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ABSTRACT

The importance of interactions between potentially neoplastic cells and
their normal neighbors on malignant progression of precancerous lesions
is not well understood. In this study, we have established novel human
tissue models that simulate intraepithelial neoplasia in stratified epithelia
to investigate the fate and phenotype of neoplastic keratinocyte clones in
normal cell context during clonal expansion and early malignant progres
sion. This was accomplished by mixing genetically marked keratinocytes
with malignant potential (II-4) with normal keratinocytes at ratios of 1:1,
4:1, 12:1, and 64:1 (normal:II-4) to visualize nests of marked, dysplastic

cells in organotypic cultures and in cultures transplanted to nude mice.
Four weeks after transplantation of 4:1 mixtures, grafts were normal and
demonstrated no ÃŸ-galactosidase (ÃŸ-gal)-positive cells, suggesting that

cells with malignant potential were eliminated from the tissue at this
mixing ratio. However, grafted 1:1 mixtures demonstrated persistence of
expanded foci of dysplastic cells (4 weeks) and invasion (8 weeks). This
demonstrated that the capacity of a keratinocyte clone with neoplastic
potential to persist and invade is directly related to the threshold number
of such keratinocytes present in the tissue. To explain the failure of 11-4 to

persist in vivo, the intraepithelial dynamics between the two populations
were studied before grafting. Double-stain immunofluorescence for bro-
modeoxyuridine/ÃŸ-gal and filaggrin/0-gal of mixtures grown in organo

typic cultures for 7 days demonstrated that when increasing numbers of
normal cells were added (12:1), II-4 ceased to proliferate and expressed

filaggrin. This suggests a novel mechanism of tumor suppression wherein
contact with normal cells induces cell cycle withdrawal and terminal
differentiation of potentially malignant cells. These findings support the
view that normal tissue architecture acts as a dominant suppressor of
early neoplastic progression in stratified epithelium.

INTRODUCTION

Squamous cell cancer is initiated as a small nest of aberrant cells
expands to dominate a tissue and form a macroscopic tumor. During
early neoplastic progression, preinvasive lesions demonstrate dysplas
tic foci that are initially surrounded by normal, undisturbed tissue (1,
2). There is in vivo (3-5) and in vitro (6-10) evidence that normal

cells in the microenvironment can alter the neoplastic phenotype of
carcinogen-initiated epithelium. These studies have proposed that

normal cells limit the progression of initiated cells so that only a small
fraction of potentially neoplastic cells express the neoplastic pheno
type. However, mechanisms through which interactions with normal
epithelial cells regulate the malignant potential, fate, and phenotype of
transformed epithelial cells have not been elucidated.

The role of normal cell context in controlling the growth of cells
with malignant potential has been difficult to study in vivo. Most
studies of in vivo carcinogenesis, including transgenic models, follow
the progression of initiated cells that are surrounded by cells express-
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ing the same phenotype (11). This does not accurately reflect the early
progression of spontaneous tumors in stratified epithelial tissues be
cause cells with neoplastic potential may not be contacting normal
cellular neighbors. Investigation of the role of cell interactions in early
neoplastic progression therefore requires the capacity to detect and
characterize small numbers of cells with malignant potential in an
environment of more normal cells.

We have developed novel tissue models to study early neoplastic
progression in stratified squamous epithelium in which normal cell
context is respected and cells with malignant potential are genetically
marked to study their fate and phenotype. We have used organotypic
cultures in which normal human keratinocytes are grown on a colla
gen matrix containing dermal fibroblasts at an air-liquid interface to

generate fully stratified squamous epithelia with a basal rate of pro
liferation ( 12). This culture system is optimal for studying cell inter
actions and is advantageous over monolayer cultures, where kerati
nocytes undergo limited differentiation and are hyperproliferative.
The malignant cell line used in our studies (II-4) was derived by

transfection of the spontaneously immortalized human keratinocyte
line HaCaT (13) with an activated c-Harvey-ra.v oncogene (14). These

cells have been shown previously to display severe dysplasia in
organotypic culture and low-grade malignant behavior after in vivo

transplantation (15). Upon grafting organotypic cultures to the dorsal
surface of nude mice, we have generated normal and malignant tissues
that manifest their characteristic behavior in vivo. By genetically
marking these potentially malignant keratinocytes and mixing them
with normal keratinocytes, we generated three dimensional tissues
that simulate intrapeithelial neoplasia to study interactions between
these cell types during early neoplastic progression.

In this report, we study the role of epigenetic factors in the deter
mination of the fate of cells with neoplastic potential and propose that
normal tissue architecture acts as a dominant suppressor of early
neoplastic progression in stratified epithelium. We demonstrate a
mechanism wherein potentially invasive keratinocyte clones are nor
malized by contact with surrounding normal keratinocytes and are
eliminated from the tissue. The size of such clones is crucial in
determining their ability to expand and invade, supporting a require
ment for a high critical number of neoplastic cells to overcome growth
suppression. This novel mechanism of tumor suppression was the
induction of cell cycle withdrawal and terminal differentiation of
potentially malignant cells by contact with normal cells and mainte
nance of normal tissue organization. This suggests that the signaling
network inherent in cell interactions in stratified epithelia may be
effective in tumor control. Malignant behavior is, therefore, controlled
by tissue architecture, and tissue phenotype can predominate over
cellular genotype in early neoplastic progression.

MATERIALS AND METHODS

Cell Culture. Human epidermal keratinocytes were cultured from newborn
foreskin by the method of Rheinwald and Green ( 16) in keratinocyte medium
described by Wu et al. (17). Cultures were established through trypsinization
of foreskin fragments and grown on irradiated 3T3 fibroblasts. 3T3 cells were
maintained in DMEM containing 10% bovine calf serum. H-4 keratinocytes
were grown in DMEM containing 5% FCS. Organotypic cultures were pre-
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pared by adapting the protocol developed by OrganogÃ©nesis. Inc. ( 18). Briefly,
early-passage, human dermal fibroblasts were added to neutralized type I
collagen (OrganogÃ©nesis, Canton. MA) to a final concentration of 2.5 X IO4

cells/ml. Three ml of this mixture were added to each 35-mm well of a 6-well

plate and incubated for 4 to 6 days, until the collagen matrix showed no further
shrinkage. At this time, a total of 5 x 10* keratinocytes, II-4-gal3 cells, or

mixtures of these two cell types were plated on the contracted collagen gel.
Cultures were maintained submerged in low calcium EGM (OrganogÃ©nesis)
for 2 days, submerged for 2 days in normal calcium EGM. and raised to the
air-liquid interface by feeding from below with normal calcium EGM for 3

days. For proliferation assays. BrdUrd (Sigma Chemical Co., St. Louis. MO)
was added to organotypic cultures at a final concentration of 10 ^M and
incubated for 8 h prior to harvesting.

Retroviral Vectors and Transduction of Keratinocytes. The MFG-gal
vector is a Moloney murine leukemia virus-based vector that contains the gene
for bacterial ÃŸ-galactosidase (19). Transduction of II-4 cells with this vector

was performed as described previously (20). Briefly. 11-4cells were transduced
24 h after plating I X 10" cells in a 10-cm dish using fresh, filtered (0.45 urn:

Gelman, Ann Arbor. Michigan) supernatant from confluent amphotropic pro
ducer cells making the MFG-gal vector. Transduced keratinocytes were pas

saged at clonal density, and clones were screened for persistence of transgene
expression after three passages. Only clones maintaining transgene expression
in 100% of cells were expanded and used for organotypic culture and grafting
experiments. No deleterious effect on cell growth or phenotype were seen after
transduction. Producer lines were maintained in 10% bovine calf serum.

Transplantation of Organotypic Cultures to Nude Mice. Organotypic
cultures were trimmed using a surgical punch 1.4 cm in diameter. Six-week-
old male Swiss nude mice (N:NIHS-nuf DF; Taconic Farms. Germantown,

NY) were anesthetized using Xylazine:Ketamine (1:1). and 1.3 cm of dorsal
skin was removed. Organotypic cultures were placed onto this area and were
covered with petrolatum gauze (Sherwood Pharmaceuticals. St. Louis. MO)
and secured with bandages (Baxter Scientific). These dressings were changed
after 7 days and removed completely after 14 days. Animals were sacrificed at

4 and 8 weeks after transplantion.
Immunofluorescence. Specimens were frozen in embedding media (Tri

angle BiomÃ©dical.Durham, NC) in liquid nitrogen vapors after being placed in
2 M sucrose for 2 h at 4Â°C.Tissues were serial sectioned at 6 /xm and mounted

onto gelatin-chrome, alum-coated slides. Tissue sections were washed with

PBS and blocked with 10 Â¿ig/mlgoat IgG. 0.05% goat serum, and 0.2% BSA
(v/v) in PBS without fixation. Sections were incubated with rabbit polyclonal
antiserum to bacterial ÃŸ-galactosidase (Cortex Pharmaceuticals. San Leandro.
CA) and detected with FITC-conjugated goat anti-rabbit IgG (Vector Labora

tories, Burlingame. CA). Double stain immunofluorcscence was performed by
double-staining for /3-gal detection and by using either a monoclonal antibody

to BrdUrd (Boehringer Mannheim. Indianapolis. IN) or to human filaggrin
(Biosearch Technologies, San Rafael, CA). which were detected with Texas
Red-conjugated horse anti-mouse IgG (Vector Laboratories). Slides were

coverslipped with Vectashield containing 1 (xg/ml DAPI (Vector Laborato
ries). Fluorescence was visualized using a Nikon OptiPhot microscope, and
double exposure photomicroscopy was performed using FITC and Texas Red.
For routine light microscopy, tissues were fixed in 10% neutral buffered
formalin and embedded in paraffin, and 4-^irn sections were stained with H&E.

RESULTS

Characterization of Normal and Neoplastic Keratinocyte
Transplants. Figs. 1 and 2 describe experimentsdesigned to deter
mine the behavior and fate of cells with malignant potential (II-4-gal)
after mixing with normal keratinocytes and grafting to nude mice.
Grafts of II-4-gal cells generated a lesion with an uneven, verrucous
surface 8 weeks after grafting (Fig. 1A).H&E-stained sections of this
lesion revealed a dysplastic epithelium with focal invasion into the
underlying connective tissue 4 weeks after grafting (Fig. 2/4). This
epithelium demonstrated basal cell hyperplasia, cells with an altered
nuclear to cytoplasmic ratio, suprabasal mitoses, altered tissue orga-

1The abbreviations used are: gal, galactosidase; EGM. epidermal growth medium;

BrdUrd. bromodeoxyuridinc.

nization, hyperparakeratosis. and elongated rete pegs. Immuno-
staining for ÃŸ-galexpression showed invasion of both single cells and
cell clusters (Fig. 3/1,arrows). By 8 weeks after grafting, II-4-gal cells
demonstrated islands of malignant epithelium in the connective tissue
and severe dysplasia of the surface epithelium (Figs. 2B and 3fl,
arrows). These cells therefore generated invasive squamous cell car
cinoma with a low-grade biological behavior after transplantation.
Grafts showed persistent transgene expression in all II-4 cells, dem
onstrating that inactivation of the transgene did not occur in vivo.

Grafts of normal foreskin keratinocytes were clinically normal (Fig.
IÃŸ)and showed a hyperkeratotic epithelium 8 weeks after grafting
(Fig. 2D). No /3-gal expression was seen in normal human keratino-
cyte grafts (Fig. 3D). In all grafts, adjacent mouse tissue could be
distinguished from grafted human cells on a morphological basis and
was confirmed by immunostaining with a species-specific antibody
for human involucrin (data not shown).

Expansion and Invasion Require a Critical Number of Neoplas
tic Keratinocytes. Whennormalcells outnumberedII-4-galcells incell
mixtures (4:1), the graft was clinically (Fig. 1C) and morphologically
normal (Fig. 2C) and demonstrated no ÃŸ-gal-positivecells (Fig. 3C) as
early as four weeks after grafting. This suggested that cells with malig
nant potential were eliminated from the tissue at this 4:1 mixing ratio.
II-4-gal cells were only detected in 1:1 mixtures after grafting. After 4
weeks, these transplantsgenerated a tissue with morphologicallydistinct
foci of dysplastic cells, which were surrounded by normal appearing
epithelium (Fig. 2Â£,arrows). Immunohistochemistrydemonstrated that
these foci were II-4-gal cells that persisted and extended from the basal
to upper layers of the epithelium (Fig. 3Â£).

Eight weeks after transplantation, these grafts showed an irregular
surface covered with a thin scale in the center and more exophytic
regions adjacent to mouse tissue (Fig. ID). At this time, 1:1 mixtures
demonstrated larger foci of dysplastic cells and cells invading into the
underlying connective tissue (Fig. IF, arrow). Staining for /3-gal
showed continued expansion and invasion of II-4-gal cells (Fig. 3F).
These results suggested that a relatively high, critical number of cells
with malignant potential needed to be present for these cells to persist,
undergo clonal expansion, and form a focally dysplastic and early
invasive tumor in vivo.

Dominant Suppression of Neoplastic Keratinocytes by Interac
tions with Normal Cells. Basedon the observationthatII-4-galcells
failed to persist when a greater number of normal cells were present
in the mixture, the fate and distribution of cells with malignant
potential was studied after growth in organotypic culture. If cells were
being lost, perhaps some of these changes were resulting from the
intraepithelial dynamics before grafting. One-week cultures of II-4-
gal cells demonstrated a poorly differentiated, dysplastic epithelium
(Fig. 4Â«),whereas cultures of normal keratinocytes showed a well-
differentiated, stratified epithelium (Fig. 4c). Mixtures demonstrated
distinct foci of altered cells in the context of normal cells, thereby
simulating intraepithelial neoplasia (Fig. 4). As increasing numbers of
normal cells were added to the mixtures, tissues showed fewer foci of
dysplasia, more normalized tissue architecture, the presence of a
stratum granulosum, and thickened stratum corneum (Fig. 4, e, g, i,
and k). These cultures demonstrated small clusters and individual
dysplastic cells, which were more commonly seen when more II-4-gal
was present in the tissue constructs.

Immunostaining for ÃŸ-galexpression verified that these dysplastic
foci were II-4-gal, which were sorted to a position above the basal
layer. With increasing numbers of II-4-gal cells (1:1), larger supra-
basal clusters were seen, some of which extended to the basal layer
(Fig. 4/). ÃŸ-galpositivity in 64:1 mixtures was seen only as single
cells surrounded by normal keratinocytes (Fig. 41), whereas 12:1 and
4:1 mixtures demonstrated only suprabasal clusters (Fig. 4, h and j).
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Fig. 1. Clinical appearance Ã¶ltransplants 8 weeks alter graltmg to nude mice. Seven-day organolypic cultures were transplanted to mice. A, 11-4-gal gralt demonstrating verrucous,
exophytic surface; B. normal human keratinocyte graft showing distinct borders with adjacent mouse skin: C. normal keratinocytes and II-4-gal mixed in a ratio of 4:1 (normal:II-4-gal)
demonstrating a smooth surface: D, normal keratinocytes and II-4-gal mixed in a ratio of 1:1 (normal:II-4-gall showing a scale in center and pebbly surface near margin with mouse
skin. Grafts were repeated three limes, and representative grafts are shown.

All cells were ÃŸ-galpositive in pure cultures of II-4-gal (Fig. 4b), and
no ÃŸ-galexpression was detected in control cultures of normal kera

tinocytes (Fig. 4d).
It was then studied whether cells with malignant potential were

undergoing changes in their biological behavior after mixing that
resulted in their subsequent loss from the tissue after grafting. Tissue
dynamics were studied after growth for 1 week in organotypic culture
by assessing the proliferation and differentiation of II-4-gal after
mixing. Double immunofluorescent staining for ÃŸ-galand BrdUrd

demonstrated many proliferating basal and suprabasal cells in pure
II-4-gal cultures (Fig. 5A), whereas normal keratinocytes showed

proliferation limited to the basal layer (Fig. 5ÃŸ).Double immunoflu
orescent staining for ÃŸ-galand BrdUrd of 12:1 cultures demonstrated

that proliferation was limited to normal basal keratinocytes in a
pattern similar to that seen in control cultures of normal keratinocytes
(Fig. 5C). In addition, individual ÃŸ-gal-positive cells were seen su-
prabasally without BrdUrd label, suggesting that II-4-gal proliferation

was limited when surrounded by normal cells. This showed that when
relatively low numbers of II-4-gal were added to the tissue, they

ceased to proliferate. In contrast, 1:1 mixtures demonstrated numer
ous, suprabasal ÃŸ-gal-positive clusters that were BrdUrd positive and

continued to proliferate and expand (Fig. 5D). This demonstrated that
clusters containing larger numbers of II-4-gal cells continued to
proliferate. It appeared that when the number of contiguous II-4-gal

cells was sufficiently high, cell proliferation was not affected, because
most larger clusters were contacting other II-4-gal cells.

It was next determined whether II-4-gal cells were undergoing

terminal differentiation, as determined by the presence of filaggrin
when surrounded by normal keratinocytes. Double immunofluores-
cence of pure cultures of II-4-gal did not demonstrate filaggrin ex

pression (Fig. 5Â£),whereas normal keratinocyte cultures expressed
this marker of terminal differentiation in the upper third of the
epithelium (Fig. 5F). However, when mixed with normal keratino
cytes in a 12:1 ratio, II-4-gal cells underwent terminal differentiation
and expressed filaggrin, as seen by Â«Â»localizationof ÃŸ-galand filag
grin (Fig. 5G). Such expression was only seen when II-4-gal cells

were surrounded by normal keratinocytes that were expressing filag
grin and not in individual II-4-gal cells in contact with normal kera

tinocytes that did not express filaggrin (Fig. 5C, long arrow). This
suggested that II-4-gal cells were being normalized by keratinocytes
that were undergoing terminal differentiation. In distinction, II-4-gal

in cultures grown with a 1:1 ratio were not induced to express
filaggrin by normal cells in their microenvironment (Fig. 5//).

DISCUSSION

A Novel Model for Early Neoplastic Progression. Although
much is known about the effect of genetic changes in individual cells
on the early development of skin cancer, the importance of interac
tions of such cells with normal neighbors on the regulation of incip
ient neoplasia is less clear. Because early neoplasia is expressed at the
tissue level in the context of normal cells, study of the role of cell
interactions in early tumor progression requires models that respect
cell context and tissue organization. We established organotypic cul-
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Fig. 2. Light microscopy of transplants 4 (A. C. and Â£")and 8 weeks (B. /). and F\ after grafting to nude mice. A, grati oÃII-4-g.il demonstrating moderate to se\ere dysplasia. epithelial

thickening. luperorthokeratosis. and tongue-like extension ol epithelium into the underlung connective tissue itirrou }.H. graft of ll-4-gal showing islands of malignant epithelium (wiiit-
arrows'! and severe dysplasia of the surface epithelium (thin arrows). C, graft of 4:1 mixture of normal and II-4-gal 4 weeks after grafting; arrow marks horder with mouse tissue. I).

8-week graft of normal cells showing normal epithelium with hyperorthokeratosis. Arrow marks horder with mouse tissue, and asterisk marks mouse skin appendage. K, graft of 1:1
mixture of normal and II-4-gal. demonstrating a central cluster of dysplastic cells demarcated by arrows. F. graft of I: I mixture of normal and ll-4-gal demonstrating islands of invasive
epithelium (Â«mm-)beneath a dysplastic surface epithelium.

ture and in vivo transplantation systems where both normal and
transformed keratinocytes manifest their characteristic morphology
and behavior. In monolayer culture conditions, keratinocytes are
hyperproliferative and undergo limited differentiation, whereas orga-

notypic culture closely mimics the in vivo tissue (21), thereby facili
tating study of interactions between clones of potentially malignant
cells and surrounding normal cells. The malignant cell line used in our
studies (HaCaT-ra.Ã§clone II-4) was derived by transfection of the

immortalized human keratinocyte line HaCaT (13) with an activated
c-Harvey-ra.c oncogene ( 14). This tumorigenic cell line has been well

characterized previously and displays severe dysplasia in vitro and
low-grade malignant behavior after in vivo transplantation (15). By

genetically marking these clones, we were able to follow the fate and
phenotype of dysplastic foci during clonal expansion and early inva
sion. Grafting these cells with restoration of an invasive phenotype

allowed study of the earliest events in neoplastic progression by
generating a stratified epithelium that evolved from a noninvasive,
focally dysplastic tissue to one demonstrating invasion in vivo. These
features provided an advantage over previous culture and grafting
models used to study interactions between normal and potentially
malignant epithelia because interactions between normal and neoplas
tic cells are studied in a regular, preformed tissue architecture.

Normal Keratinocytes Are Dominant Suppressors of Neoplastic
Potential. Our results demonstrate that normal cell context and tissue
architecture exert strong growth-inhibitory and normalizing effects on
ra.v-transformed keratinocytes with malignant potential. This suggests
that the signaling network inherent in cell-cell interactions plays an

important role in tumor control. Our studies extend previous findings
on the regulatory role of normal cells on neoplastic progression. It was
shown previously that normal mouse keratinocytes suppressed the
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Fig. 3. Immunofluorcsccm staining of transplants 4 (A. C. and E} and 8 (B. D. and F] weeks after grafting. A. graft of Rll-gal showing expression of transgene in all cells and early
stromal invasion (ÃÃmm'.vl.H. graft of Rll-gal. demonstrating islands of invasive epithelium (Â«mnt'.v).D, graft of normal keratinocytes. C. graft of 4:1 mixture shows no II-4 cells
remaining. Â£.graft of 1:1 mixture showing persistent foci of II-4 cells (arrows}, all of which extend to the basal layer. F, graft of 1:1 mixture showing intracpithelial clusters (long
ttrriiH'i and invasive clusters in the slroma (*ht)rt amwi. Blue nuclear fluorescence due to counterstain with 3.3'-diaminoben/.idine (Vector Laboratories).

growth ot"papillomas in athymic mice after being mixed with initiated

keratinocytes (3) or mouse papilloma cells (22). In addition, normal
trachÃ©alepithelium demonstrated a selective survival advantage when
mixed with initiated trachÃ©alcells and transplanted to syngenic rats
(5). For neoplastic progression to occur, potentially malignant cells
may first need to overcome a restrictive environment of normal cell
context that limits their growth and prevents clonal persistence and
expansion.

We report for the first time a mechanism for such suppression, i.e.,
that transformed clones with malignant potential cease to proliferate,
undergo terminal differentiation, and are eliminated from the tissue
due to interactions with their normal cellular neighbors. The suppres-

sive effect of the microenvironment may be due to several types of
intercellular communication, including the presence of diffusible,
paracrine-acting mitotic inhibitors or to direct cell-cell contact (23-

26). For example, the clonal growth of a small number of initiated

mouse keratinocytes was suppressed by coculture with differentiated,
normal keratinocytes (8), and the growth of carcinogen-altered rat

trachÃ©alepithelium was limited by conditioned media from normal
cells (9). In addition, transforming growth factor ÃŸfrom adjacent
fibroblasts can suppress the tumorigenic potential of ra.v-transformed
mouse keratinocytes (26). whereas the normal keratinocyte-induced
suppression of papilloma formation can be overcome by overexpres-

sion of transforming growth factor a (22).
In the above studies, the population of cells with malignant poten

tial was not directly identified, as has been shown in our report.
Through colocalization of ÃŸ-galexpression with markers of prolifer

ation and differentiation, we have characterized the phenotype of
neoplastic cells undergoing suppression. By following the fate of
these cells, we found that proliferation of tumor cells is abrogated
when isolated, malignant cells are outnumbered and surrounded by
normal keratinocytes. We propose this as a mechanism of tissue-based
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Fig. 4. Organotypic cultures of mixed 11-4and normal kerati
nocytes demonstrate foci of genetically marked dysplastic cells in
normal cell context. Cultures were grown for 1 week in organotypic
culture either as pure cultures or as mixtures of varying ratios
[(normal:ll-4-Gal) H&E, a, c, e, g. i, and k, and immunofluorescent
stain for a-gal, b, d, f h, j, and 1]. 11-4-GAl.,pure culture of
HaCaT.ras-ll GAL cells; NHK, normal keratinocytes. a and b,
control cultures of neoplastic cells (11-4-GAL); c and d, control
culturesof normalforeskinkeratinocytes(NHK);e and f@1:1
mixture; g and h, 4:1 mixture; i and j, 12:1 mixture; k and I, 64:1
mixture. Arrows, foci of dysplastic cells.
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growth control during early neoplastic progression because local cell
interactions lead to normalization and elimination of sufficiently small
numbers of potentially malignant cells. However, caution should be
exercised in extrapolating the finding of suppression of a genetically
altered, immortalized keratinocyte line such as 11-4 to the broader

study of tumor development in vivo, because it has been shown
previously that small clones of mutated cells can persist in carcino
gen-altered skin (27). It appears that the capacity of a potentially
neoplastic cell to progress is associated with a more advanced stage of
phenotypic and genotypic alteration. Gillett et a!. (4) reported that a
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NORMAL KERATINOCYTES SUPPRESS NEOPLASTIC PROGRESSION

Fig. 5. Double-immunofluorescence stain of organotypic cultures for markers of proliferation and differentiation. A, B, C, and D, superimposed immunofluorescence signals
for @3-galactosidase(FITC channel, green) and BrdUrd (Texas Red channel, red). E, F, G, and H, superimposed immunofluorescence signals for 13-gal(FITC channel, green)
and filaggrin (Texas Red channel). A. pure 11-4 cultures demonstrating BrdUrd-positive nuclei in basal and suprabasal layers that extend to mid-spinous layer (arrow). B, normal
keratinocyte culture demonstrating BrdUrd-positive nuclei limited to the basal layer and no f3-gal expression. C, mixture of normal keratinocytes:II-4 (12: 1) demonstrating
individual @3-galcells in a suprabasal position and BrdUrd-positive nuclei limited to the normal basal keratinocytes. Individual a-gal cells lack colocalization of a-gal, and
BrdUrd demonstrates withdrawal of 11-4cells from cell cycle. D, mixture of normal keratinocytes:lI-4 (1:1) showing @-ga1-positive11-4cells that are also BrdUrd positive
(arrow), as seen by red nuclei and green cytoplasm. This suggests continued 11-4 proliferation in these larger clusters. E, pure 11-4 cultures demonstrating that all 11-4 cells
express /3-gal but not filaggrin, because no yellow is seen. F. normal keratinocyte culture demonstrating the presence of filaggrin in the superficial layers of the epithelium
and no f3-gal expression. The dermal-epithelial interface is marked with the white dotted line. G. mixture of normal keratinocytes:Il-4 (12:1) demonstrating yellow-orange
suprabasal cells (short arrow) resulting from superposition of signals for /3-gal and filaggrin. Long arrows, individual suprabasal j3-gal cells that have yet to migrate to
superficial layers and are not expressing filaggrin. H. mixture of normal keratinocytes:II-4 (1 : 1) showing larger clusters of a-gal cells that are not expressing filaggrin. Red
staining below the epithelium represents proliferating fibroblasts.
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tumorigenic trachÃ©alcell line persisted in the tissue when mixed with
normal cells, whereas a nontumorigenic, preneoplastic cell line did
not. Furthermore, tumorigenicity of ras-transformed mouse keratino-

cytes has been shown to be suppressed by diffusible factors produced
by dermal fibroblasts, but additional genetic events allow keratino-

cytes to escape this inhibition, allowing skin tumors to develop (26).
Because II-4 keratinocytes harbor an activated ras oncogene, which is

known to be involved in the very early stages of neoplastic transfor
mation in stratified epithelium (28), it is possible that only keratino
cytes in the initial stages of carcinogenesis can still be suppressed by
the microenvironment. To explore whether keratinocytes with addi
tional genetic alterations are more likely to overcome the inhibitory
effects of the microenvironment, keratinocyte lines at various stages
of neoplastic progression will need to be tested in the tissue models
described in this report.

Requirement for Critical Number of Neoplastic Cells for Ex
pansion and Invasion. Neoplastic progression may occur only if the
restrictive microenvironment is modified to allow proliferation and
expansion of initiated cells. When groups of tumor cells are present at

numbers allowing the formation of foci of sufficient size, they main
tain their ability to proliferate, even in suprabasal position, and are
resistant to induction of differentiation. We determined that equal
numbers of premalignant and normal cells were required for early
progression and lesion development, suggesting that the spatial dis-

peared to compete for attachment to extracellular matrix more effec
tively than II-4 cells in the 64:1, 12:1, and 4:1 ratios, resulting in the
failure of II-4 cells to persist in a basal position. In previous in vivo

studies, when trachea! grafts were seeded with cell mixtures so that
large, contiguous areas of trachea were populated with carcinogen-

initiated cells, no growth inhibition was seen, and tumors developed
(5). Our findings suggest that attachment to basement membrane may
be crucial to preserving early tumor cell phenotype.

In summary, invasive neoplasia in stratified squamous epithelium
may develop only when changes in tissue architecture are sufficient to
overcome the dominant, tumor suppressor role of normal cell context.
Maintenance of normal tissue architecture is sufficient to abrogate
early neoplastic progression by repressing the malignant phenotype.
These findings have significant biological implications for under
standing how precancer is controlled within a stratified epithelium.
Further insights into the inhibitory signaling pathways inherent in cell
interactions may lead to the development of cancer prevention strat
egies designed to redirect potentially malignant cells toward normal
development.
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