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Autocrine growth of human epidermal keratino-
ytes is initiated in subconfluent cell cultures in the
bsence of exogenous growth factors, at low calcium
oncentration of the medium and with sufficient cell
ensity. Culture confluence inhibits keratinocyte pro-

iferation and upregulates expression of early, keratin
0 (K10), and late, involucrin, markers of differen-
iation. In this report, the phenotype of autocrine
eratinocytes was studied at high cell density (post-
onfluence), specifically after treatment with 12-O-
etradecanoylphorbol 13-acetate (TPA), or all-trans
etinoic acid (RA). At postconfluence, K10 is decreased
ut not involucrin. TPA upregulates involucrin ex-
ression, but not K10 in subconfluent keratinocytes.
reatment of confluent keratinocytes with RA down-
egulates K10, but upregulates involucrin. This in
itro culture model, unlike others, simulates for the
rst time the in vivo effects of RA, a member of the
etinoid family which potently modulates keratino-
yte differentiation and the expression of selected
ene products. It thus can be developed to further
xamine epidermal differentiation. © 1999 Academic Press

Stratification and differentiation of keratinocytes in
he human epidermis is a process that generates and
aintains the stratum corneum, an impermeable bar-

ier made up of keratinized anucleate cells and isolates
he organism from its environment, including the abil-
ty to protect against chemicals and pathogens that
ome into contact with the skin surface (1). The con-
inuous renewal and progressive maturation of kera-
inocytes during their upward migration through the
pidermis creates the distinct basal, spinous, granular
nd cornified layers constitutive of this tissue, and
138522-4724/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
e linked to dermatological diseases (1, 2). The avail-
bility of in vitro models of human and rodent keratin-
cyte culture during the last two decades has allowed
nvestigation of the cellular and molecular mecha-
isms regulating differentiation (1–4). However, each
odel has been recognized as having specific advan-

ages as well as disadvantages such as the presence of
erum, feeder layers or comparison of human and
ouse keratinocytes (2, 4). Consequently, when initi-

ting in vitro investigations of the epidermal differen-
iation process in keratinocyte, one model must be se-
ected, ideally taking into account the particular
rocess or environmental conditions the study will be
ealing with.
Autocrine cultures of human epidermal keratino-

ytes were recently described, and can be established
n a defined culture medium at low calcium concentra-
ion, when cell density is sufficient to provide factors
hat sustain cell proliferation (5, 6). Autonomously
rowing autocrine keratinocyte cultures reach conflu-
nce where upon terminal differentiation is induced
ithin the cell population. We have previously shown

hat growth-arrest induced by confluence of the culture
s associated with strong induction of the early differ-
ntiation markers, suprabasal keratins 1 (K1) and 10
K10), and occurs independently of the medium cal-
ium concentration (7). Thus, these specific autocrine
onditions are particularly suited for studies of the
ffects of individual growth factors on the initiation of
pidermal differentiation (7, 8).
Among the genes expressed by keratinocytes during

he epidermal differentiation program in vivo are those
xpressed early in the process, such as K1 and K10,
nd others that are expressed later (1, 3). A represen-
ative later marker is involucrin, a component of the
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f the stratum corneum and is expressed late in differ-
ntiation program in vivo, in the upper spinous and
ranular epidermal layers (1, 3, 4). Interestingly,
hereas the early markers K1 and K10 are induced at

onfluence of autocrine keratinocyte cultures (7), re-
ent studies have further shown that postconfluent
ultures (i.e., cultures maintained under autocrine
rowth conditions for several days after confluence)
ontinue to follow the program of epidermal differenti-
tion and trigger expression of later markers (9) sug-
esting that not only the onset of epidermal differenti-
tion, but also the regulation of later phenomena, can
e studied in this model.
In the present work, we verify that the expression of

arly and late differentiation markers are differen-
ially regulated by cell density in autocrine keratino-
yte cultures (9), and we demonstrate that autocrine
ultures are sensitive to compounds known as modu-
ators of epidermal differentiation. Most interesting,
e find that all-trans retinoic acid (RA) upregulates

nvolucrin in normal keratinocytes, providing in vitro
ata that parallel for the first time in vivo effects of
A (10).

ATERIALS AND METHODS

ell Culture

Human adult normal skin samples were obtained at
lastic surgery (Dr. B. Bienfait, Clinique St. Luc,
amur-Bouge). Keratinocytes were isolated by the

rypsin float technique as described (11), and primary
ultures were initiated in complete, 0.15 mM (low)
alcium growth medium (KGM-2, BioWhittaker) con-
aining growth factors and hormone supplements. The
ow calcium concentration was maintained throughout
ll the experiments reported here. Culture medium
as renewed every two days. Keratinocytes harvested
y trypsinization of primary proliferating subconfluent
ultures were cryopreserved. After thawing, cells were
lated into secondary cultures at 5 3 103 cells/cm2 in
omplete medium, then, once approximately 40% of the
ulture substratum was covered by keratinocytes, cul-
ures were washed repeatedly with KBM-2 medium
repared by excluding bovine pituitary extract, insu-
in, transferrin, epinephrine and EGF from complete
ulture medium. The KBM-2 medium is designated
ereafter as basal medium. Washed keratinocytes
ere then incubated in the basal medium to initiate

heir autocrine growth at subconfluence (5) and termi-
al differentiation at confluence (7). Secondary auto-
rine cultures were also refed every other day with

ells undergoing mitosis and arrowheads indicate cellular stratifica-
ion. Bar: 250 mm.
FIG. 1. Morphology of autocrine cultures of human epidermal
eratinocytes at various cell densities. Keratinocytes were plated in
econdary cultures in KGM-2 medium, then switched to basal me-
ium when cells were covering approximately 40% of the substra-
um. Autocrine keratinocytes were photographed using inverted
hase contrast microcopy at subconfluence after one day of autocrine
rowth (A), on the first day of complete confluence of the culture (B),
nd four days after confluence at postconfluence (C). Arrows indicate
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asal medium. Autocrine subconfluent keratinocytes
rown in basal medium were treated with 1, 10, or 100
g/ml of 12-O-tetradecanoylphorbol 13-acetate (TPA,
igma) for 18 h. Treatment of autocrine keratinocytes
ultured in basal medium with 1028-1026 M all-trans
etinoic acid (RA, Sigma) was performed for 18 h at
ubconfluence or confluence. Stock solutions of TPA
nd RA were prepared in dimethyl sulfoxide (DMSO).
MSO 0.01% was also included in control cultures.
epresentative experiments are shown on the figures,
ach experiment being reproduced at least three times
ith similar results.

oly(A)RNA Isolation and Northern Blot Analysis

Poly(A)RNA from autocrine cultures was isolated
nd analyzed by Northern blotting as described previ-
usly (7). The cDNAs specific for the human basal

FIG. 2. Modulation of epidermal differentiation-related RNA ex
oly(A)RNA was extracted from keratinocytes cultured in autocrine
1 (lane 6) days. Subconfluence (SC), confluence (C), and postconfl
icroscopic observation. Relative gene expression was calculated as

he expression of the cyclophilin/1B15 gene, using densitometric me
re expressed as percentages of the relative gene expression calcula
140
eratin 14 (K14), suprabasal keratin 10 (K10) (12), or
DNA specific for human involucrin (13) were used to
etect RNA expression of epidermal differentiation
arkers. The membrane was also hybridized with the

ousekeeping gene cyclophilin/1B15 cDNA to verify
quivalent loading and transfer of RNA (14). The rel-
tive gene expression was analyzed using densitomet-
ic measurements performed by the NIH Image Anal-
sis software package based on comparison of each
ene product with expression of cyclophilin/1B15.

estern Blot Analysis

Cell lysates were analyzed by Western blotting as
escribed (7). Involucrin protein was detected by incu-
ation for 2 h with 1:250 dilution of a rabbit polyclonal
ntibody (Harbor) and K10 protein by incubation with
:250 dilution of the DEK10 mouse monoclonal anti-

ssion by cell density in autocrine cultures of human keratinocytes.
ditions for 1 (lane 1), 3 (lane 2), 5 (lane 3), 7 (lane 4), 9 (lane 5), and
ce (PC) of the culture were determined by direct phase contrast
ratio of the keratin 10, keratin 14, or involucrin gene expression to

rements of the respective Northern blot hybridizations. The results
on the first day of culture confluence (day 7).
pre
con
uen
the
asu
ted
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ody (Cappel). Immunoreactivity was detected with
:1000 dilutions of horseradish peroxidase-conjugated
econdary anti-rabbit or anti-mouse antibodies (Dako),
nd visualized using the Supersignal West Pico chemi-
uminescent substrate (Pierce).

ESULTS

ell Density Regulates Expression of K10 and
Involucrin in Autocrine Culture Conditions

Subconfluent keratinocytes grown under autocrine
ulture conditions demonstrated mitoses in each repli-
ating colony (Fig. 1A). At culture confluence, keratin-
cyte growth-arrest, as reported previously (7, 11), is
ocumented by the absence of mitotic figures and the
ypical quiescent appearance (Fig. 1B). Four days after
ulture confluence, at postconfluence, cellular stratifi-
ation is clearly evident in many areas of the culture
Fig. 1C). Northern blot analysis of epidermal gene
xpression at increasing cell densities shows that, fol-
owing the onset of terminal differentiation at culture

FIG. 3. Modulation of epidermal differentiation-related RNA
oly(A)RNA was extracted from keratinocytes cultured in autocrine

Control, lane 1), or with 1 ng/ml (lane 2), 10 ng/ml (lane 3), or 100 n
. Results are expressed as percentages of the relative gene express
141
onfluence (7), K10 and involucrin are differentially
ontrolled during the postconfluent period of culture
Fig. 2). Indeed, whereas K10 is strongly induced by
onfluence, we demonstrate that K10 is downregulated
uring postconfluent culture. Similar results are ob-
erved for K1 mRNA expression (data not shown).
owever, downregulation of the K1 and K10 tran-

cripts is accompanied by cellular accumulation of both
ytoskeletal keratin proteins (7, data not shown). Un-
ike suprabasal keratins, involucrin is faintly ex-
ressed by subconfluent keratinocytes. However, in-
olucrin expression is enhanced respectively 8.3 and
2.8 fold at confluence (day 7) and postconfluence (day
1), in comparison with expression of subconfluent cul-
ures analyzed on the third day (day 3) of autocrine
onditions (Fig. 2). This observation is in accordance
ith late expression of involucrin in the upper layers of
ormal epidermis. On the other hand, basal K14 gene
xpression is not markedly regulated by cell density of
utocrine cultures, suggesting that keratinocytes ex-
ibiting the basal phenotype persist under these dif-

ression by TPA in subconfluent autocrine keratinocyte cultures.
ditions at subconfluence after treatment for 18 h with DMSO 0.01%
l (lane 4) of TPA. Relative gene expression was calculated as in Fig.
calculated in the control culture.
exp
con
g/m
ion
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erentiating culture conditions and are in homeostatic
alance with terminal differentiating cells.

PA Regulates Epidermal Differentiation
under Autocrine Culture Conditions

TPA induces terminal differentiation of keratino-
ytes in vivo (15). Subconfluent cultures were treated
ith TPA to assess whether this active phorbol ester is
ble to trigger differentiation in epidermal keratino-
ytes cultured in autocrine conditions. Involucrin
RNA expression is clearly induced by TPA (Fig. 3)

imilarly to previous reports on keratinocytes cultured
n different models (16, 17). However, no induction of
he suprabasal K10 expression could be found. On the
ontrary, the weak K10 expression seen by prolonged
xposure of the Northern blot was inhibited by TPA
Fig. 3), an effect already reported for K1 and K10
xpression in mouse cells (18). Interestingly, the coor-
inate inhibition of K14 mRNA expression by TPA in
uman keratinocytes has not been observed for mouse

FIG. 4. Modulation of epidermal differentiation-related RNA exp
as extracted from keratinocytes cultured in autocrine conditions at
r with 1028 M (lane 2), 1027 M (lane 3), or 1026 M (lane 4) all-trans
xpressed as in Fig. 3.
142
ells, further suggesting distinctive regulation of epi-
ermal keratin expression between the two species (7,
9). Diminution of K14 mRNA expression by exposure
f human keratinocyte to TPA indicates progressive
oss of the basal cell phenotype that parallels the loss of
lonogenic, proliferative potential of TPA-treated hu-
an keratinocytes (20).

etinoic Acid Differentially Regulates K10 and
Involucrin Expression in Differentiating
Autocrine Cultures

RA is known to exert a wide range of effects on
eratinocytes during epidermal differentiation. In
hese sets of experiments, all-trans retinoic acid was
dded to the medium of autocrine keratinocyte cul-
ures to determine whether this retinoid also regulates
ifferentiation under these conditions. When 1028-1026

RA were added to subconfluent, growing autocrine
ultures of keratinocytes, no effect on K14, K10 or
nvolucrin mRNA expression was found (data not

ion by RA in confluent autocrine keratinocyte cultures. Poly(A)RNA
fluence after treatment for 18 h with DMSO 0.01% (Control, lane 1),
inoic acid. Relative gene expression was calculated as in Fig. 2, and
ress
con
ret
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edium of confluent differentiating cultures resulted
n the inhibition of K10 mRNA expression (Fig. 4),
imilar to previously reported results (21, 22). K14
xpression was unaffected by the range of RA concen-
rations tested, but by contrast, for each RA concentra-
ion tested the relative gene expression of involucrin
ncreased at least two fold for cultured keratinocytes
rown in autocrine conditions at confluence (Fig. 4) and
ostconfluence (data not shown). We believe this is the
rst report of a differential in vitro pro-differentiating
ffect of RA. To confirm these results, we used western
lot analysis to determine whether the upregulation of
nvolucrin mRNA expression by RA is paralleled by
nhanced involucrin protein expression (Fig. 5). In-
eed, when identical confluent autocrine keratinocyte
ultures were treated for 18 h with 1028-1026 M RA, an
ncrease in involucrin level was seen compared to con-
rol cultures (Fig. 5B). Conversely, increasing RA con-
entrations resulted in decreasing K10 protein level
Fig. 5C) (21, 22).

ISCUSSION

Application of the autocrine keratinocyte culture
ystem to investigate the regulation of epidermal dif-
erentiation and effects of pharmacologic and other
hemical agents provides the potential to totally define
he culture environment of the keratinocyte. To date,
hese defined culture conditions have been used to
xamine early events of keratinocyte commitment to
ifferentiation (7), but they are also useful for studies
f later events in the keratinocyte terminal differenti-
tion process. Indeed, we demonstrate here that con-
inued culture of keratinocytes after confluence is at-
ained not only maintains a subpopulation of basal
ells expressing K14 but also induces later differenti-
tion markers. Subsequently the mRNA encoding the
arly K10 marker is downregulated but involucrin is
urther upregulated. These findings correlate well with
he inherent steps of differentiation seen in epidermis
nd suggest that the autocrine keratinocyte culture
ystem after confluence is a robust model for investi-
ating molecular regulators of epidermal growth and
ifferentiation (9).
The regulation of differentiation at postconfluence

as been reported to be mediated by activation of pro-
ein kinase C (PKC) in human keratinocytes (9). The
umor-promoter and PKC-activator TPA is well-known
s a strong inducer of terminal differentiation in ker-
tinocytes (1, 15, 16, 20). Indeed, we found in autocrine
ultures of keratinocytes that TPA strongly upregu-
ates expression of involucrin, but downregulates ex-
ression of specific keratin genes. These results are in
ccordance with the AP-1 activating effects of TPA and
ts enhancer activity on the involucrin promoter (17,
3). These observations in human cells also correlate
143
ith inhibitory effect of TPA on the suprabasal K1/K10
xpression in mouse cells (18, 24). Finally, we show
hat the phenotypic effects induced in low density au-
ocrine cultures by the phorbol ester mimic the regu-
ation of the epidermal differentiation marker expres-
ion observed in postconfluent high density cultures.
Treatment of differentiating autocrine cultures with
A produced unexpected observations related to in-
olucrin expression. It is well established that RA reg-
lates epidermal differentiation. However, the main
isparity concerning the keratinocyte response to RA is
he effect of the compound in vitro or in vivo. Basically,
A has consistently inhibited epidermal differentia-

ion in previous studies performed on cultured keratin-
cytes (1, 21, 25–31), but with in vivo application of the
ompound, no significant alteration of K1 and K10 has
een found, and an increased number of cell layers
xpressing filaggrin and involucrin are routinely de-
ected (10). Also, loricrin expression was reduced in
ivo only after acute treatment with RA, whereas an
ncreased number of cell layers expressing loricrin is
bserved after chronic treatment (10). In confluent au-
ocrine keratinocyte cultures, we find here inhibition of
10 expression at both mRNA and protein levels, con-

FIG. 5. Western blot analysis of involucrin and K10 protein
xpression in confluent autocrine keratinocyte cultures treated with
A. Cellular protein extracts were prepared from keratinocytes cul-

ured in autocrine conditions at confluence after treatment for 18 h
ith DMSO 0.01% (lane 1), or with 1028 M (lane 2), 1027 M (lane 3),

r 1026 M (lane 4) all-trans retinoic acid. Amido black total protein
taining of the membrane (A). Immunodetection of involucrin (B) or
10 (C) was performed on the blot shown on A. Position of molecular
eight markers expressed in kDa are shown on the left of A.
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ignificance, we observe that involucrin is upregulated
y RA in autocrine culture conditions. This result is
urprising initially, because several previous reports
ave demonstrated inhibition of involucrin expression
y RA in cultured keratinocytes (32, 33). However,
hese results were observed in malignant keratino-
ytes isolated from human squamous cell carcinomas
SCC). Further scrutiny of investigations performed on
ormal human cultured keratinocytes (22, 26) raises
oubt as to whether RA has a clear suppressing effect
n involucrin expression. Together, these previous re-
ults suggest that the regulation of involucrin expres-
ion by RA might differ between normal and SCC ker-
tinocytes. The difference may be explained by altered
A receptor (RAR) expression in SCC (34). However,
y analyzing the 59 regulatory sequences of the human
nvolucrin gene using the transcription element search
oftware (TESS) package (URL: www.cbil.upenn.edu,
ay 20, 1999) to localize potential RA responsive ele-
ents, several imperfect (20% of mismatch allowed)

equences are identified. These sequences may poten-
ially bind the predominant RA receptors in human
kin, RAR-g and RAR-a (35).
In conclusion, the present study demonstrates that

utocrine culture conditions for keratinocytes which
e have previously developed provide an adequate
odel for future investigations, in a defined environ-
ent, of epidermal differentiation. We suggest that

his model should be utilized when discrepancies exist
ith other in vitro models and the in vivo state. In
articular, using this autocrine in vitro model, we have
dentified for the first time that involucrin expression
s upregulated as a pro-differentiating effect of RA in
pidermal keratinocytes similar to its effect in vivo.

CKNOWLEDGMENTS

The authors thank Dr. B. Bienfait (Clinique Saint-Luc, Bouge) for
roviding skin samples, and Drs. D. R. Roop (Houston) and R. L.
ckert (Cleveland) for their gift of keratins and involucrin cDNA
robes. I. Y. De Potter holds a fellowship from the Fonds pour la
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