using the SP6 primer (5'-ATTTAGGT
GACACTATAGAATAC-3") and the T7 primer (5'-GTAATACGACT
CACTATAGGGC-3Y:In-—parallel;—the - cDNA-amplimers .. were
analyzed on standard agarose gel and by capillary electrophoresis
on an AB! 310 Genetic Analyzer running the GeneScan software
(Applied Biosystems, Foster City, CA).

immunohistological and immunoblot analysis of ABCA12
protein expression
Immunodetection of ABCA12 was performed using an affinity
purified anti-ABCA12 serum raised in rabbits using a 14 amino-
acid sequence synthetic peptide (residues 2,567-2,580) derived from
the ABCAT2 sequence (NM 173076) as the immunogen (Akiyama
et al, 2005). Immunofluorescent labeling was performed as
described previously (Akiyama et al, 2000). Briefly, 6-um-thick
sections of fresh patient’s skin were cut using a cryostat. The sections
were incubated in primary antibody solution, anti-ABCA12 anti-
serum diluted 1/10, for 1hour at 37°C. The sections were then
incubated in FITC-conjugated goat anti-rabbit Igs diluted 1:100
(DAKO, Glostrup, Denmark) for 30 minutes at room temperature,
followed by nuclear counterstain by propidium iodide (Sigma
Chemical Co., St Louis, MO). The sections were extensively washed
with phosphate-buffered saline between incubations. The stained
sections were then mounted with a coverslip and observed using a
confocal laser scanning microscope. For Western blot analysis,
proteins were extracted from cultured keratinocytes in the presence
of protease inhibitors (Complete Mini Protease Inhibitor Cocktail,
Roche Diagnostics, Meylan, France), fractionated by SDS-PAGE using
30 ug/lane protein on a 4% gel, and transferred to a nitrocellulose
membrane (Hybond-C Extra, Amersham Biosciences, Saclay, France).
Membrane blocking and incubation with antibody (1:5,000) were
carried out in phosphate-buffered saline with 5% skim milk.
Secondary antibody was goat anti-rabbit IgG antibodies conjugated
to horseradish peroxidase (1:5000, Cell Signalling Technology,
Beverley). Signals were revealed with ECL4-chemiluminescence
reagents (GE Healthcare Bio-Sciences Corp., Piscataway, NJ).
Informed consent was obtained from the patients’ parents. This
study was approved by the medical ethical committees at the
Hokkaido University, Sapporo, Japan, Purpan Hospital, Toulouse,
France and Nantes University Hospital, Nantes, France. The study
was conducted according to the Declaration of Helsinki Principles.
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Gene Corner

A novel ABCA12 mutation 3270delT causes harlequin ichthyosis

DOL 10.1111/j.1365-2133.2006.07434.x

Harlequin ichthyosis (HI) is a severe and often fatal congenital
ichthyosis with an autosomal recessive inheritance pattern.’
The clinical features include thick, plate-like scales with ectro-
pion, eclabium, and flattened ears. The skin development is
altered in utero.” ABCAI2 mutations have been reported to
underlie HI** and it was clarified that HI is caused by severe
functional defects in the keratinocyte lipid transporter
ABCA12.® The pathomechanism of HI lies in the defective
function of the lipid transporter ABCA12 which causes abnor-
mal lipid lamellar granule transport in the keratinocytes, and
results in a malformation of the epidermal lipid barrier.> Until
the 1980s, newborns affected with HI rarely survived beyond
the neonatal period. However, recently, HI babies have often
had a better prognosis.5“7 It is still unclear whether the good
prognosis in HI is due to some remnant ABCAIZ protein
transporter function in the patients or not. Here, we report a
girl with HI with a novel homozygous ABCA12 deletion muta-
tion leading to a complete loss of function of ABCA12, who
has survived despite having severe ichthyosis showing the
clinical features of nonbullous congenital ichthyosiform eryth-

roderma (NBCIE).

Case and methods

The patient is the first child of healthy, unrelated German par-
ents. There was no positive family history of any related disor-
ders. The baby girl was born after premature rupture of the
amnion in the 34th week of pregnancy (weight 1930 g,
length 43 cm, head circumference 32 cm). The skin of the
newborn was covered with large, thick, white, diamond-
shaped plaques, partly bordered by irregular, bleeding fissures
(Fig. 1). Hands and feet were oedematous, the tips of the fin-
gers and toes were white with tight skin, and mobility in all
joints was reduced.

After therapy with oral retinoids and local applicadon of
carbamide and emollient ointment, in a humid incubator, the
hyperkeratosis detached within 2-6 weeks and passive and
spontaneous mobility increased. The oedema and skin tight-
ness also decreased. During infancy, the patient showed white
to grey scales on her erythematous trunk skin, extremities and
face (Fig. 2). Now, at age 8 years, she is doing well with con-
tinuous therapy with emollient ointment, vitamin D3 and iod-
ide and the avoidance of sunlight, although she still has severe

ichthyosis with several features of NBCIE. Her mental status is
normal, and she attends the second grade of a normal school.
At age 8 years the patient is 114 cm tall (below third percent-
ile), demonstrating that growth development is delayed.

Mutational analysis of ABCAI2 was performed in the affec-
ted baby, her parents and her healthy sisters. Briefly, genomic
DNA isolated from peripheral blood cells was subjected to
polymerase chain reaction (PCR) amplification, followed by
direct automated sequencing using an ABI PRISM 3100 Gen-
etic Analyzer (ABI Advanced Biotechnologies, Columbia, MD,
U.S.A.). Oligonucleotide primers and PCR conditions used for
amplification of all exons 1-53 of ABCAI2Z were originally
derived from the report by Lefévre et al.® and were partially
modified for the present study. The entire coding region
including the exon/intron boundaries for both forward and
reverse strands from the patient, family members and 100
healthy controls was sequenced.

Biopsy samples from the patient’s ichthyotic skin were fixed
in 5% glutaraldehyde solution, postfixed in 1% OsO,, dehy-
drated, and embedded in Epon 812. The samples were sec-
tioned at 1 pum thickness for light microscopy and thin
sectioned for electron microscopy (70 nm thick). The thin
sections were stained with uranyl acetate and lead citrate and

examined in a transmission electron microscope.

Resulis and discussion

Mutation analysis of the 53 exons including the exon/intron
boundaries of the entire ABCAI2 gene revealed a homozygous
deletion mutation 3270delT in exon 23 in the patient
(sequence according to Lefévre et al;® GenBank NM173076;
Fig. 3). The mutation was verified as present in a heterozy-
gous fashion in her parents and a sister (Fig. 3). Another sister
carried no mutations. The mutation was not found in
sequence analysis of 200 alleles from 100 normal, unrelated
individuals, and therefore is unlikely to be a polymorphism
(data not shown). The deletion mutation 3270delT leads to a
frameshift and introduces a stop codon at codon 1090, within
the first transmembrane domain complex of the ABCA12 pro-
tein.’ Thus, the homozygous deletion mutation results in a
truncation of ABCA12 peptide with the loss of both ATP-
binding cassettes (ABCs), and is thought to have a serious
effect on the function of the ABCA12 protein.

Skin biopsy showed compact, severe hyperkeratosis. Elec-
abnormal lamellar

tron microscopy revealed numerous

© 2006 The Authors
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which the ABCAI2 gene is a member, is assumed to be
involved in lipid transport.'” Mutations in these genes under-

lie several human genetic diseases.” > In 2005 it was reported

3.4

that ABCAI2 mutations underlie HI,>* and we showed that

Fig 1. The patient showed the typical clinical phenotype of harlequin
ichthyosis in the neonatal period. The entire body surface was covered

with thick plate-like scales and fissures. Her auricles were malformed.

granules in the granular layer keratinocytes and accumulation
of extruded irregular lamellar granules as vesicular structures,
either empty or filled with glycogen-like particles between the
epidermal cornified cells.

The ABC wransporter superfamily is one of the largest gene
families, encoding a highly conserved group of proteins
involved in energy-dependent (active) transport of a variety of
substrates across membranes.'”!! The ABCA subfamily, of

Fig 2. Clinical features at 3 years of age. The
entire skin surface (A) was erythematous and
covered with grey-white to grey scales,
including the hands (B) and feet (C).

© 2006 The Authors

serious ABCAI2 mutations cause abnormal lipid transport via
lamellar granules in keratinocytes, resulting in-the malforma-
tion or improper assembly of the epidermal keratinocyte sur-
face lipid barrier and the HI phenotype.® Recentdy, the long-
term survival of patients with HI has been more frequently
observed and documented,””"** despite HI having been con-
sidered to be an almost invariably fatal disorder undl as
recently as the 1980s. In the present patient with HI, the
underlying ABCA12 mutation, 3270delT, results in the trunca-
tion of the ABCA12 peptide at codon 1090 within the first
transmembrane domain complex. Thus, the causative mutation
leads to a loss of both ABCs and is thought to lead to a loss of
ABCA12 function. Therefore, our homozygous patient is pre-
dicted to have an absence of ABCA12 transporter activity.
However, our patient survived beyond the perinatal and neo-
natal period, probably in part due to the oral retinoid treat-
ment. She is now 8 years old and her general condition is
good without the need for retinoid treatment, although she
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Patient  Sister 1

Sister 2

3270delT

Sister2

Fig 3. Homozygous mutation of ABCAI2 in the patient. The pedigree
of the patient’s family (top). Direct sequencing revealed a
homozygous 3270delT (changing tyrosine residue at codon 1090 to a
stop codon) in exon 23 of ABCAIZ of the patient. In both parents and
one sister, the deletion mutation was found in a heterozygous state.
The mutation was not present in the other sister or in the control
samples.

has the clinical features of NBCIE over her entire body. This
case may suggest that a patient with HI can survive beyond
the perinatal and neonatal period with oral retinoid treatment,
even if the causative ABCA12 mutation leads to a complete loss
of function of ABCA12. Purther accumnulation of similar cases
is needed to confirm the effect of systemic retinoid on the
prognosis of HI.
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Abstract N-Glycan oligosaccharides are thought to
play multiple, important roles in a variety of biological
events. However, N-glycan profiles in the stratum cor-
neum of human skin have not yet been studied in
detail. To clarify the N-glycan profiles in the stratum
corneum of normal and ichthyotic epidermis, N-glycan
profiles were studied by high-performance liquid chro-
matography using normal human epidermal samples
and scales from hyperkeratotic skin of ichthyosis
patients. Chromatograms of patient scale samples
showed unique alterations in three peaks eluted at
15.8, 18.8 and 26.9 min. The N-glycan profiles were
significantly altered in ichthyotic hyperkeratotic skin
compared with normal non-hyperkeratotic controls.
These findings indicate the reduction of N-acetylglu-
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cosaminyltransferase II and fucosyltransferase 8 activi-
ties. Alteration of N-glycan structures in hyperkeratotic
skin suggests the biological role of N-glycans in
keratinization.
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Oligosaccharides are known to play important roles
in a variety of biological events including cell-cell
interactions and undergo modifications during cell
differentiation [6]. N-Glycan oligosaccharides, which
bind to asparagine, are a frequent post-translational
modification of proteins. N-Glycan oligosaccha-
rides exhibit diversity created by sugar linkages and
components including: mannose, galactose, N-acetyl-
glucosamine, N-acetylneuraminic acid. N-Glycan
oligosaccharides modify specific protein properties,
especially glycoprotein localization, secretion and
degradation rates of proteins. Alterations in N-glycan
composition have been reported in many human dis-
eases [0, 12]. Oligosaccharide analyses using oligosac-
charide-specific lectins and antibodies have suggested
the biological importance of oligosaccharides in the
epidermis [3, 5, 7, 19-21, 25, 28]. However, oligosac-
charide-specific lectins and antibodies recognize only
two or three sugar residues at most and little informa-
tion has been obtained from studies with lectins or
antibodies concerning the entire range of glycan
structures or the N-glycan and O-glycan composition
on glycoproteins and glycolipids. The cellular biosyn-
thesis of N-glycan is highly regulated and glycan
structures significantly affect protein properties [6,
15]. Alteration of N-glycan profiles in diseases have
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