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Abstract

Nerve growth factor (NGF) is a polypeptide that is required
for normal development and maintenance of the sympathetic
and sensory nervous systems. Skin has been shown to contain
relatively high amounts of NGF, which is in keeping with the
finding that the quantity of NGFin a tissue is proportional to
the extent of sympathetic innervation of that organ. Since the
keratinocyte, a major cellular constituent of the skin, is known
to produce other growth factors and cytokines, our experi-
ments were designed to determine whether keratinocytes are a
source of NGF. Keratinocyte-conditioned media from the ke-
ratinocyte cell line PAM212 contained NGF-like activity,
- 2-3 ng/ml, as detected by the neurite outgrowth assay.
Freshly isolated BALB/c keratinocytes contained - 0.1
ng/ml. Using a cDNAprobe directed against NGF, we demon-
strated the presence of a 1.3-kb NGFmRNAin both PAM212
and BALB/c keratinocytes. Since ultraviolet radiation (UV) is
a potentially important modulating factor for cytokines in skin,
we examined the effect of UV on NGFmRNAexpression.
Although UV initially inhibited the expression of keratinocyte
NGFmRNA(4 h), by 24 h an induction of NGFmRNAwas
seen. The NGFsignal could also be induced by phorbol esters.
Thus, keratinocytes synthesize and express NGF, and its ex-
pression is modulated by UVBand phorbol esters. (J. Clin.
Invest. 1990. 85:1085-1089.) nerve growth factor - cytokines-
keratinocytes

Introduction

Skin was thought, until recently, to function only as a protec-
tive barrier. However, that concept has changed with the dis-
covery that within skin, the keratinocyte is now known to
produce many growth factors and cytokines that function to
maintain normal homeostasis.

Nerve growth factor (NGF)' is a 118-amino acid dimer
encoded by a 1.3-kb mRNA(1, 2). The protein sequence for
NGFhas been known for 17 years, and this information al-
lowed for the cloning of mouse NGFand human NGFcDNA
(3). NGFisolated from the murine salivary gland under physi-
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1. Abbreviations used in this paper: CM, conditioned medium; NGF,
nerve growth factor; SCG, superior cervical ganglia; UV, ultraviolet
radiation.

ological conditions exists in the 7 S form and is composed of a,
f, and zy subunits (4). Biological activity resides in the f3 sub-
unit (2.5S NGF). It is clear that NGFis important in the
development and maintenance of sensory and sympathetic
neurons (5). However, its effects are much more diverse, such
as its effects on the immune system. For example, NGFin-
duces mast cell hyperplasia and mast cell degranulation (6, 7),
and the proinflammatory cytokine interleukin 1 is known to
induce NGFmRNAin sciatic nerve explants (8).

NGFis found in greatest abundance in those tissues with
extensive sympathetic innervation (9, 10). Using a sensitive
ELISA assay, whole-skin extracts have been shown to contain
relatively high levels of immunoreactive NGF (11). Using
Northern and in situ hybridization techniques Davies has
shown that the epidermis of murine embryos expressed most
of the NGFin the skin (12). By inference, since the keratino-
cyte is the most abundant cell in the epidermis, this study
suggested that keratinocytes are the source of NGF.

The purpose of these experiments was to determine
whether keratinocytes produce NGFand to study factors mod-
ulating such synthesis.

Methods

Cells. The PAM212 cell line is a spontaneously transformed newborn
BALB/c-derived keratinocyte line (13), which was used as a source of
keratinocytes. The cell line was maintained in Dulbecco's MEM, 10%
fetal calf serum, 2% L-glutamine, 1% penicillin and streptomycin, and
1 mMHepes at 37°C in 5%CO2.

Normal murine BALB/c epidermal cells were prepared from
6-wk-old mice by trypsinization of whole skin as previously described
(14). Conditioned medium (CM) from the above cells was obtained
after 3 d in culture and tested in the bioassay.

Bioassay. Details of the biological assay for NGFhave been pre-
viously described (15). Briefly, superior cervical ganglia (SCG) were
dissected from newborn mice or 15-d gestational embryos (El 5), dis-
sociated with trypsin, and cells (- 20,000 cells per dish) plated onto
35-mm polyornithine- or collagen- and polyornithine-coated petri
dishes. Newborn mouse sympathetic neurons have an absolute re-
quirement for NGFand do not survive in culture if deprived of it. In
contrast, E15 sympathetic neurons have not totally developed a re-
quirement for NGFand many survive in culture even in the presence
of anti-NGF, as long as a neurite-promoting factor is provided (16).
For some assays, medium conditioned over PAM212 cells was added
directly to dishes. In other experiments, PAM-CMwas passed through
a DEAE agarose column to remove substrate-binding, neurite-pro-
moting factors (15). CM from BALB/c epidermal cell cultures was
concentrated 10-fold by ultrafiltration using an ultrafiltration unit with
a YM-10 filter (Amicon Corp., Danvers, MA). The concentrated CM
was then passed through a Sephacryl S-200 column to separate high
molecular mass (> 65 kD) and lower molecular mass (< 65 kD) com-
ponents. These components were then reconcentrated to the original
concentration and tested in the bioassay. After 20 h of incubation at
37°C, cell counts were performed using phase-contrast microscopy.
Phase-bright cells with processes greater than one cell diameter were
counted on 2% of the dish.
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2.5 S NGFand antisera. NGFwas isolated in the 2.5 S form from
murine submaxillary glands using a modification (17) of the method of
Mobley et al. (18). Antisera to 2.5 S NGF(anti-NGF) were prepared in
NewZealand white rabbits and its titer and specificity were determined
as previously described ( 17).

Western blotting. NGF-like material from PAM-CMwas isolated
by affinity chromatography on an anti-NGF affinity column as de-
scribed (18). Eluted material was dialized for 16 h against three changes
of water and 1yophilized. Aliquots of the eluted material along with
authentic NGFwere analyzed by electrophoresis on 15% polyacryl-
amide gels under reducing conditions in the presence of SDS, trans-
ferred overnight to nitrocellulose paper, incubated with '25I-labeled
monoclonal anti-NGF, and subjected to autoradiography, all as pre-
viously described (18).

RNA blotting. Total RNA was isolated over a cesium chloride
gradient by ultracentrifugation (19). Poly (A) RNAwas collected by
passing total RNAover an oligo d(T) cellulose column; average yields
were 3% of total RNA(19). For Northern analysis 3 Ag of RNAwas
electrophoresed in 1% agarose, 6.6% formaldehyde, and transferred to
nitrocellulose (19). Gels were electrophoresed until bromophenol blue
was two-thirds of the way to the bottom of the gel (- 4 h). Slot blots
were performed by spotting RNAdirectly onto nitrocellulose.

Blots were prehybridized for 2 h at 48'C in 50% formamide, 5x
SSC (I x SSC = 0.15 Msodium chloride, 0.015 Msodium citrate, pH
7.0), 5X Denhardt's solution (0.1% Ficoll, 0.1% polyvinyl pyrol iodine,
0.1% BSA), 0.5X P wash (lOX P wash = 1 M Na2HPO4, 0.1 M
Na2H2P207), 250 ytg/ml salmon sperm DNA, 0.1% SDS. Hybridiza-
tion buffer was identical to above, but with labeled probe added.
Washing was done in 2X SSC/0. 1% SDSat room temperature for 60
min, and 0.1x SSC/0.1% SDS at 48°C for 30 min. All films were
autoradiographed on XARfilm (Eastman Kodak Co., Rochester, NY)
at -70°C.

Oligo (dT) normalization. To ensure equivalent amounts of
mRNAwere present on the blots, oligo (dT) normalization was done
(20). Blots were hybridized in 5X SSC, 5X Denhardt's, 0.1 X P wash,
and 40 pmol labeled oligo (dT) at room temperature for 1 h. Washes
were done in 2X SSCfor 20 min.

Labeling of probes. A murine NGFsingle-stranded cDNA probe
(9), a kind gift of David L. Shelton (University of California, San
Francisco), was mixed oligo-labeled using 32[P]dCTP according to the
protocol of Feinberg (21). Specific activities of 1-2 X 109 dpm/,ug were
achieved. Oligo (dT),8 was 32P-labeled using T4 kinase as previously
described (20).

Ultraviolet (UV) irradiation. PAM212 cells were UV irradiated
using Westinghouse Sunlamps (National Biological Corp., Twinsburg,
OH). Energy output was confirmed using a spectroradiometer. Sub-
confluent keratinocytes in 10-cm petri dishes (Becton, Dickinson &
Co., Oxnard, CA) were washed three times with PBS and irradiated
with varying amounts of UV, 10 ml of media was added, and dishes
were returned to the incubator. At specified times, post-irradiated cells
were harvested by adding 4 Mguanidinium isothiocyanate directly to
the dishes and slot blot analysis was performed as previously described.

Results

Bioassay. In order to determine whether keratinocytes pro-
duced NGFa biological assay was employed. Keratinocyte-
conditioned medium (PAM-CM), which was generated using
PAM212 cells in Dulbecco's MEM, 10% FCSover a period of
4 d, induced significant neurite outgrowth from E15 SCG
neurons as compared with control unconditioned media (Fig.
1). El 5 neurons were used initially because they respond not
only to NGF, but to other neurotrophic factors present in CM

S

Figure 1. NGFbiological assay of keratinocyte-CM. Superior cervical ganglia were isolated from newborn mice, trypsinized, plated onto poly-
ornithine-coated dishes and then cultured in the following experimental conditions for 20 h: (la) 50% KCM, (lb) 2.5 S NGF(50 ng/ml), (Ic)
2.5 S NGF(50 ng/ml) plus anti-NGF (0.1%), (Id) control medium alone. Keratinocyte-CM (Ja) was capable of inducing significant neurite
outgrowth, comparable to that of the positive control (lb). The addition of anti-NGF (Ic) was capable of inhibiting neurite outgrowth. Uncon-
ditioned medium (Id) could not induce neurite outgrowth. Phase-contrast photomicrographs (X40).
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(16). A dose-dependent response was observed when serial di-
lutions of PAM-CMwere added to the system; addition of
0.1% anti-NGF to dilutions of PAM-CMinhibited neurite
outgrowth 50% (Fig. 2), suggesting that the NGFreleased by
keratinocytes acting as one of the CMneurotrophic factors.

To determine the amount of NGFactivity in KCM, we
used newborn SCGneurons on a collagen substrate to avoid
any contribution to survival which might be due to the modi-
fying effect of substrate-binding, neurite-promoting factors
(16). PAM-CMwas passed through a DEAEcolumn to re-
move such neurite-promoting factor(s) (15). To test for NGF
release by normal murine epidermal cells, BALB/c epidermal
cell CMwas separated into high and low molecular mass frac-
tions to facilitate concentration of the proteins. Although some
NGFactivity could be detected in epidermal cell CMthat had
not been concentrated, it was necessary to concentrate the
epidermal cell CMin order to quantify activity.

Both PAM-CMand BALB/c CMexhibited NGF-like ac-
tivity that was completely inhibited by 0.1% antiserum to NGF
(Fig. 3). Based on a standard curve using 7 S NGF, PAM-CM
was found to contain 2-3 ng/ml NGF. Only the high molecu-
lar mass fraction of BALB/c CMwas found to contain NGF
activity, with the amount of activity corresponding to - 0.1
ng/ml NGFin the medium before concentration.

Western analysis. To further characterize the NGF-like ac-
tivity in PAM-CM, CMwas passed through an anti-NGF af-
finity column and bound material was subjected to gel electro-
phoresis 125 and Western blotting with 1251I-labeled monoclo-
nal anti-NGF. NGF-like material from PAM-CMmigrated
identically to authentic 2.5 S NGF(Fig. 4).

Northern analysis. To determine whether keratinocytes
express mRNAcoding for NGF, Northern analysis was used.
Poly (A) selected RNAfrom PAM212 cells demonstrated a
single band at the expected size of 1.3 kb consistent with NGF
(Fig. 5, left), while total keratinocyte RNAshowed a very weak
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Figure 2. Effect of anti-NGF in the neurite outgrowth assay of kera-
tinocyte-conditioned medium (KCM). E15 superior cervical ganglia
were dissociated and added to culture dishes containing decreasing
concentrations of KCM(o) or KCMplus anti-NGF (o) were added.
After 20 h of incubation, the number of phase-bright cells bearing
processes were counted and expressed as a percentage of maximum
(i.e., the number of neurite-bearing cells surviving in the presence of
10 ng/ml NGFand 25 ,g/ml purified neuronectin). Each value rep-
resent the mean±SEMof three culture dishes.
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Figure 3. Quantitation of NGF-like activity from PAM-CMand nor-
mal BALB/c keratinocyte-CM (Balb/c-CM). Dissociated superior
cervical ganglia neurons from newborn mice were plated onto colla-
gen- and polyornithine-coated culture dishes containing decreasing
concentrations of PAM-CM(n) or PAM-CM+ anti-NGF (o),
BALB/c-CM (A) or BALB/c CM+ anti-NGF (A). Cell survival was
determined as in Fig. 2 after 20 h of incubation. Each value for the
PAM-CMcurve represents the mean±SEMof three separate dishes.
For the BALB/c CM, values are for the 10-fold concentrated CM,
and represent duplicate cultures. Also shown is the NGFdose-re-
sponse curve (-), used to quantify the NGFin CM. From this curve
the half-maximal value for neuronal survival can be seen to be
equivalent to I ng/ml NGF. This point intersects the PAM-CM
curve at 50%, thus PAM-CMcontains - 2 ng/ml NGF.

band on an overnight exposure. RNAfrom salivary glands was
used as the positive control and showed a single band at 1.3 kb.
Normal murine epidermal cells also demonstrated a 1.3-kb
band consistent with NGF(Fig. 5, right).

UVradiation. UV radiation is known to modulate certain
cytokines in keratinocytes, therefore, the effects of UVB on

Figure 4. Immunoblot analysis of PAM-CM
NGF-like material after electrophoresis. 500

* ml of medium containing 1% fetal bovine
serum was passed through an anti-NGF af-
finity column as described in Methods. The
lyophilized eluate was solubilized in electro-
phoresis sample buffer and one-fourth of the
total was applied to the gel. Western blotting
is described in Methods. Lanes 1, 2, and 3
contain 5, 2, and I tg 2.5 S NGF, respec-
tively, Lane 4 contains the NGF-like mate-

1 2 3 4 rial from PAM-CM.
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Figure 5. (Left) Northern analysis of
NGFmRNA.RNAwas prepared
over a cesium chloride gradient, frac-
tionated on a 1% agarose/6.6% form-
aldehyde gel, transferred to nitrocellu-
lose, and probed with NGFcDNA.
Lanes are designated as follows: PAM
(PAM 212 murine keratinocyte cell
line), PAMA' [poly(A)+ selected
PAMRNA], Sal. gland (male murine
salivary gland). The indicated size of
the mRNAwas relative to DNAsize
markers. (Right) Northern analysis of
NGFmRNA. Lanes are designated as
follows: Salivary gland (total RNA
from male murine salivary gland),
BALBIc epidermal cells, and PAM. 3
lgg of each was applied to gel.

keratinocytes NGFmRNAwas examined. Some change in
NGFmRNAwas observed in unirradiated keratinocytes be-
tween 4 and 24 h, however, in all experiments (four out of
four) there was a consistent decrease in HGFmRNAat 4 h
after UV exposure and an increase 24 h after UV exposure

(Fig. 6). Oligo (dT) normalization revealed equivalent
amounts of RNAwere present. Signal strength was confirmed
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with a densitometer. A representative experiment revealing a

fourfold reduction in signal at 4 h and a twofold induction at
24 h is shown in Fig. 6.

Effect of phorbol esters. PMA(20 ng/ml) was added to
PAM212 keratinocytes for a period of 6 h and slot blot analy-
sis for NGFmRNAwas done. PMAconsistently induced ke-
ratinocyte NGFmRNAas compared with diluent control (five
out of five experiments). A representative experiment with a

1.6-fold induction in NGFmRNAis shown in Fig. 7.

Discussion

In this report we have shown that keratinocytes synthesize and
express NGFin vitro. This observation appears to be consis-
tent with data presented by Davies et al. (12) who observed
that within embryonic skin, the epidermis contained high
levels of NGF. Since the keratinocyte is the major cell within
the epidermis, it likely represents the cell of origin. Rabbit
corneal epithelial cultures were have been shown to produce a

NGF-like substance (22), but ours is the first report showing
keratinocytes secrete NGFand express NGFmRNA.

- 80J/m2

-1 OOJ/m2

- Sal. Gland

Figure 6. Effect of UVBon keratinocyte NGFmRNAexpression.
PAM212 keratinocytes were exposed to increasing amounts of UV
(0-I00 J/m2), then harvested using guaunidinium isothiocyanate.
RNAwas prepared over cesium chloride, and 5 and 10 Mg of total
RNAwas blotted directly onto nitrocellulose and probed with a

NGFcDNA. NGFmRNAexpression 4 and 24 h after UVexposure
is shown.

Figure 7. Effect of PMA
(phorbol esters) on

NGFmRNAexpres-
5 pg l0pg PMA sion. PAM212 kerati-

nocytes were exposed to
20 ng/ml PMAor dilu-

_>- ent for 6 h. RNAwas

prepared over cesium

chloride, and total
RNAwas blotted onto

1 nitrocellulose and
probed with NGF
cDNA.
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Using a well-characterized biological assay, based on the
ability of NGFto promote survival and neurite extension in
neurons, keratinocyte-CM was shown to contain high levels of
activity. Since it is known that molecules other than NGF
induce neurite outgrowth (15), identification of the activity as
NGF required inhibition with anti-NGF antibody. Specific
anti-NGF antisera only partially inhibited survival of E15
neurons plated in KCM. This is consistent with the presence in
CMof two complementary growth factors, neuronectin and
NGF. Since El 5 SCGneurons do not yet completely require
NGFfor survival, only partial inhibition would be expected
(15). On the other hand, newborn SCGneurons exhibit an
absolute requirement for NGFin a dose-dependent manner.
In order to quantify the amount of NGFpresent in the me-
dium, we used the standard assay with newborn SCGneurons
on collagen-coated dishes. PAM-CMdepleted of neuronectin
by passage over a DEAEcolumn was shown to contain 2-3
ng/ml of NGF-like activity as determined by biological assay.
Since anti-NGF antiserum completely blocked activity, it is
most likely that the activity is attributable to NGF. In fact,
material bound to an anti-NGF affinity column appeared
identical to authentic 2.5S NGFupon gel electrophoresis and
immunoblotting. Similar experiments with normal keratino-
cytes from BALB/c mice revealed that normal keratinocytes
produced NGFprotein and exhibited NGFmRNA, although
both protein and mRNAlevels in normal keratinocytes were
lower (- 10-fold) that those found in PAM212 cells. NGF
protein has also been observed in human keratinocytes (23).

Ultraviolet radiation is known to have a multiplicity of
effects on organisms in vitro and in vivo. UV is also known to
modulate other cytokines on a transcriptional level (24, 25).
Our data shows an initial inhibition of NGFmRNAthen an
induction of NGFmRNAat 24 h after UVexposure. Phorbol
esters are also capable of inducing expression of a variety of
cytokines. Our data also demonstrates that keratinocyte NGF
is induced by PMA. It is known that PMAexposure induces
NGFreceptors in melanocytes (26), thus a potential mecha-
nism exists whereby PMAcan induce keratinocyte NGFand
melanocyte NGFreceptors.

In conclusion, we have shown that keratinocytes from
PAM212 cells and BALB/c cells express and secrete NGF, and
its expression is modulated by UVBand phorbol esters.
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