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Growth and Differentiation Properties of Normal and Transformed Human
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The growth and differentiation of human normal keratinocytes and their transformed counterparts
were examined in organotypic cultures in which the keratinocytes were grown at the air-liquid
interface on top of contracted collagen gel containing fibroblasts. We developed a modified culture
procedure including the use of a mixed medium for keratinocytes and fibroblasts. Normal keratino-
cytes formed a three-dimensional structure of epithelium that closely resembled the epidermis in vivo,
consisting of basal, spinous, granular and cornified layers. Cells synthesizing DNA were located in the
lowest basal layer facing the collagen gel. Expressions of proteins involved in epidermal differentia-
tion were examined by immunchistochemical staining and compared with those in skin in vivo. In the
organotypic culture, transglutaminase, involucrin and filaggrin were expressed, as in the epidermis in
vitro, most prominently in the granular layer. Type IV collagen, a component of basement membrane,
was expressed at the interface hetween the keratinocyte sheet and the contracted collagen gel.
Keratinocytes transformed by simian virus 40 or human papilloma virus (HPV) exhibited a highly
disorganized pattern of squamous differentiation. In particular, HPV-transformed cells invaded the
collagen gel. Organotypic culture is unigue in that regulatory mechanisms of growth and differentia-

tion of keratinocytes can be investigated under conditions mimicking those in vivo.
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Isolation and cultivation of various types of cells main-
taining their normal functions have been well developed.
Keratinocytes, for example, can be isolated from skin and
other squamous epithelia of humans and rodents, grown
as monolayers in serum-free medium, e.g. MCDB153,"
and induced to differentiate terminally by various agents
such as Ca’" and vitamin D;>* Immortalization of
human keratinocytes is achieved by introduction of onco-
genic genes of DNA tumor viruses such as genes for the
SV40° large T antigen, and E6 and E7 regions of HPV
type 16 and 17.47

Monolayer cuitures are useful because they allow
study of pure populations of cells under defined condi-
tions. However, conditions in monolayer cultures differ
from those in vivo, where there is homeostatic regulation
of cell growth and differentiation under a rigid architec-
tural organization. In skin ir vive, keratinocytes form a
sheet of epidermis consisting of sequentially stratified

* To whom all correspondence should be addressed.

& Abbreviations: SV40, simian virus 40; HPV, human papilloma
virus; PBS, phosphate-buffered saline; KGM, keratinocyte
growth medium; DMEM, Dulbecco’s modified Eagle’s mini-
mum essential medium; FCS, fetal calf serum; BrdU, bromo-
deoxyuridine; EGF, epidermal growth factor.
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layers from growing basal cells toward the terminally
differentiated cornified layer. The surface of the epidermis
is exposed to air while at the bottom, keratinocytes inter-
act with the dermis through the basement membrane.

Organotypic culture of human skin has been developed
as an approach to these conditions in vivo. In this system,
keratinocytes are grown at the air-liquid interface on top
of contracted collagen gel containing fibroblasts. The
keratinocytes stratify and exhibit a typical pattern of
differentiated squamous epithelium, generating a living
skin model, In the present article, we describe the growth
and differentiation properties of normal and transformed
keratinocytes in the organotypic culture system currently
used in our laboratory.

MATERIALS AND METHODS

Normal keratinocytes and fibroblasts Human epidermal
keratinocytes were isolated from skin sections discarded
during plastic surgery using a modification of the method
reported elsewhere.® Briefly, skin sections were cut into
small pieces and incubated with 0.25% trypsin in PBS for
20-40 h at 4°C. The epidermis was separated from the
dermis with fine forceps and keratinocytes were isolated



from the dermal side. Commercially available cultures of
epidermal keratinocytes (Kurabo Co., Tokyo) were also
used. Keratinocytes were grown in a modified serum-free
KGM (Kyokuto Seiyakn, Tokyo) which consists of
MCDB153 with high concentrations of amino acids,
transferrin (final concentration, 10 gg/ml), insulin (35
pg/ml), hydrocortisone (0.5 1£g/ml), phosphorylethanol-
amine (14.1 ¢g/ml) and bovine pituitary extract (40 gg/
ml). The final concentration of Ca?* in the medium was
0.03 mM. Subconfluent cultures of keratinocytes were
dispersed with 0.025% trypsin and 0.029 EDTA in PBS.
Soybean trypsin inhibitor was added at 2 mg/ml to stop
the action of trypsin. Secondary cultures of the keratino-
cytes were used for organotypic culture.

Human fibroblasts were isolated from skin samples and
grown in DMEM supplemented with 10% FCS. Sub-
confluent cultures were dispersed with 0.25% trypsin and
0.02% EDTA in PBS. Cells at population doubling levels
of 10 to 15 were used for experiments.

Transformed keratinocytes Normal human keratino-
cytes were transformed by transfecting them with the
HPV type 16 genome or the replication-defective SV40
genome as reported elsewhere.” In the present study,
HPV-transformed PHK 1611, its anchorage-independent
derivative PHK 16IISA-4 and SV40-transformed PSV1-1
were used. These cells were not tumorigenic when in-
jected into nude mice.

Organotypic culture of human skin Organotypic cultures
of human skin, often referred to as *raft cultures,” were
prepared according to the principles originally described
by Bell et al,'>'™ Pruniéras et al'” and Asselineau and
Pruniéras.'” As illustrated in Fig. 1, keratinocytes were
cultured in a three-dimensional fashion at the air-liquid
interface on top of a dermal equivalent consisting of type
I collagen and fibroblasts.

For preparation of the dermal equivalent, one part of
type I collagen of pig skin (Nitta Gelatin Co., Tokyo)
and two parts of DMEM plus 10% FCS medium con-
taining fibroblasts were mixed, while cooling, poured into
an “untreated” 60-mm Petri dish at 10 ml/dish and
allowed to gel at 37°C for 1 h. The final concentrations
of collagen and fibroblasts were 1 mg/ml and 1X10°
cells/ml, respectively. Contraction of the collagen gel
was facilitated by tearing the gel from the surface of the
Petri dish. For the first 7 days, DMEM plus 10% FCS
was changed every 2 or 3 days, and was then replaced by
KGM for another 1 day.

Keratinocytes were plated at 1.5-2.0X 10%/cm? inside
a glass ring (8-12 mm diameter) on the surface of the
contracted collagen gel, which was then placed on a
stainless steel mesh. Keratinocytes were grown in KGM
on day 1, and then in a 1:1 mixture of KGM and DMEM
plus 109 FCS, in which the Ca’' concentration was
adjusted to 1.8 mM. The glass ring was removed on day 1.
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Fig. 1. Schematic illustration of organotypic culture of
human skin. Keratinocytes are plated on top of contracted
collagen gel containing fibroblasts and grow at the air-liquid
interface.

The medinm was added to the level of the keratinocyte
sheet, so that the keratinocytes were grown at the air-
liquid interface. The medium was changed every two or
three days. Multilayered three-dimensional cultures of
keratinocytes were obtained by day 7 to day 14.
Histological examination Organotypic cultures were
fixed with 49 paraformaldehyde, embedded in paraffin,
sectioned and stained with hematoxylin and eosin. For
immunohistochemical staining, the cultures were also
fixed in O.C.T. compound (Miles Inc.) in liquid nitrogen
and sectioned with a cryostat microtome.

Anti-human transglutaminase monoclonal antibody,
anti-human involucrin polyclonal antibody and anti-
human filaggrin monoclonal antibody were purchased
from Biomedical Technologies Inc. (Stoughton, MA).
Anti-human type IV collagen monoclonal antibody was
reported elsewhere."'® Reactivity was detected by a
modification of the avidin-biotin immunoperoxidase
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method. The specificity of staining was confirmed by use
of non-immunized normal serum. The sections were
counterstained lightly with hematoxylin.

Cells at the 8 phase were determined as those in-
corporating BrdU in 24 h and were detected using a kit
(Amersham Co., UK) according to the manufacturer’s
protocol.

RESULTS

Contracted collagen gel Collagen gels containing fibro-
blasts contracted with time, from 12-24 h after the start
of incubation, and the contraction reached a plateau
after day 7. The rate of the contraction depended on the
number of dermal fibroblasts seeded in the gel. With 10°
cells per gel, 2 collagen gel of 10-15 mm diameter and
2-3 mm thickness was obtained after incubation for 1
week. The volume of the gel was estimated to be reduced
to about 1/20-1/64 of the initial value, and so the con-
tracted gel contained a high concentration of 20-64 mg
of collagen per ml.

Formation of multilayered epidermis by normal human
keratinocytes When plated on top of the contracted
collagen gel and cultured at the air-liquid interface,
normal human keratinocytes formed a multilayered epi-
thelium by day 7-14 of organotypic culture. We used a
1:1 mixture of the medium for keratinocytes (KGM} and
fibroblasts (DMEM +10% FCS8) for the organotypic
culture, since either one alone supported three-dimen-
sional growth of keratinocytes only poorly. As shown in
Fig. 2, the architecture of this cultured epithelium was
very similar to that of normal human skin in vive (see

Fig. 2. Histological cross-section of an organotypic culture
on day 12. Note that keratinocytes form a multilayered struc-
ture consisting of basal, spinous, granular and cornified
layers. Hematoxylin and eosin stain.
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Fig. 4). Cells in the lowest layer attached to the collagen
gel were polygonal and contained a relatively large, dense
nucleus, like basal cells of the epidermis in vivo. Cells in
the upper layers were flattened and contained a less
prominent nucleus, corresponding to those in the spinous
cell layer. The uppermost cell layer of the cultured epi-
dermis was the granular cell layer: like those in vivo, the
flat granular cells were tightly layered and contained
many keratohyalin granules. The top of the multilayered
epidermis was covered by the cornified layer. Occasional
presence of nuclei in the cornified layer suggests that the
cells entering this layer were not fully processed.

Location and frequency of cells synthesizing DNA Cells
synthesizing DNA were detected by incorporation of
BrdlJ. As shown in Fig. 3, cells with incorporated BrdU
were localized in the lowest basal layer facing the colla-
gen gel, and occasionally in the second layer. After
exposure to BrdU for 24 h, this label was incorporated
into 489 of the basal cells on day 6 and 5.6% on day 12,
Expression of differentiation markers Vertical sections
stained with hematoxylin and eosin (Fig. 2) demon-
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Fig. 3. Localization of cells with incorporated BrdU in the
basal layer. Organotypic cultures on day 6 (A) and day 12
(B) were exposed to BrdU for 24 h and then stained immuno-
histochemically.



strated that the structure of the organotypic culture
closely resembled that of the epidermis in vivo. Further
comparison with the skin in vivo was made by immuno-
histochemical staining of various markers of epidermal
differentiation. These markers were transglutaminase, in-
volucrin, and filaggrin. Transglutaminase catalyzes &-
(7-glutamyl)lysine cross-linking of protein precursors to
form the insoluble cornified envelope, and so is a key
enzyme of epidermal differentiation.'” In normal skin in
vivo (Fig. 4A), transglutaminase is expressed in the gran-
ular layer, whereas in organotypic cultures it was ex-
pressed in the granular layer and also in the upper one or
two layers of the spinous layer (Fig. 4B).

Involucrin is one of the substrates of transglutaminase
and is expressed only in the upper spinous layer and the
granular layer in normal human skin in vivo (Fig. 4C).'®
In organotypic cultures, however, all the suprabasal
layers right above the basal layer stained for involucrin
(Fig. 4D).

Filaggrin is expressed in the granular layer of the
epidermis in vivo (Fig. 4E) and it is thought to be
necessary for the cross-linking of keratins that occurs
during cornification.” In organotypic cultures, expres-
sion of filaggrin was detected in the granular layer and
also the cornified layer, suggesting incomplete processing
of filaggrin in the cornified layer (Fig. 4F).

Formation of basement membrane The formation of the
basement membrane in organotypic cultures was ex-
amined by immunohistochemical staining of type IV
collagen. Both in skin in vivo (Fig. 4G) and organotypic
cultures (Fig. 4H), type IV collagen was present at the
interface between the epidermal sheet and the dermis or
the dermal equivalent.

SV40- and HPV-transformed keratinocytes We ex-
amined growth and differentiation properties of human
keratinocytes immortalized by SV40 and by HPYV type 16
in the organotypic culture. These cells are immortal and
grow anchorage-independently, but are not tumorigenic
when injected into nude mice.

When cultured on the contracted collagen gel, these
transformed keratinocytes grew markedly differently
from normal keratinocytes. As shown in Figs. 5 and 6,
transformed cells did not form a stratified layer with
upward sequential differentiation. They showed a highly
disorganized pattern of squamous differentiation with no
apparent granular and cornified layers. In particular,
HPV-transformed cells invaded the collagen matrix and
formed structures descending vertically from the surface
(Fig. 6A). DNA-synthesizing cells, judged by incorpora-
tion of BrdU, were distributed throughout the cells in-
vading the collagen gel (Fig. 6B). Type IV collagen was
stained at the interface between SV40-transformed
keratinocytes and the collagen matrix, but did not form a
membranous structure (Fig. 5B).
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Fig. 4. Expression of differentiation markers and type IV
collagen in organotypic cultures (right panels, i.e., B, D, F and
H) in comparison with skin in vive (left panels, i.e., A, C, E
and G). These are transglutaminase (A, B), involucrin (C, D),
filaggrin (E, F) and type IV collagen (G, H), and were de-
tected by immunohistochemical staining. Light brown staining
of the basal cells of skin in vivo is due to melanin pigments.

DISCUSSION

The present paper describes organotypic culture of
human skin by reconstruction of epidermal keratinocytes
and dermal fibroblasts. Normal keratinocytes form a
stratified epithelial sheet consisting of basal, spinous,
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Fig. 5. Organotypic cultures of 8V-40-transformed keratino-
cytes. A, Hematoxylin and eosin stain. B, Expression of type
IV collagen.

granular and cornified layers, while keratinocytes trans-
formed by SV40 or HPV show disorganized tissue archi-
tecture.

Organotypic culture of human skin is based on two
technical achievements, use of contracted collagen gel
containing fibroblasts and exposure of cells to an air-
liquid interface, both of which mimic features of the skin
in vivo. Bell et al.'*'? first reported contracted collagen
gel prepared by seeding fibroblasts in the gel. Fibroblasts
condense a hydrated collagen gel and produce a structure
equivalent to the dermis. Human fibroblasts have been
most commonly used for this purpose, but HPV-
transformed keratinocytes have often been cultured with
mouse 3T3 cells and without contraction.?2®

The second technical achievement of exposing kerati-
nocytes to an air-liquid interface was made by Pruniéras
and his colleagues.' ' Under this condition, keratino-
cytes stratify and undergo terminal differentiation to-
ward cornification. When submerged in culture medium,
however, keratinocytes grow in a three-dimensicnal
fashion but show incomplete cornification.

Thus, organotypic cultures are prepared by much more
complicated procedures than monolayer cultures, but
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Fig. 6. Organotypic cultures of HPV-transformed keratino-
cytes. A, Hematoxylin and eosin stain. B, Distribution of
BrdU-incorporated cells.

suitable conditions for each procedure have not yet been
carefully examined. For example, the culture media used
for most organotypic cultures were DMEM supple-
mented with FCS and some growth factors, e.g., EGF
and transferrin.?3" Serum-free media have been devel-
oped for the monolayer culture of keratinocytes (e.g.,
MCDBI153 and KGM), but these defined media have
been used in only a few studies.””*® In the present study,
we used a 1:1 mixture of the media for keratinocytes
(KGM) and fibroblasts (DMEM plus 10% FCS) for
organotypic cultures: KGM alone supported the three-
dimensional growth of keratinocytes only poorly, Our
culture conditions do not allow maintenance of organo-
typic cultures for more than 3 weeks: on longer culture,
all the keratinocytes undergo terminal differentiation,
forming cultures consisting of a thick cornified layer.
Thus, further improvements are needed for long-term
maintenance of organotypic cultures.

Organotypic cultures of keratinocytes were reported
to mimic the structure and functions of skin in vivo in



terms of the formation of the basement membrane,* 9

the presence of proliferating cells in the basal layer and
expressions of differentiation markers such as trans-
glutaminase,*® involucrin,* filaggrin® % and cyto-
keratins.”* 2% In the present study, we also demonstrated
the presence of these structural and functional markers.
However, the expression patterns of the differentiation
markers were not exactly the same as those in skin in vivo:
these markers were not limited to the granular layer, but
were expressed in broader layers, earlier or later in the
process of squamous differentiation than in skin in vivo.
These data suggest that the process of differentiation in
organotypic cultures mimics that in vivo but is not exactly
the same as the differentiation program in vivo, as pointed
out by Asselineau et al*®

Organotypic culture has been used by researchers on
HPV, who prefer to call it raft culture. Consistent with
their reports, we found that HPV-transformed cells did
not differentiate normally, showing disorganized patterns
of growth and differentiation.?®?® HPV-transformed
cells penetrated into the collagen gel. These morpholog-
ical characteristics closely resemble those seen in malig-
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