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Normal human keratinocytes synthesize and release nerve
growth factor (NGF) and express both the low- and the
high-affinity NGF receptor. Because NGF has been shown
to rescue certain cell types from programmed cell death,
we investigated the role of endogenous NGF in prevent-
ing keratinocyte apoptosis. We report here that apoptosis
is induced in normal human keratinocytes in culture by
blocking endogenous NGF signaling with either anti-
NGF neutralizing antibody or K252, a specific inhibitor
of the tyrosine kinase high-affinity NGF receptor.
Apoptosis was assessed by DNA laddering, electron
microscopy, and in situ nick end labeling technique. In
anti-NGF-treated keratinocytes, the apoptotic process
starts at 96 h, and is maximal at 120 h. After K252

treatment, apoptosis starts at 48 h and peaks at 120 h.
Because the product of the bcl-2 proto-oncogene protects
many cell types from apoptosis, we measured the levels
of this protein in apoptotic keratinocytes. We found that
both K252 and anti-NGF antibody strikingly downregul-
ate bcl-2 expression, starting at 72 h. Furthermore, HaCat
keratinocytes stably transfected with a plasmid containing
bcl-2 cDNA fail to undergo apoptosis when treated with
K252. These findings show that autocrine NGF acts as a
survival factor for human keratinocytes in vitro through
its high-affinity NGF receptor, possibly by maintaining
constant levels of Bcl-2. Key words: HaCat cells/K252/
programmed cell death. J Invest Dermatol 109:757-764, 1997

poptosis or programmed cell death is an active, gene-

dependent process of selective cell self-deletion that

plays a fundamental role in the control of embryonic

morphogenesis, tissue remodelling, and homeostasis as

well as in many pathologic conditions such as progression
of AIDS and cancer regression (Kerr ef al, 1972; Cohen, 1993; Schwartz
and Osborne, 1993; Wyllie, 1993; Ameisen et al, 1995). Apoptosis is
morphologically and biochemically characterized by condensation of
the cell, loss of plasma membrane microvilli, shrinking and segmentation
of the nucleus, and degradation of chromosomal DNA (Hockenbery,
1995).

In human skin, apoptosis has been widely observed by morphologic
criteria in pathologic conditions such as lichen planus, graft-versus-
host disease, Bowen’s disease, fixed drug eruption, squamous cell
carcinoma, and alopecia areata (Weedon, 1990; Norris et al, 1995).
Furthermore, apoptotic cells have been observed in the epidermis after
ultraviolet (UV) exposure (“sunburn cells”) (Young, 1987) and in the
hair follicle during catagen (Weedon and Strutton, 1984). More
recently, it has been proposed that apoptosis also plays a role in normal
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human skin. Apoptotic cells occur in developing human epidermis
(Polakowska e al, 1994), and individual apoptotic nuclei have been
detected in the suprabasal layer of normal adult epidermis by in situ
nick-end labeling technique (Gavrieli ef al, 1992). Moreover, Grubauer
et al have shown the presence of apoptotic bodies in normal skin by
electron microscopy (Grubauer et al, 1986). Despite this morphologic
evidence, the role of apoptosis in the skin is not fully understood.
Studies by Budtz on toad skin suggest that apoptosis is a crucial event
in epidermal homeostasis: cell deletion by apoptosis removes the excess
cells, thus maintaining the proper architecture (Budtz, 1994). It has
been proposed that these mechanisms could also be operating in human
skin and that some factors that regulate keratinocyte proliferation and
differentiation may also be involved in the apoptotic processes in the
epidermis (Polakowska and Haake, 1994).

Nerve growth factor (NGF) is a neurotrophic polypeptide that
is necessary for survival and differentiation of various neuronal cell
populations  (Levi-Montalcini, 1987). NGF deprivation induces
neuronal death through an apoptotic process that requires both
mRNA and protein synthesis (Oppenheim ef al, 1990). In addition,
NGF recently has been shown to suppress apoptosis in murine
neutrophils (Kannan et al, 1992). In the skin, keratinocytes synthesize
and secrete biologically active NGF (Di Marco ef al, 1991; Pincelli
et al, 1994). Epidermal melanocytes undergo apoptosis after UV
irradiation, but they can be rescued from this type of death by
NGF (Zhai et al, 1996). NGF mediates its effects by binding two
receptors, a low-affinity receptor of =75 kDa (p75) and a high-
affinity receptor of =140 kDa (TRK) (Johnson et al, 1986; Kaplan
et al, 1991a). There is a large body of evidence supporting the
concept that TRK, but not p75, is the receptor mediating the
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Figure 1. DNA fragmentation in keratinocytes. (A4) Crude lysates were
obtained from attached and detached cells (2 X 10 at different times after
plating, as reported in Material and Methods. Cells were plated at 15 X 10° per
em? and lysates obtained from keratinocytes treated with K252 (200 nM),
anti-NGF antibody (40 pg per ml), diluent (dimethylsulfoxide), or control
preimmune IgG1 (C). Typical DNA ladder is shown 96 h after treatment with
K252 and 120 h after treatment with anti-NGF antibody. (B) DNA fragmentation
in fibroblasts. K252 was added to subconfluent human fibroblasts and crude
lysates from 1.5 X 10° cells were analyzed at different times.

trophic activities of NGF (Barbacid, 1993). Human keratinocytes
express the low- and the high-aftinity NGF-receptor (NGF-R) both
at the mRNA and at the protein level (Pincelli et al, 1994).
Similarly to other cell types, in keratinocyte cultures it has been
shown that addition of NGF induces tyrosine phosphorylation of
TRK,' which is necessary for signal transduction (Kaplan et al,
1991b), K252 is an alcaloid-like compound isolated from Nocardiopsis
that was originally characterized as an inhibitor of protein kinase C
(Kase et al, 1987). Subsequently, K252 was shown to be a specific
inhibitor of NGF-induced biochemical effects and neurite outgrowth
in the pheochromocytoma cell line PC12 (Koizumi ¢f al, 1988). In
addition, Berg et al have reported that K252 inhibits NGF-induced
tyrosine phosphorylation of TRK in PC12 cells, whereas this compound
has no effect on the tyrosine phosphorylation of epidermal growth
factor-receptor, demonstrating that K252 is a specific blocker of NGF-
induced biologic responses mediated by TRK (Berg et al, 1992).
We have recently demonstrated that K252 inhibits NGF-induced
proliferation of cultured human keratinocytes (Pincelli et al, 1994).
The expression of bel-2 proto-oncogene product blocks apoptosis in
many cell types (Hockenbery et al, 1990, 1991). Immunohistochemical
studies have revealed that Bcl-2 protein is expressed exclusively in the

1Zhai S, Pincelli C, Yaar M, Gonsalves ], Gilchrest BA. The role of nerve
growth factor in preventing keratinocyte apoptosis. | Invest Dermatol 104: 572a,
1995 (abstr.).
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basal layer of the epidermis (Bianchi et al, 1994), the site where the
functional high-affinity NGF-R is located (Di Marco et al, 1993;
Pincelli er al, 1994).

In this paper, we report that both K252 and anti-NGF antibody
induce apoptosis in human keratinocytes, indicating that endogenous
NGF could be a survival factor for these cells in culture. Furthermore,
both K252 and anti-NGF antibody strikingly downregulate the expres-
sion of Bel-2 protein in human keratinocytes, whereas K252 fails to
induce apoptosis in HaCat keratinocytes overexpressing bel-2.

MATERIAL AND METHODS

Cell cultures Keratinocyte cultures were prepared as described (Pincelli ef al,
1994). Briefly, keratinocytes for primary cultures were obtained from neonatal
foreskin. Skin was minced and trypsinized (0.05% trypsin, 0.02% ethylenediam-
ine tetraacetic acid) at 37°C for 3 h and keratinocytes were grown in 75-cm?
culture fAasks (Costar, Cambridge, MA) with mitomycin (10 mg per ml)-treated
3T3 cells (Sigma, St. Louis, MO) for 2 h at 37°C. Cells were cultured in
Dulbecco’s modified Eagle’s medium/Ham’s F12 medium (DMEM/F12, 3:1)
(Seromed-Biochrom, Berlin, Germany) containing insulin (5 jtg per ml, Sigma),
transferrin (5 lg per ml, Sigma), triiodothyronine (2 nM, Sigma), hydrocortisone
(0.4 g per ml, Sigma), adenine (180 mM, Sigma), mouse epidermal growth
factor (10 ng per ml, Sigma), and 10% fetal calf serum (Seromed-Biochrom).
Subconfluent primary cultures were passaged in secondary cultures and grown
in serum-free medium containing bovine pituitary extract [keratinocyte growth
medium (KGM), Clonetics, San Diego, CA| until subconfluency. Cells were
plated at 15 X 10 per cm?. For the experiments, keratinocytes were starved
in medium deprived of growth factors and bovine pituitary extract (KBM,
Clonetics) for 24 h and provided K252 (50, 100, 200 nM, Calbiochem, La
Jolla, CA, USA), neutralizing goat anti-NGF antibody (R & D, 10, 20, 40 pg
per ml; ND50 = 10 mg per m! in the IMR-32 neuroblastoma cell proliferation
assay in response to 100 ng per ml NGF), preimmune 1gG1, or diluents alone.
Both attached and detached keratinocytes were collected 24, 48, 72, 96, 120,
and 144 h after plating to evaluate apoptosis. Human fibroblasts (0.5 X 10
were seeded in T25 flasks in Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum and cultured until subconfluency before K252 addition.
Cultures were harvested 24, 48, 72, and 96 h after K252 addition (200 nM)
and cellular pellets were frozen at —20°C to be further analyzed for DNA
laddering. HaCat adult keratinocytes (originated in Dr. Norbert Fusenig's
laboratory), an immortalized cell line, were cultured in Dulbecco’s modified
Eagle’s medium plus 10% fetal calf serum and were used for transfection studies,
as described (Haake and Polakowska, 1995).

Stable transfection ¢DNA coding for bel-2 was subcloned into the pcDNA/
Neo eukaryotic expression vector and introduced by lipofection into HaCat
keratinocytes. Control HaCat cells were transfected with the pcDNA/Neo
vector minus bel-2 ¢cDNA insert. Parental HaCat cell line, HaCat cells stably
transfected with bel-2, and the control transfectant were cultured until they
reached subconfluency. They were then treated with K252 alone or diluents,
as for normal keratinocytes. Cultures were harvested at different times for
terminal  deoxynucleotidyl transferase-mediated  dUTP  nick end-labeling
(TUNEL) staining, and western blot.

DNA recovery and electrophoresis
lysis buffer containing 10 mM ethylenediamine tetraacetic acid, 50 mM Tris at
pH 8, 0.5% Sarkosyl, 0.5 mg proteinase K (Boehringer, Mannheim, Germany)
per ml. After 1 h incubation at 50°C, the suspension was supplemented with
0.25 mg heat-treated RNase A (Bochringer) per ml and further incubated in
the water-bath at 50°C for 1 h. Crude extracts were then transferred to 70°C
and added loading buffer (10 mM ethylenediamine tetraacetic acid at pH 8,
containing 0.25% bromophenol blue, 1% low-melting agarose, and 40% sucrose).
Electrophoresis was carried out overnight at 15 V on 2% agarose gel.

Frozen pellets were resuspended in

Morphology TUNEL keratinocytes were collected at different times (see
above), cytospun onto slides precoated with 0.01% poly L-lysine and air dried.
“In situ cell death detection kit” (Boehringer) was used as recommended by
the manufacturer. Briefly, cells were fixed with a 4% buffered paraformaldehyde
solution before permeabilization with Triton X (0.1%) and sodium citrate.
Cells were incubated with fluorescein-labeled nucleotides and terminal deoxynu-
cleotidyl transferase for 1 h at 37°C. Keratinocytes were further incubated with
anti-fluorescein antibody conjugated with alkaline phosphatase (AP). New
Fuchsin was used as a substrate for developing the reaction. Approximately 100
cells were evaluated, in randomly selected high power fields, for each point
and the percentage of TUNEL positive cells was counted. Each experiment
was repeated three times. Negative control was obtained by replacing the
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Figure 3. TUNEL staining. Kinetics of apoptosis induced in keratinocytes
by K252 (), anti-NGF (#), diluent alone (), or preimmune 1gG1 ().
Approximately 100 cells were counted, in randomly selected fields, for each point
and percentages are expressed as the means = SD of three experiments. Student
t test was used for comparison of the means. Anti-NGF versus diluent at
72 hy p < 0.002; at 96 h, p < 0.02; at 120 h, p < 0.0001; at 144 h, p < 0.003.
K252 versus diluent at 48, 72, and 120 h, p < 0.0001; at 96 h, p < 0.02; at
144 h, p < 0.001. Anti-NGF versus preimmune IgG at 96 h, p < 0.02; at 120
and 144 h, p < 0.0001.

primary incubation with a  nucleotide mixture  without  terminal

deoxynucleotidyl transferase.

Electron microscopy This technique was performed using standard proto-
cols. Briefly, cells were grown and treated as described before. Keratinocytes

AUTOCRINE NGF IS A SURVIVAL FACTOR FOR KERATINOCYTES 759

Figure 2. TUNEL staining. Keratinocytes were
collected at 24, 48, 72, 96, 120, and 144 h, and
cytospins stained for DNA breaks with fluorescein-
labeled nucleotides and terminal deoxynucleotidyl
transferase  followed by incubation with anti-
fluorescein antibody conjugated with AP. Several
apoptotic nuclei (=) are observed in keratinocytes
120 h after treatment with K252 (200 nM) (a) and
with ant-NGF (40 ng per ml) (b), but not in
keratinocytes treated with diluent alone at 120 h,
respectively (¢ and d). Arowheads point to the
peripheral chromatin condensation. Staining was
performed four times and pictures presented here
are from a single representative experiment. Scale
bars, 10 mm.

were then washed gently in Tyrode, and fixed in 2.5% glutaraldehyde in
Tyrode, pH 7.4. Postfixation was carried out in osmium tetroxide. Cells were
dehydrated in graded alcohol solution and propylene oxide and embedded in
Durcupan (Fluka, Buchs, Switzerland). Ultra-thin sections were stained with
uranyl acetate and lead citrate before observation and photography with an
electron microscopy Philips EM 400T/ST (Eindhoven, The Netherlands).

Western blot Monolayer cultures in 60-mm dishes were washed with
phosphate-buffered saline and extracted with 1 ml of RIPA bufter (50 mM
Tris-HCL, 150 mM NaCl, 1% Na deoxycolate, 1% Triton X 100, 0.1% sodium
dodecyl sulfate, 0.2% NaNj, 10 mg phenylmethylsulfonyl fluoride per ml,
aprotinin, leupeptin, pH 8.5, Sigma). Forty micrograms of protein per lane
were loaded onto 10% polyacrylamide gel, and transferred to nitrocellulose
filters. Filters were soaked overnight in 5% non-fat dry milk diluted in
phosphate-buftered saline/Tween and a mouse monoclonal antibody specific
for human bel-2 (Dako, Glostrop, Denmark) was added at a 1:40 dilution in
1% non-fat dry milk for 2 h at room temperature. Blots were washed three
times in phosphate-buffered saline/Tween and incubated with horseradish
peroxidase-conjugated goat anti-mouse IgG (Bio-Rad, Hercules, CA) at 1:500
dilution at room temperature for 1 h. Detection was performed with the ECL
system (Amersham, IL).

RESULTS

DNA fragmentation The DNA ladder, caused by endonuclease
cleavage of internucleosomal DNA, is one of the biochemical features
of apoptosis and can be detected within a few hours or a few days
depending on the apoptotic stimulus and the cell type. For instance,
the entire apoptotic process leading to DNA fragmentation requires
1-3 h in dexamethasone-treated lymphocytes and thymocytes
(Cohen and Duke, 1984). On the other hand, apoptosis seems to be
longer in keratinocytes that may require up to 48-72 h to complete
the apoptotic process (Young, 1987; Haake and Polakowska, 1993).
Granular keratinocyte cultures exhibit a considerable nucleosomal
ladder when cultured for 24 h in serum-free medium (McCall and
Cohen, 1991), and in the mouse keratinocyte Pam 212 cell line, which
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undergoes spontaneous apoptosis, DNA fragmentation is observed after
3 d in culture (Marthinuss et al, 1995).

Here we report that 96 h after the addition of the high-affinity
NGF-R inhibitor K252, typical DNA fragmentation was detected in
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Figure 4. TUNEL staining. Dose-response curve of apoptosis induced in
keratinocytes by K252 (a) and anti-NGF antibody (b) at 120 h. Around 100
cells were counted, in randomly selected fields, for each point and percentages
are expressed as the means £ SD of three experiments.
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crude lysates from keratinocytes not supplemented with NGF (Fig 14).
In addition, in anti-NGF-treated keratinocytes, typical DNA ladder
was obtained after 5 d in culture (Fig 14). No DNA ladder was
detected in dimethylsulfoxide-treated keratinocytes (Fig 14). No
K252- or anti-NGF-induced apoptosis was observed at any earlier
time point, nor did preimmune IgG have any apoptogenic effect
(Fig 14). In the absence of exogenous NGF, K252- and anti-NGF-
induced keratinocyte apoptosis could be due to inhibition of NGF
released by keratinocytes themselves. Alternatively, K252 could cause
apoptosis by inhibiting tyrosine kinases other than TRK. On the other
hand, human fibroblasts, that do not express TRK, cultured with
K252, did not show apoptosis at any time point (Fig 1B). Dimethyl
sulfoxide (DMSO) at concentrations used to dilute K252, did not
induce apoptosis, as shown in Fig 14, nor did it cause cell toxicity,
as previously reported (Pincelli ef al, 1994).

Morphology The recently developed in situ nick end labeling
technique allows the detection of apoptosis at the single cell level, and
the staining precedes the appearance of the nucleosomal ladder.
Furthermore, TUNEL enables a quantitation of the apoptotic process
in cell populations (Gavrieli et al, 1992).

In this study, we show that 48 h after the addition of K252, =15%
of keratinocytes were stained. The number of TUNEL positive cells
progressively increased up to 120 h when roughly 50% of keratinocytes
were apoptotic (Figs 24, 3). On the other hand, TUNEL positive cell
number did not change in anti-NGF-treated keratinocytes and
untreated cells up to 48 h. At 72 h the percentage of TUNEL positive
cells in anti-NGF-treated keratinocytes was twice the number of
positive cells in the control. At 96 h, apoptotic cell number increased
to 12% and reached 30% positivity at 120 h (Figs 2b, 3). The number
of TUNEL positive cells appeared to reach a plateau after both stimuli
at 144 h. Both K252 and anti-NGF antibody induced keratinocyte
apoptosis in a concentration-dependent manner (Fig 4a,b). These
findings confirm that in situ nick end labeling technique allows an
earlier detection of apoptosis (Gavrieli ¢t al, 1992), which actually
begins before the appearance of the DNA ladder. These results
demonstrate that as early as 48 h after inhibition of endogenous NGF
the apoptotic process begins in cultured keratinocytes. The delayed
apoptosis observed in keratinocytes treated with anti-NGF antibody as
compared with K252-treated cells is somehow expected. In fact,
whereas K252, by specifically blocking the high-affinity NGF-R,
completely knocks out NGF function in keratinocytes, it is possible
that anti-NGF does not bind all NGF released into the medium and
neutralizes only part of NGF activities, as also indicated by the
manufacturer. The percentage of TUNEL positive cells in untreated
keratinocytes did not exceed 5% up to 120 h, whereas at 144 h,
apoptotic keratinocytes were =10%. These data are in agreement with
previous reports of apoptotic keratinocytes being detected in normal

Figure 5. Electron microscopy. Examination of apoptosis induced in keratinocytes 120 h after treatment with 200 nM K252 (a), or anti-NGF antibody (40 pg
per ml) (b). Untreated keratinocytes were examined at 120 h as controls (¢). Note some of the typical features of apoptotic cells, including loss of microvilli on the
plasma membrane, vacuolization of the cytoplasm and surface blebbing (arowheads), and extensive condensation of nuclear chromatin (=). Scale bars, 2 mm.
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human epidermis (Grubauer ef al, 1986; Gavrieli et al, 1992; Polakowska
et al, 1994).

Electron microscopy was employed to confirm that K252 or anti-
NGF-treated keratinocytes exhibit the gross features of apoptosis, as
described by Kerr ef al (1972). Indeed, Fig 5 illustrates the morphologic
changes induced in human keratinocytes after the inhibition of endo-
genous NGF. Keratinocytes treated with K252 or anti-NGF showed
extensive vacuolization of the cytoplasm, loss of microvilli on the
plasma membrane, margination, and condensation of the chromatin,
whereas the nuclear membrane remained intact (Fig 5a,b). On the
contrary, no such morphologic changes were observed in untreated
keratinocytes (Fig 5¢).

K252 and anti-NGF downregulate bcl-2 levels in human
keratinocytes It has been recently reported that UV irradiation
decreases Bel-2 levels in keratinocytes and that overexpression of bel-
2 in transfected keratinocytes confers to these cells resistance to both
spontaneous and UV-induced apoptosis (Haake and Polakowska, 1995).
We have recently reported that NGF upregulates Bel-2 levels in human
keratinocytes (Zhai et al, 1996). Bel-2 is exclusively expressed in basal
keratinocytes (Hockenbery et al, 1991; Bianchi er al, 1994), which also
bear the high-affinity NGF-R (Di Marco et al, 1993; Pincelli et al,
1994). NGF released from keratinocytes, by operating in an autocrine
mode, might act on basal cells and upregulate Bcl-2. To test this
possibility, we cultured keratinocytes with or without the addition of
K252 or anti-NGF neutralizing antibody. Bcl-2 proteins were still
comparable in treated and untreated keratinocytes at 48 h. Bel-2 levels
significantly decreased in K252-treated keratinocytes at 72 h, and Bcl-
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Figure 6. Kinetics of bcl-2 expression in keratinocytes. Western blot of
proteins extracted from keratinocytes cultivated in serum-free medium. Proteins
were electrophoresed on a 10% polyacrylamide gel, transferred to nitrocellulose,
and visualized with an anti-bel-2 monoclonal antibody. (A) Lysates from
keratinocytes treated with K252 or diluent alone (d) at different times. (B)
Lysates from keratinocytes treated with anti-NGF antibody or diluent alone (d)
at different times. (C) Duplicate lysates from keratinocytes treated with K252
at different times and stained with an antibody against B-actin. '
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2 proteins nearly disappeared at 96 h (Fig 64). Also, anti-NGF
antibody decreased Bel-2 expression in keratinocytes at 72 and 96 h,
although to a lesser extent (Fig 6B).

K252 does not induce apoptosis in HaCat keratinocytes
overexpressing bcl-2 To establish the role of bel-2 in the
apoptotic process induced by blockade of NGF function, HaCat
keratinocytes, an established cell line, were stably transfected with
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Figure 7. TUNEL staining of HaCat keratinocytes overexpressing bcl-2.
Kinetics of apoptosis induced by K252 ({J) or diluent () in HaCat keratinocytes
overexpressing bel-2 (A), in control transfectant keratinocytes (B), and in
parental HaCat cells (C). Approximately 100 cells were counted, in randomly
selected fields, for each point and percentages are expressed as the means = SD
of three experiments. The Student’s t test was used for comparison of the
means. K252 versus diluent at 96 and 120 h in (A4), not significant; K252 versus
diluent at 96 and 120 h in (B), p < 0.001; K252 persus diluent at 96 h in (C),
p < 0.05; K252 versus diluent at 120 h in (C), p < 0.005.
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Figure 8. Bcl-2 protein expression in transfected HaCat keratinocytes.
Western blot of proteins extracted from HaCat keratinocytes stably transfected
with bel-2 (lanes 3 and 4) and from control transfectant HaCat cells (lanes 1
and 2). Proteins were electrophoresed on a 10% polyacrylamide gel, transferred
to nitrocellulose, and visualized with an anti-bel-2 monoclonal antibody. Cells
were treated with diluent alone (d) or with K252 for 72 h.

bcl-2 and treated with K252. Whereas both parental HaCat cells
and the control transfectant HaCat cells underwent apoptosis after
treatment with K252 starting at 96 h, the same treatment was
ineffective in bel-2 overexpressing cells. This finding was observed
by the TUNEL staining that showed a significant increase of
apoptotic cells at 96 and 120 h after treatment with K252 in
parental HaCat cells and in control transfectants HaCat cells, but
not in bel-2 overexpressing HaCat keratinocytes (Fig 7). Furthermore,
unlike in normal keratinocytes, Bcl-2 protein was only slightly
affected by the treatment with K252 in bcl-2 overexpressing cells
at 72 h (Fig 8).

DISCUSSION

In this study we have demonstrated that blocking endogenous NGF
induces apoptosis in human keratinocytes, thus supporting the idea
that NGF is a “survival factor” for these cells in culture. Recently, it
has been proposed that cells carry a genetic death program and are
destined to die unless they are rescued by “survival factors” from other
cells (Kyprianou and Isaacs, 1988; Barde, 1989; Araki ef al, 1990; Raff,
1992; Haake and Polakowska, 1993). Previous work from our and
other laboratories has demonstrated that human keratinocytes synthesize
and release NGF (Yaar ef al, 1991; Di Marco et al, 1991; Pincelli ef al,
1994). The present findings show that human keratinocytes, through
this factor, protect themselves from apoptosis, thus providing evidence
for an autocrine survival system in human epidermis.

Epidermal homeostasis is maintained by the balance between cell
proliferation and cell death (Weinstein et al, 1984; Read and Watt,
1988). It appears that apoptosis is an important controlling mechanism
of epidermal homeostasis (Polakowska and Haake, 1994). The important
role played by apoptosis in establishing the epidermal architecture and
maintaining the proper cell number has been convincingly demonstrated
by Budtz in several studies on toad and human skin (Budtz, 1985,
1986). In normal epidermis, apoptosis appears to initiate in the basal
cell layer (Budtz, 1991; Polakowska and Haake, 1994). Also in
pathologic skin conditions, such as after UV irradiation, apoptotic cells
are largely found in the proliferative basal cell layer (Haake and
Polakowska, 1995). Particularly, S-phase cells of this compartment
have been shown to contribute most to the formation of the so-called
“sunburn cells” (Danno and Horio, 1982). It appears that dividing cells
of the basal cell compartment are most sensitive to apoptosis, because
they are undergoing a particular phase of the cell cycle (Polakowska
and Haake, 1994) and an abortive entry into the cycle could lead to
apoptotic cell death (Ucker, 1991; Rubin et al, 1993). NGF is released
in increasing amounts by proliferating keratinocytes and the functional
high-affinicy NGF-R is expressed only in basal keratinocytes (Di Marco
et al, 1993). Thus, the present study, which is based on the use of a
medium (KGM) that selects proliferating keratinocytes, indicates that
autocrine NGF could operate in the basal cell compartment to
counteract the apoptotic program.

NGF has also been shown to be a potent mitogen for human
keratinocytes (Di Marco et al, 1993; Pincelli et al, 1994). There is a
growing body of evidence supporting the idea that mitogenic growth
factors, before stimulating proliferation, act by promoting cell survival
(Raff, 1992). In particular, it is now widely accepted that NGF exerts
its neurotrophic effect by suppressing an apoptotic program rather than
trophically stimulating anabolic processes (Martin and Johnson, 1991).
It has been reported recently that NGF is an autocrine survival factor
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rather than a growth factor for memory B lymphocytes (Torcia
e al, 1996)

The neurotrophic effects of NGF are mediated by the tyrosine
kinase high-affinity receptor TRK (Barbacid, 1993). Also in human
keratinocytes, TRK has been shown to be the functional NGF-R,
because K252, which blocks tyrosine phosphorylation of TRK,
inhibits NGF mitogenic activity (Pincelli er al, 1994) and induces
apoptosis in human keratinocytes, as shown in the present study.
Tyrosine kinase activity not only is associated with cell proliferation
(Ulrich and Schlessinger, 1990), but is also involved in cell death.
Indeed, natural killer cells, which constitutively express the tyrosine
kinase receptor c-kit, are saved from apoptosis, in absence of serum
or other growth factors, by the c-kit ligand. Furthermore, genistein,
a tyrosine kinase inhibitor, dramatically reduces the protective effect
of c-kit ligand on natural killer cells (Carson et al, 1994). In
addition, c-kit ligand suppresses apoptosis in growth factor-deprived
and gamma-irradiated mouse mast cells (Yee ef al, 1994). Our study
identifies a tyrosine kinase receptor, TRK, and its ligand, NGF, as
mediators of human keratinocyte survival in vitro. Although the
effect of K252 in inducing keratinocyte and not fibroblast apoptosis
clearly demonstrates that NGF acts as a survival factor through its
TRK receptor, the involvement of other tyrosine kinase receptors
and their ligands in the mechanisms regulating keratinocyte apoptosis
cannot be excluded. For instance, transforming growth factor-o., a
polypeptide structurally related to epidermal growth factor, mediates
its effects through a tyrosine kinase receptor that is constitutively
expressed in the basal layer of the epidermis (Nanney et al, 1984;
Carpenter and Cohen, 1990). Moreover, we have observed that, as
expected, genistein induces apoptosis in human keratinocytes after
4 d in culture (data not shown).

Bcl-2 is the best known molecule involved in preventing cell death
induced by several stimuli in many different cell types (Hockenbery
et al, 1990; Nunez ef al, 1990; Allsopp et al, 1993). This study
demonstrates that apoptosis, induced in keratinocytes by blocking the
activity of NGF, is associated with the downregulation of Bcl-2.
Similarly, Becl-2 protein expression is almost completely abolished
by neutralization of endogenous NGF in memory B lymphocytes
undergoing apoptosis (Torcia et al, 1996).

Bcl-2 downregulation by both K252 and anti-NGF antibody occurs
earlier than DNA fragmentation, in agreement with the concept that
Bcl-2 blocks a relatively early event associated with apoptosis (Reed,
1994), The inhibition of TRK by K252 results in downregulation of
Bcl-2, thus indicating that tyrosine kinase signaling is involved in the
regulation of this protein, as reported for other ligands and their
tyrosine kinase receptors (Yee ef al, 1994). The mechanisms by which
bel-2 protects from apoptosis are not clear yet. Bcl-2 has been shown
to protect cells from oxidative damage (Hockenbery ef al, 1993; Kane
et al, 1993) and formation of sunburn cells following UV irradiation is
accompanied by increased concentrations of oxygen intermediates
(Danno ef al, 1984; Punnonen ef al, 1991). Interestingly, NGF protects
UV-induced keratinocyte apoptosis by upregulating bcl-2 expression. !
In the skin, bcl-2 overexpression inhibits UV-induced keratinocyte
apoptosis (Haake and Polakowska, 1995). Similarly, this paper shows
that HaCat keratinocytes transfected with bel-2 are resistant to K252-
induced apoptosis. This suggests that induction of apoptosis by inhibi-
tion of NGF activity is bcl-2 dependent. One could speculate that
autocrine NGF, by maintaining constant levels of Bcl-2, protects
keratinocytes from apoptosis.

In conclusion, this study represents the first evidence of a
keratinocyte-derived autocrine factor that mediates the survival of
human keratinocytes in culture. Endogenous NGF would thus appear
to play a key role in epidermal homeostasis by preventing keratinocyte
apoptosis. Although there is convincing morphologic evidence from
this and other studies that apoptosis does occur in normal human
keratinocytes, its role in epidermal homeostasis is not fully understood.
According to some investigators keratinocyte terminal differentiation
is a specialized form of apoptosis (Fesus ef al, 1991; Alison and Sarraf,
1992; Polakowska and Haake, 1994). If this is the case, NGF could
be regarded as a factor affecting keratinocyte differentiation, possibly
counteracting the effect of other factors, such as TGFB. To address
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this question, the modulation of the expression of differentiation-
specific genes, such as keratins, loricrin, and involucrin by NGF, should
be evaluated. Furthermore, the role of apoptosis should be taken into
account in relation to the mechanisms of certain hyperproliferative
skin disorders, such as psoriasis (Goldsmith, 1986). Because apoptosis
is regarded as the mechanism responsible for eliminating the excess
cells in the epidermis (Budtz, 1994), NGF, by preventing it, could
favor the epidermal thickness observed in psoriasis. It is interesting to
note that NGF levels are increased in psoriatic skin (Fantini ¢t al,
1995). Finally, keratinocyte apoptosis and its modulation by NGF
could be the targets of future strategies for treating not only psoriasis,
but also other hyperproliferative cutaneous conditions, such as skin neo-
plasia.
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