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ABSTRACT

Several tumorigenic (benign and malignant) clones have been raised
from the human epidermal cell line HaCaT after transfection with the c-
llu-ruv oncogene (val 12) (P. Boukamp et a/.. Cancer Res., 50: 2840-
2847, 1990). In culture, these HaCaT-nu clones expressed epidermal

differentiation markers, such as keratins Kl and 10, at high density or
upon depletion of retinoic acid. Accordingly, as HaCaT cells, the clones
formed well-differentiated stratified epithelia synthesizing Kl and 10 in

surface transplants, while simple and internal epithelial keratins seen in
culture were suppressed (as upon retinoic acid depletion in vitro). In
transplants of HaCaT cells, in contrast to those of normal keratinocytes,
Kl appeared prematurely already in basal cells, while K10 localized
rather normally in the suprabasal position. Keratins 1 and 10 were also
synthesized in transplants of IIa( ;il-rav clones (again Kl preceding

K10), but both generally shifted toward upper layers. This was particu
larly evident in thicker transplants of malignant clones. Staining for both
keratins persisted "suprabasally" in invasive tissue masses, and this

corresponded to their marked expression in solid carcinomas (after s.c.
injection), seen by immunofluorescence and two-dimensional gel electro-

phoresis. Thus, notwithstanding some variations, differentiation potential
was not significantly reduced in these clones disregarding levels of ras
oncogene expression and malignant properties.

INTRODUCTION

In vitro studies on experimental carcinogenesis in mouse
epidermal keratinocytes have demonstrated a large or complete
loss of epidermal differentiation markers upon transformation
(1-4). While this was in agreement with our own results on
several mouse cell lines developed spontaneously or after car
cinogen treatment (5, 6), and on several human cell lines from
SCCs1 of skin or oral epithelia (7-9), this phenomenon cannot

be generalized as an indicator for transformation or malignancy.
Thus, another series of "spontaneous" mouse cell lines, which

were highly malignant, had largely preserved their epidermal
differentiation potential (10). This was demonstrated by histol
ogy and protein analysis when cells were grown in vivo either
as surface transplants or as tumors after s.c. injection. Similar
results had been reported with tumors of some human SCC
lines in nude mice (11, 12) or growing in vitro on a "dermal
equivalent" (13,14). Our preliminary data on cell clones derived

from the human epidermal HaCaT cell line (15) by transfection
with the c-Ha-ras oncogene (16) also indicated that loss of
differentiation is not a prerequisite for malignant growth be
havior. Herein we confirm this statement by complementing
the former in vitro derived data [cells grown on plastic or
collagen substratum (17-19)] with studies of the effects in vivo
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on morphology and biosynthetic properties including also a
larger number of cell clones. In this context the variety in
differentiation and keratin expression observed in human tumor
biopsies [even within the same specimen (20)] might well ex
plain the discrepancies seen in previous investigations in hu
mans (21,22).

MATERIALS AND METHODS

Cell Culture. The HaCaT cell line (15) and its ros-transfected clones
(16) were grown in the amino acid- and vitamin-enriched medium "4x
MEM" as previously described (16, 17) either supplemented by 5% or
10% fetal calf serum at regular or adjusted Ca2+ concentrations as
indicated (23). For growth in retinoid-depleted medium, serum was
delipidized (24) and, if needed, RA levels (Sigma, Munich, Germany)
were readjusted by addition as a stock solution in dimethyl sulfoxide
(18). For protein labeling, cultures were incubated in methionine-free
RPMI 1640 medium containing 2 to 5 pCi of L-[35S]methionine (Amer-

sham, Braunschweig, Germany) per ml.
Cell Transplantation. Cells were transplanted as organotypic cultures

grown on type I collagen gels as detailed by Boukamp et al. (15, 25).
Accordingly, specimens were prepared for histological or frozen sec
tions and protein analysis (10, 25).

Indirect Immunofluorescence. Frozen sections (5 to 7 Mm) vere air
dried, rehydrated with phosphate-buffered 0.15 M NaCl, and incubated
subsequently with primary (for double fluorescence simultaneously for
both antigens) and secondary antibodies as previously described (17,
25). The polyclonal antibodies used herein had been raised against
synthetic peptides of C-terminal sequences of keratin Kl (a-Klgp), K10
(a-K10rb), and K14 (a-K14gp) in guinea pigs or rabbits, respectively
(26, 27). Monoclonal antibodies (LH3) specific for K10 were donated
by Dr. Irene Leigh, London, United Kingdom (28, 29). Antibody
specificity had been tested previously on Western blots (17, 30).

Protein Analysis. Comparisons of cytoskeletal and total protein
extracts indicated that there was no major keratin degradation during
preparation (10, 31). Samples were analyzed on two-dimensional gels
using nonequilibrium pH-gradient gel electrophoresis in the first and
sodium dodecyl sulfate-polyacrylamide gel electrophoresis in the second
dimension (31-33). Labeled gels were processed for fluorography using
EN3hance (NEN Chemicals, Dreieich, Germany) and exposed on Ko
dak XAR-5 film at -70Â°C. Keratin numbering is according to the

human catalog of Moll et al. (34).

RESULTS

Modulation of Cell Phenotype in Vitro, NEKs change their
morphology in culture depending on the Ca2+ level (35). Thus,
while these cells grow as a monolayer below 0.1 miviCa2+, above

this level they form desmosomal contacts and stratify (23, 36,
37). All rai-transfected HaCaT cell clones showed this response
to extracellular Ca2+(Fig. ÃŒ,A to C). The formation of cornified

squames was further enhanced by depleting the culture medium
of retinoids (apparent at later stages only; Fig. 1, D and F),
indicating increased keratinization as reported for NEK (14,
38-41).

In previous experiments with the parent HaCaT cell line and
a few ras-transfected clones, we had observed density-dependent

4402

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/16/4402/2445118/cr0510164402.pdf by guest on 19 M

ay 2023



EPIDERMAL DIFFERENTIATION OF H-ros-TRANSFECTED HUMAN HaCaT CELLS

Fig. 1. Morphological changes in culture
(phase contrast) of HaCaT-ras clone II-l in
response to Ca2* concentration and retinoid
depletion. A, cells growing at 0.04 mm Ca2*;
B, cells growing after a shift to 0.14 mM Ca2*;
C, dense culture at 1.5 HIM Ca2* in regular
medium; D, dense culture at 1.5 mm Ca2* in
retinoid (RA)-free medium; E, enhanced
squame formation with "basal" cells, and F,
with upper layers in focus in long-term RA-
free culture (same field). All, x 290.

.04mMCa2+6d .14mMCÃ¤2+ 6d

1.5mMCa2+6d ' -RA 6d

D

-R A 22 d -RA 22 d

;

modulation of keratin synthesis (17). Generally, in these cells
induction of suprabasal keratins Kl and 10, concomitant with
suppression of simple epithelial keratins K7, 8, 18, and 19, was
further enhanced by retinoid depletion. The effect was reversed
(tested on HaCaT cells) by increasing doses of RA, suppressing
preferentially Kl and 10 besides other epidermal keratins (18,
19). Comparing the keratin patterns of several tumorigenic
HaCaT-ras clones (Fig. 2), expressed at high cell density or in
retinoid-free culture medium, revealed no obvious differences
between the benign (1-7, II-l) and malignant clones (II-3, B-8)
that might be linked to malignancy. Whereas the effect on
epidermal keratins was comparable under both culture condi
tions, generally the synthesis of simple epithelial keratins, par
ticularly K19, and of K13 and 15 [common in stratified non-
keratinizing epithelia (34, 42)] was only suppressed (as in
HaCaT cells) in RA-free medium. Labeling with ["SJmethio-

nine gave similar results but documented this response more
clearly by visualizing the virtually complete block in the de novo
synthesis of nonepidermal keratins (Fig. 2, compare A and B
with G and //).

Expression of Epidermal Phenotype in Vivo. The HaCaT-rai
clones 1-7 (benign) and 113 and 11-4(malignant) formed thick
epithelia in vitro when grown in organotypic culture [air exposed
on collagen gels (17)]. This was not observed with HaCaT cells,
which apparently need mesenchymal cell support.4 However,

HaCaT cells (15) and similarly these clones gave rise to strati
fied epithelia when grafted as organotypic cultures onto nude
mice (Fig. 3, compare A and C). The somewhat less developed
epidermal morphology in transplants of most tumorigenic cell
clones was reflected by some differences in the keratin patterns
(Fig. 3, B and D). As in vitro (RA free), the response (synthesis
of Kl and 10) was not as strong as in HaCaT transplants, which

* Manuscript in preparation.

expressed patterns virtually identical to those of NEK (Fig. 3fi
and inset) (15, 25). Additional spots of varying intensity below
K6 were frequently observed in vivo and also in transplants of
NEK (inset), and they might represent either polymorphic
forms (43) or alternative processing, presumably of K6. Keratin
patterns comparable to transplants were also obtained in most
samples from highly differentiated carcinomas upon s.c. injec
tion of malignant clones (Fig. 3, E to //). This clearly docu
mented that strong induction of Kl and 10 and largely complete
suppression of nonepidermal keratins could also occur in this
growth environment (embedded in connective tissue).

Localization of Keratins 1 and 10 in Tissues Reconstituted in
Vivo. While in NEK the synthesis of Kl and 10 is largely
coregulated, in HaCaT cells, and even more pronounced in
HaCaT-ras clones, induction of Kl usually preceded K10 which

already became apparent under various culture conditions (17).
To examine the keratin localization under in vivo conditions,
we used highly sequence-specific antibodies to Kl, K10, and

K14. According to the in vitro data, HaCaT cells at both early
(No. 22) and later passage (No. 72) also showed premature
expression of Kl with strong labeling of basal cells after trans
plantation, in marked contrast to the regular pattern in trans
plants of NEK (Fig. 4, A, C, and E). Although the localization
of K10 appeared more normal (Fig. 4, B, D, and F), there was
some irregular, peripheral staining in individual basally located
HaCaT cells. Confirming this, the reaction with monoclonal
antibody LH3 (also K10 specific) was virtually identical (Fig.
4H). The antibody against K14 stained these epithelia uni
formly (Fig. 4(7), corresponding to its reaction in normal epi
dermis (26) and NEK transplants (not shown).

In surface transplants of malignant clones (11-3 after 1 and 3
wk and II-4 after 2 wk; Fig. 5, A to F), there was also strong

staining for Kl and 10, but basally located cells were negative
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Fig. 2. Effect of cell density and RA deple
tion on keratin patterns in vitro. A, total pro
tein extract of HaCaT cells grown in RA-free
medium; B, corresponding fluorograph of L-
[35S]methionine-labeled proteins and of benign
clone 1-7 (Cand 0) and malignant B-8 (Â£and
F) at high density (f and E) and in RA-free
culture (D and /â€¢').Staining Â«>i and fluoro

graph (//, similar gel, both cytoskeletal ex
tracts) of keratins synthesized by benign clone
II-1 grown RA free. Note similarities of pat
terns under the corresponding conditions and
virtually complete suppression of nonepider-
mal keratins in RA-free medium, most appar
ent on fluorographs. Separation in the first
dimension by nonequilibrium pH gradient gel
electrophoresis (NE) and by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(SP) in the second dimension. Internal stand
ards (G): B, bovine serum albumin (A/,
68.000); A. n-actin (A/, 42,000) and endoge
nous actin; T, tropomyosin (M, 36,000 and
38.000); P. phosphoglycerate kinase (M,
43,000).
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for K1 and a broader region (several lower layers) negative for oncogene (at the RNA and protein level), they formed
K10, while again all cells were K14 positive (Fig. 50). In benign tumors or well-differentiatine sauamous cell carciK10, while again all cells were K14 positive (Fig. 5D). In
addition, and correlating to histology, there was some focal
disturbance in coordination of suprabasal keratin expression
paralleling considerable variations in cell shape and orientation.
The general delay and dissociation of expression of Kl and 10
were particularly obvious in thicker transplants (Fig. 5, A, B, E,
and F). The differentiated carcinomas formed by the malignant
cell clones either after s.c. injection or from transplants by
massive invasion (Fig. 5//) did, in most parts, and typically in
suprabasal position react strongly with ami-K I as well (invasive
cell masses, clone II-3; Fig. 5G), while K10 was restricted to
smaller areas more distal from the stromal interface (not shown
here).

DISCUSSION

The general purpose of this study was to detect eventual
changes in differentiation linked to stages in tumorigenesis by
comparing the spontaneous human keratinocyte line HaCaT
(15) and HaCaT cell clones derived after transfection with the
c-Ha-ras oncogene [vai 12 mutation (16)]. Although most of
the HaCaT-rai clones were tumorigenic and expressed the ras

either
benign tumors or well-differentiating squamous cell carcinomas

upon s.c. injection in nude mice (16, 44, 45). Herein we have
shown that (a) these HaCaT-ras clones could be stimulated to

differentiate by external stimuli, (b) there was no obligatory
loss of differentiation functions (apparent under in vitro or in
vivo conditions) correlated to the stage in transformation or
neoplastic properties of the individual clones, and (c) transfec
tion with the ras oncogene and its expression did not lead to
grossly reduced differentiation.

In several previous studies, immortalization and transfor
mation of mouse and human epidermal keratinocytes have been
considered to have a massive impact on their differentiation
potential. This seems to be true for chemically induced carci-
nogenesis in mouse keratinocytes (1-6,46) and for many virally
transformed human keratinocyte lines (2, 44, 47-52). However,

two recently described bona fide spontaneously immortalized
human keratinocyte lines (15, 53) obviously have maintained,
at least to a large extent, their epidermal differentiation poten
tial. According to more recent data this might also apply to
individual keratinocyte lines immortalized by human papilloma
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Fig. 3. Phenotypic expression of HaCaT
cells and two malignant ras clones in vivo and
correlation of histodifferentiation and keratin
patterns. HistolÃ³gica!sections (except (.-lÃ¬.fro
zen section; H & E) and corresponding two-
dimensional analysis of transplants of HaCaT
cells (A and B) and adult NEKs (B, inset;
pattern at smaller scale), clone III (C and /)).
and of nude mouse tumors formed by clones
II-3 (Â£and f) and B-8 (G and //). The row of
spots (arrowhead in B) below K6 might repre
sent keratin polymorphism (43) or variations
in processing. All, cytoskeletal preparations;
gels Coomassie stained; C, carbonic anhydrase
(M, 30,000); other internal markers as in Fig.
2. A and E, x 140; C, x 130; G, x 90.
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viruses (Ref. 54; Footnote 5). In particular, our HaCaT cell line
exhibited a virtually normal growth and differentiation pattern
when transplanted (IS) and was able to express virtually all
epidermal differentiation markers (e.g., specific keratins, invol-
ucrin, filaggrin). Further, cells responded in vitro to Ca2+ and

retinoid levels in a manner comparable to NEKs ( 17-19), which
also turned out to be the case in the derived HaCaT-ras cell

clones.
Here, we have extended the analysis to a wider range of

HaCaT-ras cell clones, first investigating their differentiation
behavior under various in vitro conditions. Showing a response
similar to NEKs, monolayers formed below 0.1 mM Ca2+,

whereas above that level cells developed desmosomal contacts
(Fig. 1, A to C; also demonstrated by IIP, not shown) and were
able to stratify. Several clones showed even better stratification
than the parent cell line at comparable passage levels, which
might result from a steadily evolving heterogeneity and selec
tion phenomena within the HaCaT cell population. This as
sumption is supported by the recent isolation of phenotypically

distinct subclones of earlier passages of HaCaT cells (Ref. 55;
Footnote 6).

A constant finding in cultures of HaCaT cells and some cell
clones was, in contrast to NEKs as noted previously (17), the
strong expression of suprabasal keratins when approaching very
high cell densities. In a reciprocal fashion, the constitutively
synthesized simple epithelial keratins, mainly K7, 8, and 19,
decreased, whereas K13 and also 15 increased temporarily and
declined again with the onset of Kl and 10 synthesis. Concom-
itantly, there was a relative increase of K16 over 17,7 while K6

remained virtually unchanged. Generally, this argues against
an obligatory association of the keratin pair K6/16 with a
hyperproliferative state [as previously proposed (56, 57) but
questioned recently; compare "Discussion" in Refs. 14, 30, and

58]. Together with morphological keratinization (Fig. l, fand
F), the induction of Kl and 10 and the suppression of nonepi-
dermal keratins were further enhanced by RA depletion (Fig.
2) in accord with previous findings (18, 19) and in line with
general RA effects on keratin synthesis in human NEKs (38-

' P. Tomakidi et al., manuscript in preparation.
6 A. HÃ¼lsenet al., manuscript in preparation.
7H-J. Stark et al., manuscript in preparation.
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Fig. 4. Localization of keratins in trans
plants of normal keratinocytes and HaCaT
cells by indirect immunofluorescence./l and B,
adult epidermal keratinocytes; C and />.
HaCaT cells at passage 22; Â£to H, passage
72. Staining with antibodies from guinea pig
against K 1 (A. C, E) and K 14 (G) and rabbit
against KIO (B, D. F) and monoclonal anti
body LH3 (//), also against KIO. A to D.
double fluorescence of the corresponding
fields. Note the positive reaction of virtually
all basally located cells for KI in the trans
plants of HaCaT cells in contrast to normal
keratinocytes. Arrows mark basement mem
brane zone; unspecific staining below in H due
to secondary antibody, x 270.

ÃœL- â€¢*â€¢' ^-*V -.I.V; ..V-v-i'Â»/

4l, 56). Nevertheless, low RA levels or depletion in regular
cultures did not seem to improve substantially tissue organiza
tion or stratification.

Extensive stratification was observed for all HaCaT-rai
clones in surface transplants (Figs. 3 and 5), but tissue organi
zation was usually less regular than in HaCaT cell transplants.
The keratin patterns closely resembled those obtained in culture
after retinoid depletion, including the almost complete suppres
sion of nonepidermal keratins (K13 and K15; K7, K8, and
K18). While synthesis of K19 also decreased drastically (seen
by labeling in vitro), it was apparently more stable than the
other simple epithelial keratins. This might correlate to the
suggested particular role of Kl9 as a marker for pluripotent or
certain stem cells as in the midportion of the hair follicle (60,
61) or for some premalignant lesions as in oral epithelia (62).
Similar to transplants, most nude mouse tumors showed a high
degree of differentiation and corresponding levels of Kl and
10. The virtually complete lack of K13 in these tumor samples
is in accordance with recent findings on primary tumors in
humans (63) but at variance with reports on K13 induction in
experimental mouse skin tumors (3). In essence, our results
concerning expression of Kl and 10 or differentiation of these
experimental tumors comply with previous reports on well-

differentiating cell lines from human SCCs injected into nude
mice (7, 11, 12).

The localization of keratins in situ revealed at least one
fundamental difference between transplants of NEK and those
of both HaCaT cells and ras clones. While in HaCaT cell
transplants other epidermal markers (involucrin, filaggrin)
showed a regular tissue distribution (15), differential staining
with antibodies against either Kl or KIO revealed "premature"

expression, particularly of Kl, as seen in vitro (17). Thus,
virtually all basally located cells were Kl positive, whereas KIO
staining mostly started regularly in the first suprabasal cell layer
(Fig. 4). This suggests that the regulatory mechanisms, which
actively suppress synthesis of Kl (obviously not tightly linked
to control of KIO) in epidermal basal cells, are in part defective
or lost in HaCaT cells. Possible causes are disturbances of the
genomic environment of the Kl gene due to genetic re
arrangements generally seen in HaCaT cells (Ref. 15 and work
in progress) or loss of regulatory (silencer) elements in the gene
itself at distant sites of the promoter and coding region. The
latter assumption is supported by the observation that a human
Kl DNA construct (12-kilobase insert) transferred to transgenic
mice also gave rise to Kl expression in 20 to 30% of the
epidermal basal cells, thus preceding the endogenous suprabas-
ally located mouse Kl (Ref. 64; Footnote 8). The localization
of Kl in the transplants of HaCaT-ras clones (Fig. 5, the

8 D. Roop el a/., manuscript in preparation.
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Fig. 5. Localization of Kl and 10 in tissues
reconstituted by malignant HaCaT-rai clones.
Transplants of clone II-3 grown 1 (A, B) and
3 wk on the animal (C, D), and of II-4 (E, F)
at 2 wk; progressively invading cell masses of
clone II-3 (G, H) resembling tumors after s.c.
injection. Staining with anti-Kl (A, C, E, G),
anti-K10 (B, F), and anti-Kl4 (D): double
fluorescence, corresponding fields (A, B, E, F);
H, H & E. As shown in D, all epithelial cells
were uniformly stained by anti-Kl4 down to
the collagen interphase or presumptive base
ment membrane zone (dotted lines, arrows). A
to F, x 270; G, x 380; H, x 125.

malignant clones II-3 and II-4) looked more normal by being
largely absent in basal cells. However, also the onset of the K10
reaction shifted further toward the epithelial surface, indicating
a general delay in differentiation particularly for the malignant
clones. In addition, some focal distortions in the keratinization
pattern of these clones suggested that their coordination of
regulatory control or cell-cell communication was, at least
partially, defective. On the other hand, the strong reaction in
nude mouse tumors (IIP, not shown but corresponding to
protein analysis; Fig. 3, F and //) and in areas of massive
invasion in transplants (Fig. 5G) argues against selection for a
"more malignant" population by overgrowth of less differen

tiating cell variants.
For the individual cell clones the level of Kl and 10 was

comparable under both conditions (growth in vivo or at low RA
levels in vitro) and obviously linked to the suppression of most
nonepidermal keratins. The relative delay in differentiation (Kl
and 10 synthesis) observed in transplants of malignant clones
(compared with HaCaT cells) might actually reflect increased
sensitivity to RA as previously noticed in human SCC lines (14,
40, 59). However, whether this reflects different phenotypic

traits or is directly related to processes linked to malignancy
has to be further elucidated. In any case, changes in RA respon
siveness should have profound consequences on differentiation
and growth characteristics of the transformed cells in situ.

Basically our transplants of malignant cell clones resembled
the reconstituted tissues of human SCC lines grown on deepi-
dermized dermis (65) or "dermal equivalents" (13, 14), i.e., air

exposed on type I collagen gels repopulated with dermal fibro-
blasts (as reviewed in Ref. 66). However, with our cells the in
vivo assays definitely provided a more reliable basis for com
parisons than did corresponding culture systems (not shown
here), allowing, in addition, invasive growth of the malignant
variants. Ongoing studies are aimed at the expression of indi
vidual, also nonepidermal keratins, particularly in areas dis
playing invasion, and this shall be correlated to possible changes
of various cell adhesion molecules (67-72). It is tempting to

speculate on the role of interactions of some of these receptors
not only with the microfilament system but also with certain
keratin filaments (70) as an integrated part of the regulatory
principle of epidermal tissue organization.
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