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ABSTRACT

We found that keratinocytes immortalized with human papillomavirus
(HPV) type 16 DNA and malignantly converted by H-ras transfection
(HPK-lA/ras) exhibit an enhanced ability to synthesize a fibronectin-
containing extracellular matrix. Gene expression of fibronectin and
thrombospondin was increased in tumorigenic keratinocytes compared to
control and immortalized keratinocytes, 6- and 9-fold, respectively. In
creased production of soluble and cell surface-associated fibronectin was
not specific for HPV 16 transformed keratinocytes. Adl2-SV40-immor-
talized keratinocytes malignantly converted by ll-rÂ«,vtransfection
(RHEK-1/ras) also exhibited enhanced expression of fibronectin and
thrombospondin, as well as pro-al type I collagen. Steady state mRNA
levels for autocrine growth-regulatory factors, transforming growth fac
tors a and ÃŸl,were increased in Adl2-SV40 but not HPV 16-transformed
human keratinocytes. We then determined whether increased production
of fibronectin was associated with aberrant differentiation of transformed
keratinocytes. Less than 10% of the HPV 16-transformed cells produced
cornified envelopes after suspension-induced differentiation compared to
70% of normal keratinocytes. However, immortalization by HPV 16
DNA was sufficient to confer a differentiation-defective phenotype. Both
involucrin mRNA and protein levels were decreased 8-fold in HPV 16-
immortalized keratinocytes compared to normal cells and malignant
conversion further attenuated involucrin levels. These studies demon
strate that aberrant differentiation is an early event in the transformation
of the human keratinocytes and is not the result of enhanced expression
of the extracellular matrix proteins. Unlike transformed fibroblasta- cell
types, up-regulation of fibronectin gene expression and matrix formation
is a consistent characteristic of malignantly converted human
keratinocytes.

INTRODUCTION

The growth pattern of human keratinocyte cultures can be
altered by infection with several HPV3 types (1-4). Only those

HPVs implicated in the induction of cervical cancer possess the
capacity to immortalize human keratinocytes. Cultured human
keratinocytes can be immortalized with HPV 16, 18, 31, and
33 DNA (5-9). Generally, HPV-immortalized human keratin
ocyte lines are not tumorigenic in nude mice. This observation
is consistent with epidemiological evidence suggesting that
infection by HPV types 16,18,31, and 33 alone is not sufficient
for progression to genital malignancy. Genital HPV infections,
irrespective of HPV type, are widespread with conservative
estimates of 10-30% of the normal population being affected
(10, 11). A long latent period between initial infection and
development of cancer is characteristic of HPV-associated cer
vical carcinoma. Progression to malignancy is commonly as
sociated with various environmental factors. Therefore, it is
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likely that development of HPV-associated cancer is a multistep
process. Recent studies have demonstrated that both HPV 16
and HPV 18 sequences encoding the E6 and E7 gene products
are sufficient to immortalize primary human keratinocytes in
vitro (12, 13). The events involved in malignant conversion of
HPV-infected cells are currently unknown.

In normal stratified squamous epithelia, keratinocytes which
are capable of proliferation are located in the basal layer in
contact with a basement membrane. Cells leave the basal (pro
liferating) layer and undergo a series of biochemical and phe-
notypic changes which constitute their program of terminal
differentiation (reviewed in Refs. 14-16). Ultimately, these cells
are shed from the outer surface as fully differentiated squames.
There appears to be a hierarchy of signals for keratinocyte
terminal differentiation. These include cell cycle withdrawal,
increase in cell size, decreased substrate contact, and loss of
gap junctional communication. Some of these events appear to
be regulated by tyrosine kinases and changes in calcium con
centrations (17, 18). However, the critical events directly asso
ciated with commitment of normal keratinocytes to terminal
differentiation are currently not understood.

We are particularly interested in cell-matrix interactions that
may be a signaling mechanism for differentiation in stratified
squamous epithelia. There is abundant evidence that disruption
of cell adhesion and cell communication are critical events in
neoplastic transformation. Normal keratinocytes are resistant
to malignant transformation by viruses alone, chemical carcin
ogens, or transfection with known oncogenes (19-24). Several
groups have shown that human keratinocytes can be immortal
ized by DNA tumor viruses (5, 6, 23, 25-34). The immortalized
cells can also be malignantly converted by transfection of the
H-ras oncogene (24, 26, 27). The concomitant expression of
transforming genes from viruses (HPV and the Adl2-SV40)
and other transfected oncogenes or chemical carcinogens is
necessary for malignant conversion. We have used normal
human keratinocytes, HPV 16-inimoria li/ed human keratino
cytes, previously described by Durst et al. (5), and the corre
sponding H-ras transfected cell line (27) representing discrete
stages of the transformation process: immortalization and ma
lignant conversion. In this paper we have examined the ability
of both immortalized and tumorigenic HPV 16-transformed
keratinocytes to respond to a cell type-specific differentiation
signal. We have found that fibronectin and thrombospondin
genes are differentially expressed in HPV 16-transformed hu
man keratinocytes at different stages of transformation.

MATERIALS AND METHODS

Keratinocyte Lines. Keratinocyte lines used in this study are listed in
Table 1. RHEK-1 cells are human keratinocytes infected with a Ad 12
SV40 hybrid virus (23). RHEK-1/ras cells are RHEK-1 cells transfected
with a plasmid expressing li-ras (24). HPK-1A cells are human kera
tinocytes transfected with HPV 16 DNA and possess two to three
complete copies of the HPV genome arranged in a head-to-tail fashion,
integrated at one chromosomal site (5). HPK-lA/ras cells are HPK-1A
cells transfected with H-ras (27). NS-2-EP cells are a strain of normal
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Table 1 Human epidermal keratinocyte lines and strains

Immortalizing Tranforming
Cell line agentagentRHEK-I

Ad 12-SV40 virus
RHEK-1/ras Ad 12-SV40 virus H-ras
HPK-1A HPV16DNA
HPK-lA/ras HPVI6DNA H-ras
Normal keratinocytesTumor

formationRef.23+

24
5

-1- 27
35

human keratinocytes that was used for comparison in these studies.
Normal keratinocytes were established from newborn human fore

skin and cultured in the presence of a mitomycin C-treated 3T3 feeder
cells as described by Allen-Hoffmann and Rheinwald (35) with the
following modifications. The culture medium was composed of Ham's
F-12:Dulbecco's modified Eagle's medium (3:1, 0.66 IHMCa2+) supple

mented with 2.5% fetal calf serum, 0.4 Â¿ig/mlhydrocortisone, 10 ng/
ml cholera toxin, 5 Mg/ml insulin, 24 UK'ml adenine, and 10 ng/ml

epidermal growth factor. All transformed keratinocyte lines were cul
tured in the same medium as the normal keratinocytes with the excep
tions that these cells require neither epidermal growth factor nor a 3T3
feeder layer when passaged at high density. Normal keratinocytes were
used for experiments prior to passage 4. Transformed keratinocytes
were passaged 1:10 every 4-5 days. Cultures were maintained at 37Â°C
in a 5% COz atmosphere. For low Ca2+-containing medium, Ca2+-free
Ham's F-12 and Ca^-free Dulbecco's modified Eagle's medium were

mixed (3:1) and ( a( I. was added to a final concentration of 0.05 HIM.
RHEK-1, RHEK-1/ras, and HPK-1A cell lines can form colonies at

clonal density only with the aid of a mitomycin C treated 3T3 feeder
layer. The HPK-lA/ras cell line can form colonies at clonal densities
with or without a 3T3 feeder layer. The plating efficiency ranged from
60-90% for all lines.

Induction of Terminal Differentiation. To induce terminal differentia
tion, cells were removed from tissue culture plates with trypsin/EDTA,
washed with serum-free medium, and resuspended in growth medium
made semisolid with 1.5% methylcellulose (4000 centipoises; Fisher
Scientific, Fair Lawn, NJ) at a cell density of 10' cells/ml in sterile 50-

ml polypropylene tubes. The suspended cells were then incubated at
37Â°Cin a humidified 5% CO: atmosphere. Cells were recovered from

suspension at various times by diluting semisolid growth medium with
10 volumes of serum-free medium followed by centrifugation at 1000
*#â€¢

The proliferative capacity of keratinocytes following suspension in
methylcellulose-containing medium was determined by replating the
cells in surface culture. The cells recovered from methylcellulose were
plated at a clonal density on mitomycin C-treated 3T3 feeder layers
such that approximately 100 colonies were observed on a 60-mm tissue
culture dish. The cultures were allowed to grow for approximately 2
weeks. The resulting colonies were fixed with formaldehyde and stained
with mÃ©thylÃ¨neblue, and colonies containing 30 or more cells were
scored.

Measurement of Cornified Envelopes. To measure cornified envelope
production, cells were washed with PBS and resuspended in PBS at a
density of 1-2 x 10*cells/ml. Triplicate samples of the cell suspension

were boiled in the presence of 1% sodium dodecyl sulfate and 20 HIM
dithiothreitol for 5 min. Detergent-resistant envelopes were counted
under phase contrast optics using a hemocytometer. Values from trip
licate samples differed by less than 5%.

Enzyme-linked Immunosorbent Assay for Involucrin. Involucrin con
tent was determined in adherent cultures using an enzyme-linked im-
munosorbent assay as described by Parenteau et al. (36). Polyclonal
rabbit anti-human involucrin antibody and purified human involucrin
standard were obtained from Biomedicai Technologies, Inc. (Stough-

ton, MA). Briefly, cultures were washed twice with PBS and the cells
were lysed with 20 mM Tris-HCI, 2 mM EDTA, pH 7.4. Samples were
sonicated for 2 min on ice (four 30-s intervals), vortexed and clarified
by centrifugation in a Microfuge (Beckman Instruments, Inc., Fullerton,
CA) at 14,000 x g for 5 min at 4Â°C.The diluted rabbit anti-human
involucrin antiserum was incubated overnight at 4Â°Cwith either stand

ards or dilutions (undiluted to 1:10,000) of a clarified cell homogenate

in assay buffer (PBS containing 0.25% type A gelatin from porcine
skin/175 bloom, 2 mM EDTA, 0.5% Tween 20, and 0.2% NaN3). The
mixture was incubated for 30 min at room temperature in microdilution
culture dishes (Nunc-Immunoplate; Maxisorp) previously coated with
human involucrin (1 ng/well in 0.1 M sodium carbonate, pH 9.6) and
10 /jl of 1 mg/ml l-ethyl-3-(-3-dimethyIaminopropyl)carbodiimide.
After being rinsed, the wells were incubated for an additional l h with
goat anti-rabbit IgG covalently coupled with alkaline phosphatase
(Sigma, St. Louis, MO). Unbound antibody-enzyme conjugate was
removed by rinsing, and the enzyme substrate, p-nitrophenyl phosphate
hexahydrate, was added. ^4os was read after development of sufficient
color. The amount of involucrin in samples was determined by com
paring values to a semilogarithmic plot of AM-,versus the amount of
involucrin in the involucrin standard. The readable range of the assay
was 0.1-0.5 ng of involucrin per well.

Indirect Immunofluorescence Staining of Cellular Fibronectin. Kera
tinocytes were grown on glass coverslips. Cultures were rinsed once
with 25 mM Ar-2-hydroxyethylpiperazine-A''-2-ethanesulfonic acid-buff
ered Earle's salts (pH 7.4), rinsed twice briefly with PBS (pH 7.4), and

fixed for 30 min at room temperature in 0.1 M phosphate buffer
containing 3% paraformaldehyde. Cells were rinsed three times with
Tris-buffered saline (pH 7.4). Rabbit anti-human plasma fibronectin
was diluted 1:100 in Tris-buffered saline containing 1% ovalbumin.
Amiserimi (100 //I) was placed on the coverslip and incubated in a
moist chamber for 30 min at 37Â°C.The antiserum was then removed

by thorough rinsing in the buffer, and 100 n\ of fiuorescein-conjugated
goat anti-rabbit immunoglobulin G were applied at a dilution of 1:100
in Tris-buffered saline (pH 7.4) containing 1% ovalbumin. After incu
bation for 60 min the coverslips were rinsed and mounted with Gly-
erolgel (Sigma) containing 5.5 mM p-phenylenediamine. Cells were
visualized with a Nikon microscope by using epifluorescence illumina
tion and phase contrast illumination.

Enzyme-linked Immunosorbent Assay for Human Fibronectin. Cul
tures were washed and incubated for 24 h in l ml of serum-free growth
medium. Soluble fibronectin in the conditioned medium was detected
by a competitive enzyme-linked immunosorbent assay as described
previously (37, 38). Briefly, diluted rabbit anti-human fibronectin anti-
serum was incubated overnight with standards or dilutions of condi
tioned medium. The mixture was incubated for 2 h at room temperature
in microdilution culture dishes previously coated with human plasma
fibronectin (4 Â¿ig/mlin Tris-buffered saline containing 0.1% bovine
serum albumin) and then postcoated with 1.0% albumin. After being
rinsed, the wells were incubated for an additional 2 h with goat anti-
rabbit IgG covalently coupled with alkaline phosphatase. Unbound
antibody-enzyme conjugate was removed by rinsing, and the enzyme
substrate, p-nitrophenyl phosphate hexahydrate, was added, -tw, was
read. The amount of fibronectin in samples was determined by com
paring values to a semilogarithmic plot of AMi versus the amount of
fibronectin in the fibronectin standard. The readable range of the assay
was 20-200 ng of fibronectin per ml (2-20 ng of total fibronectin).

Northern Analysis. Poly(A)+ RNA was isolated from logarithmically
growing cells according to the method of Badley el al. (39). Poly(A)+

RNA (3 ng) was electrophoresed in a 1% agarose gel containing
formaldehyde. The RNA was electroblotted to a Zeta-probe membrane
(Bio-Rad laboratories, Richmond, CA). The membrane was prehybri-
dized and then hybridized in the presence of a random primer "P-

labeled cDNA probe as recommended by the supplier. The cDNA
probes used are: human involucrin cDNA, pI-2 (40); human fibronectin
cDNA, pFHl (41); human Â«1type I collagen cDNA, pGGH03 [a 2800-
base pair fragment from the 5'-region of complete Â«1type I cDNA];

human thrombospondin cDNA, M9/pGEM2 (42); monkey TGF-/31
cDNA, pTGF-/32 (43); rat glyceraldehyde-3-phosphate dehydrogenase
cDNA, pGPDNS (44); and human TGF-a cDNA, pT7T318 (45).

RESULTS

Immortalization Is Sufficient to Confer a Differentiation-de
fective Phenotype to Human Keratinocytes. The ability of HPV-
immortalized (HPK-1A) and HPV-tumorigenic (HPK-lA/ras)
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cells to differentiate was examined following their removal from
substratum attachment. Terminal differentiation, as measured
by cornified envelope formation, can be induced by disaggre
gating adherent keratinocytes and suspending them in growth
medium made semisolid with the neutral polymer, methylcel-
lulose. Cells were resuspended in methylcellulose and incubated
for different times in suspension. Following incubation, the
cells were recovered and the percentage of cells producing a
cornified envelope was determined (Fig. 1). Greater than 70%
of the normal human keratinocytes produced cornified enve
lopes after 24 h suspension in methylcellulose. The HPV-
immortalized (HPK-1A) and HPV-tumorigenic (HPK-lA/ras)
cells were defective in the ability to differentiate in response to
removal from substratum attachment. Less than 10% of these
cells produced a cornified envelope after 24 h suspension in
methylcellulose. Incubating the HPK-1A or HPK-lA/ras cells
for an additional 3 days in suspension did not increase the
percentage of the cells producing a cornified envelope (data not
shown). For comparison, we also determined the response of
keratinocytes immortalized with Adl2-SV40 hybrid virus and
then malignantly converted by transfection with H-ras. Neither
the Adl2-SV40-immortalized cells (RHEK-1) nor the corre
sponding tumorigenic line (RHEK-1/ras) were able to produce
cornified envelopes after 24 h suspension in methylcellulose.
The inability of other SV40-transformed keratinocytes to pro
duce cornified envelopes is a consistent characteristic of trans
formation by this virus (34, 46, 47). Compared to the normal
human keratinocytes, both immortalized and malignantly con
verted keratinocyte lines exhibited an altered differentiation
capacity in response to suspension in methylcellulose. The
extent of this block in differentiation varied between SV40-

0 5 10 15 20 25

Hours in Methylcellulose Suspension

Fig. 1. Ability of immortalized and tumorigenic keratinocytes to produce
cornified envelopes. Normal human keratinocytes, HPV 16- and Adl2-SV40-
immortalized keratinocytes, and the corresponding tumorigenic cells were sig
naled to differentiate by removal from substrata and suspension in methylcellu-
lose-containing medium. Following suspension for varying times, cells were
recovered from methylcellulose and washed with PBS, and the percentages of
cells producing a cornified envelope were determined.

0.001

Days in Methylcellulose Suspension

Fig. 2. Colony forming efficiency of keratinocytes following recovery from
methylcellulose-containing medium. Normal human keratinocytes, HPV 16-
immortalized keratinocytes and the corresponding tumorigenic cells were sus
pended in methylcellulose and incubated for the indicated times. Following
incubation, cells were recovered, plated on a feeder layer at clonal density, and
grown for 2 weeks. Colonies were fixed, stained, and counted.

transformed and HPV 16-transformed cells. Nonetheless, lack
or limited response to a differentiation signal was a consistent
characteristic of both immortal and malignantly converted hu
man keratinocyte lines.

Loss of proliferative capacity is also a consistent character
istic of terminally differentiating keratinocytes. We examined
the proliferation capacity of HPV 16-immortalized and tumor
igenic cells, as measured by their ability to initiate colonies in
surface culture following recovery from suspension in semisolid
medium. A decrease in the proliferation capacity of all cells was
observed with time in methylcellulose (Fig. 2). Normal keratin
ocytes held in semisolid growth medium lost the ability to
replicate after 36 h, evidenced by the inability to form colonies
in surface culture. Compared to normal keratinocytes, the trans
formed keratinocytes lose the ability to form colonies at a slower
rate when suspended in methylcellulose-containing medium.
Normal keratinocytes lost three logs of colony-forming ability
after 24 h whereas HPK-1A and HPK-lA/ras cells lost 90% of
their initial colony-forming ability. After 3 days in suspension
these cells were still able to initiate colonies when replated in
surface culture.

The formation of cornified envelopes is a multistep process.
The lack of cornified envelope formation by the HPV-immor-
talized or tumorigenic cells may reflect deficiencies in any of
approximately seven proteins which comprise the cornified
envelope, as well as alterations in the three transglutaminase
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Fig. 3. Analysis of steady state levels of involucrin mRNA. Poly (A)* RNA

was prepared from the indicated cell lines when cultures were approximately 90%
preconfluent. Poly(A)*, 3 ng, RNA was electrophoresed through a 1% agarose-

formaldehyde gel. Following electrophoresis, the RNA was electroblotted to a
Zeta-probe membrane. The membrane was prehybridized and then hybridized to
a random primer 3!P-labeled cDNA probe for involucrin. The same blot was
stripped and reprobed with a cDNA probe for GAPDH to control for loading.
kb, kilobases.

NS-2-EP HPK-1Mas RHEK-1 RHEK-1*as

Fig. 4. Involucrin content of keratinocytes. Preconfluent cultures of normal or
transformed human keratinocytes were washed and lysed, and the involucrin
content was determined by a competitive enzyme-linked immunosorbent assay.
Columns, mean of three experiments; bars, SD.

activities known to exist in mammalian stratified squamous
epithelia. We started to address this problem by determining
the steady state mRNA levels for involucrin, a major protein
component of the cornified envelope. Cultured normal human
keratinocytes at early passage exhibited high levels of involucrin
mRNA compared to HPV 16- or Adl2-SV40-immortalized or
tumorigenic cells (Fig. 3). The reduced levels of involucrin
mRNA in transformed cells may be due to a reduced rate of
transcription and/or an increased rate of turnover. We did not
detect any gross rearrangements in the involucrin DNA se
quences by Southern analysis (data is not shown). Immunosor
bent assay for involucrin confirmed that HPV 16-immortalized
keratinocytes produced 8 times less involucrin protein com
pared to preconfluent normal keratinocytes, and malignant
conversion further decreased involucrin protein levels (Fig. 4).
The Adl2-SV40-transformed keratinocyte lines expressed the
lowest levels of involucrin protein and mRNA. These findings

were consistent with the poor ability of these lines to make
cornified envelopes in response to release from substratum
attachment. It is likely that the ability to form cornified enve
lopes is limited by the amount of the involucrin protein or other
constituents of the cornified envelope present in the cells.

Human Keratinocytes Transformed by HPV 16 Have In
creased Levels of Fibronectin. Since changes in cell-matrix
interactions occur early during the course of terminal differen
tiation in stratified squamous epithelia, we determined whether
HPV 16-immortalized or tumorigenic keratinocytes exhibited
changes in the production of known ECM glycoproteins. Cul
tured normal human keratinocytes synthesize and deposit small
amounts of ECM constituents, such as fibronectin, various
collagens, and other glycoproteins. We examined the ECM
characteristics of the HPK-1A and HPK-lA/ras keratinocyte
cell lines. Using a quantitative immunosorbent assay for human
fibronectin we found that medium conditioned by HPK-1 A/ras
cells contained 5-fold more soluble fibronectin than the HPK-

1A or preconfluent normal keratinocytes (Fig. 5). Conditioned
medium from HPK-1 A cells and control keratinocytes con
tained similar amounts of soluble fibronectin. High passage
HPK-1 A cells did not produce increased levels of soluble fibro
nectin. The Adl2-SV40-tumorigenic cells (RHEK-1/ras) also
produced increased levels of soluble fibronectin compared to
the Adl2-SV40-immortalized cells (RHEK-1) or normal kera
tinocytes. Since the HPV-tumorigenic keratinocytes (HPK-1 A/

ras) had increased levels of soluble fibronectin present in con
ditioned medium, we then determined if these cells also depos
ited more fibronectin into their extracellular matrix. Cultures
of low passage normal keratinocytes, HPK-1 A, and HPK-1 A/
ras cells were plated on glass coverslips at low density (5 x IO4/
35-mm dish) in medium containing either high (0.66 mivi) or
low (0.05 mivi) calcium concentrations. Immunofluorescence
staining with anti-human plasma fibronectin revealed that, rel
ative to normal keratinocytes, HPK-1 A cells exhibited in
creased numbers of short, stitch-like fibronectin fibrils (Fig. 6,
c and e). The tumorigenic HPK-1 A/ras cells, however, orga
nized and deposited a dense fibronectin-containing extracellular
matrix (Fig. 6, g and /'). We found that relative to HPK-1 A

cells the tumorigenic HPK-1 A/ras keratinocytes incorporated
increased levels of fibronectin into their matrices regardless of
the calcium concentration of the medium. Similar results were

NS-2-EP HPK-IA RHEK-1/ras

Fig. 5. Soluble fibronectin content of medium conditioned by transformed
human keratinocytes. Preconfluent cultures of normal human keratinocytes,
Adl2-SV40- and HPV 16-immortalized keratinocytes, and corresponding tumor
igenic cell lines in 35-mm dishes were washed and incubated for 24 h in 1 ml of
serum-free medium. The conditioned medium was harvested and assayed for
fibronectin content by a competitive enzyme-linked immunosorbent assay. Col
umns, mean of three experiments; bars, SD.
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Fig. 6. Extracellular matrix fibronectin content of transformed keratinocytes.
Indirect immunofluorescence staining of preconfluent keratinocytes with a rabbit
polyclonal antibody to human plasma fibronectin followed by fluorescein-conju-
gated goat anti-rabbit IgG was performed: a and />,normal human keratinocytes
(0.05 mM Ca2*); c and d, HPK-1 A (0.05 mM Ca2*); e and/. HPK-1 A (0.66 mivi
Ã‡a2*);g and h, HPK-1 A/ras (0.05 mivi Ca2*); i and;. HPK-lA/ras (0.66 mM
Ca2*).

HPK-1A and HPK-lA/ras cells. For comparison, we also iso
lated poly(A)+ mRNA from cultures of RHEK-1 and RHEK-

1/ras cells. We examined the steady state mRNA levels for
several ECM glycoproteins, namely, fibronectin, thrombospon-

din, and type I procollagen. Densitometric scanning of the
autoradiogram showed that HPK-lA/ras cells contained ap
proximately 6-fold more fibronectin mRNA as compared to
HPV 16-immortalized cells (HPK-1 A) (Fig. 7). Similar results
were obtained with keratinocytes immortalized by the hybrid
Adl2-SV40 virus and malignantly converted with H-ras. This

was in agreement with the observed elevated levels of soluble
and matrix-associated fibronectin. To ensure that consistent
loading of the samples was obtained, hybridization of the blot
with a cDNA for glyceraldehyde-3-phosphate dehydrogenase
was performed and any loading differences were accounted for
when determining the increases in mRNA levels. We probed
the same RNA blot with cDNA probes specific for human
thrombospondin and type I procollagen (Fig. 8). The tumori
genic HPK-lA/ras cells exhibited 9-fold higher levels of throm

bospondin mRNA as compared to normal keratinocytes or the
HPV 16-immortalized cells (HPK-1 A). There was no detectable
difference in the level of type I procollagen mRNA in normal
and HPK-1A cells. Unlike the tumorigenic HPK-lA/ras kera
tinocytes, the RHEK-1/ras cells produced high levels of type 1
procollagen mRNA. Type I procollagen mRNA was modestly
elevated in the HPK-lA/ras cells. We did not detect changes
in Â«1type IV collagen mRNA levels in any of the keratinocyte
lines (data not shown).

Increased Production of Autocrine Growth-regulatory Factors
Is Associated with Adi2-SV40 but not HPV 16-mediated Trans
formation of Human Keratinocytes. To investigate the mecha
nisms of loss of growth control and enhanced expression of

to
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C

10>
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O X
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X
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CL Ã›.
I I

Fibronectin - 8.0 Kb

observed with Adl2-SV40 tumorigenic keratinocytes (data not
shown).

The enhanced fibronectin-containing extracellular matrix ob
served in the tumorigenic HPK-1 A/ras keratinocyte line could
be the result of increased transcription or increased stabilization
of fibronectin mRNA. Alternatively, accumulation of extracel
lular matrix proteins may result from decreased proteolytic
degradation of the matrix. To determine if fibronectin mRNA
levels were enhanced in HPV 16-transformed cell lines we
isolated poly(A)+ mRNA from populations of early passage

GAPDH - 1.3 Kb

Fig. 7. Analysis of the steady state mRNA levels for fibronectin. Poly (A)*

RNA was prepared from logarithmically growing cells when approximately 90%
preconfluent and size fractionated by agarose formaldehyde-gel electrophoresis.
The mRNA levels for fibronectin was examined by using a specific cDNA probe
for human fibronectin. This blot was also probed with the cDNA probe for
GAPDH to control for loading.
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Thrombospondin

ct1 (l) Procollagen

DISCUSSION

We have determined that human keratinocytes immortalized
by HPV 16 DNA and malignantly converted by transfection of
the H-ras oncogene (HPK-1 A/ras) produced increased amounts
of soluble and cell surface-associated fibronectin. The overprod
uction of fibronectin in the HPV-tumorigenic cells (HPK-1 A/
ras) is evidenced not only by increased mRNA for this extra
cellular matrix glycoprotein but also by enhanced formation of
a fibronectin-containing extracellular matrix. We found that
immortalization by HPV 16 DNA alone is not sufficient to
increase fibronectin production in human keratinocytes. The

â€”¿�5.5 Kb HPV-immortalized cells (HPK-1A) produced soluble fibronec
tin levels similar to those of normal keratinocytes. To date, we
have found that increased mRNA levels for two extracellular
glycoproteins, fibronectin and thrombospondin, were consistent
characteristics of malignantly converted HPV 16-immortalized
human keratinocytes.

In addition to fibronectin, the malignantly converted keratin
ocytes exhibited an increase in the steady state mRNA levels
for thrombospondin. Thrombospondin is a large, multifunc
tional glycoprotein secreted by growing cells. It is also released
from a-granules following stimulation of platelets and accounts
for the endogenous lectin activity of stimulated platelets (57).
There is positive immunostaining for thrombospondin in base
ment membrane regions beneath glandular epithelium in skin
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Fig. 8. Analysis of steady state mRNAs for extracellular matrix glycoproteins.
Poly (A)* RNA was prepared from logarithmically growing cells when approxi
mately 90% preconfluent and size fractionated by agarose formaldehyde-gel
electrophoresis. The mRNA levels for thrombospondin and type I collagen were
examined by using corresponding specific cDNA probes. This blot was also
probed with the cDNA probe for GAPDH to control for loading, kb, kilobases.

extracellular matrix molecules we examined the steady state
mRNA levels for TGF-a and TGF-01 in normal and virally

transformed keratinocytes. Normal human keratinocytes pro
duce and respond to these growth factors (48-50). TGF-01 has

been shown to enhance production of fibronectin, thrombos
pondin and type I collagen in a variety of cell lines (37, 51-53).
Changes in response and production of TGF-ÃŸsduring neo-
plastic progression of some cell types have been observed (54-

56). We reasoned that the altered pattern of ECM glycoproteins
expression might be a response to altered production of growth
factors, particularly the members of the TGF-/3 family. The
steady state mRNA levels for TGF-a and TGF-/31 were ana
lyzed by Northern blot analysis (Fig. 9) and quantified by
densitometric scanning. Neither the HPV-immortalized nor the
HPV-tumorigenic cells produced increased levels of TGF-a or
TGF-01 mRNA. However, the tumorigenic RHEK-1/ras cells
exhibited an increase in the steady state mRNA levels for both
of these growth factors. The increased production of TGF-ÃŸl
is consistent with the enhanced procollagen type I mRNA
production seen specifically in these cells.

TGF-a

TGF-ÃŸ1 - 2.5 kb

GAPDH -1.3kb

Fig. 9. Expression of growth-regulatory factors. The steady state mRNA levels
for TGF-a and TGF-|8i was examined by Northern blot analysis. The same blot
was probed with the cDNA probe for GAPDH to control for loading, kb,
kilobases.
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and intense staining at the dermal-epidermal junction (58).
Thrombospondin has recently been implicated in the metastatic
potential of human squamous carcinoma cells (59). Steady state
mRNA levels for other extracellular matrix proteins, such as
procollagen type I, were not increased in the immortal HPK-
1A or tumorigenic HPK-lA/ras cells. Thus, a nonspecific in
crease in overall synthesis and organization of extracellular
matrix glycoproteins is not a consequence of malignant conver
sion of the immortalized keratinocytes lines used in our studies.

Unlike fibroblastic cells, viral transformation of epithelial
cell types does not result in loss of cell surface-associated
fibronectin or pericellular matrix (60-62). Edelman et al. (61)
demonstrated that SV40-infected human keratinocytes after
the period of crisis secrete increased soluble fibronectin and
deposit increased amounts of fibronectin into a deoxycholate-
insoluble matrix. We have confirmed and extended these early
observations on changes in extracellular matrix-associated fi
bronectin production in SV40 T-antigen-positive postcrisis
cells. In the cell system used here, immortalization by the hybrid
Adl2-SV40 virus does not alter extracellular matrix produc
tion. We found that malignant conversion of RHEK-1 cells by
transfection of H-ras causes a dramatic increase in not only
fibronectin and thrombospondin but also procollagen type I
mRNA levels. We suspect that the increases in the steady state
levels of mRNAs for these extracellular matrix proteins, partic
ularly procollagen type I, in Adl2-SV40-tumorigenic keratin
ocytes are mediated, in part, by the overexpression of TGF-01
and possibly other TGF-/3 family members. Our observation of
increased steady state mRNA levels for TGF-/31 in the RHEK-
1/ras cells is consistent with a TGF-/3-mediated enhancement
of procollagen mRNA levels.

The mechanisms by which events associated with malignant
conversion alter gene expression of fibronectin and thrombos
pondin in human keratinocytes are not known. TGF-ÃŸl is
known to increase gene expression of several extracellular ma
trix glycoproteins as well as cell surface receptors of the integrin
superfamily (51, 52, 63). It is interesting to note that we
observed no changes in the steady state mRNA levels for two
known autocrine regulators of keratinocyte growth, TGF-Â«and
TGF-/ÃŽ1inHPV 16-immortalized or tumorigenic keratinocytes.
We did, however, observe increases in steady state mRNA levels
for both TCP-Â« and TGF-/31 in the Adl2-SV40 tumorigenic
cells (RHEK-1/ras). Therefore, overproduction of autocrine
growth factors, particularly TGF-/31, does not appear to be a
consistent characteristic that could account for altered expres
sion of extracellular matrix components in the malignantly
converted human keratinocytes used in our studies. Another
interpretation of our data is that malignant conversion of
immortalized keratinocytes by H-ras or transfection of H-ras
alone elicits an increase in extracellular matrix production. We
have found that RHEK-1 cells malignantly converted with v-
fos also produced increased amounts of fibronectin and throm
bospondin but not procollagen type I.4Therefore, H-ras-specific

induction of extracellular matrix proteins does not appear to
be a likely explanation.

Since increased expression of fibronectin and thrombospon
din was a consistent characteristic of HPV 16 tumorigenic
keratinocytes, we asked whether these extracellular matrix gly
coproteins possibly contributed to altered differentiation char
acteristics of the HPV 16-keratinocyte lines at different stages
of neoplastic transformation. Interaction of these molecules
with their cognate cell surface receptors appears to be important

4 N. Sheibani and B. L. Allen-Hoffmann, unpublished observations.

events during terminal differentiation of stratified squamous
epithelia; for example, suspension-induced differentiation, as
measured by the number of involucrin expressing cells, can be
reduced by high concentrations of plasma fibronectin (64). The
effect of thrombospondin on terminal differentiation is cur
rently unknown. The affects of exogenously added plasma
fibronectin on differentiation appear to be mediated by the cell
surface integrin, a$\. Watt et al. (65) have shown that suspen
sion-induced terminal differentiation in vitro involves loss of
adhesiveness to several extracellular matrix glycoproteins, spe
cifically fibronectin, laminili, and collagen types I and IV.
Changes in the adhesive function of several integrins were
observed in these studies. Interestingly, we found that both the
HPV 16-immortalized and malignantly converted keratinocytes
exhibited aberrant suspension-induced differentiation. There
fore, poor differentiation potential is associated with the im
mortalization stage in vitro and occurs prior to changes in
production of keratinocyte fibronectin. The HPV 16-immortal
ized keratinocytes (HPK-1A), although differentiation-defec
tive, did not overproduce soluble or cell surface-associated
fibronectin. HPK-1A cells produced 8-fold less involucrin pro
tein when compared to preconfluent normal keratinocytes. This
decreased production of involucrin protein is reflected in de
creased steady state levels of involucrin mRNA. Malignant
conversion further attenuated involucrin protein as well as
mRNA levels. Similar results were obtained with the Ad 12-
SV40 immortal and tumorigenic keratinocyte lines. Neither
RHEK-1 nor RHEK-1/ras cells produced cornified envelopes
in response to suspension culture and expressed very low levels
of involucrin mRNA and protein. However, RHEK-1 cells
overexpressed fibronectin and thrombospondin when malig
nantly converted by H-ras transfection. Therefore, overexpres
sion of fibronectin does not directly contribute to maintenance
of the differentiation-defective phenotype in vitro.

There have been no previous studies on extracellular matrix
characteristics of HPV-transformed human keratinocytes. Ex
tracellular matrix properties of neoplastic cells have been well
characterized in fibroblastic cell types. From these studies we
know that transformed fibroblastic cells present several adhe
sive abnormalities including: (a) deficient deposition of fibro
nectin and other extracellular matrix proteins into matrix; and
(b) reduced and/or altered integrins, specifically a5ÃŸ,(66, 67).
Unlike fibroblastic cell types, the HPV 16-transformed keratin
ocytes we have studied exhibit increased deposition of fibronec
tin and most likely other extracellular matrix glycoproteins
such as thrombospondin. From our studies it appears that
virally induced alterations in the expression of fibronectin and
thrombospondin and perhaps their cognate cell surface recep
tors may contribute to the acquisition or maintenance of malig
nant phenotypes in stratified squamous epithelia. We are cur
rently screening human cervical biopsies to determine if our in
vitro observations of increased fibronectin and thrombospondin
expression have in vivo correlates. Our purpose is to determine
whether changes in extracellular matrix molecules or their
cognate cell surface receptors are also observed in cervical
samples from patients with confirmed condylomata or cervical
intraepithelial neoplasia (GIN grades 1 III).
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