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ErbB signaling through extracellular signal-regulated kinase (ERK) has been implicated in regulating the expression of
ErbB ligands in hyperproliferative skin disorders and wound healing. Here, we characterize the process of autocrine ERK
activation in cultured normal human keratinocytes (NHKs) subjected to growth factor (GF) deprivation. Basal ERK
phosphorylation was lower after 48 h than after 24 h of GF deprivation, and lowest at 30–60 min after an additional
medium change. ERK phosphorylation was markedly increased by low concentrations of epidermal growth factor (EGF)
(0.2–1 ng/ml) that provoked only a limited increase in ErbB1 tyrosine phosphorylation and internalization. Basal ErbB
tyrosine phosphorylation and ERK phosphorylation were inhibited by two different ErbB receptor tyrosine kinase
inhibitors, by the ErbB1-specific neutralizing monoclonal antibody 225 IgG, by two different metalloproteinase inhibitors,
and by neutralizing antibodies against amphiregulin (AR). In contrast, these responses were unaffected by neutralizing
antibodies against other ErbB1 ligands or the ErbB2 inhibitors geldanamycin and AG825. The time course of autocrine
ERK phosphorylation correlated with the appearance of soluble AR, and two different metalloproteinase inhibitors
blocked AR release. These results define an amphiregulin- and ErbB1-dependent mechanism by which autocrine ERK
activation is maintained in NHKs, even when ErbB1 autophosphorylation and internalization are limited.

INTRODUCTION

The mammalian c-ErbB family is comprised of four closely
related receptor tyrosine kinases (RTKs) that interact hierar-
chically in response to multiple ErbB receptor ligands (Klap-
per et al., 2000; Olayioye et al., 2000). Ligand binding to the
extracellular domain promotes receptor homo- and het-
erodimerization, resulting in phosphorylation of specific ty-
rosine residues on the cytoplasmic domain. These events
lead to activation of multiple signal transduction pathways
via Src homology 2 (SH2)- and phosphotyrosine binding
(PTB)-domain containing cytoplasmic proteins, ultimately
affecting many cellular functions, including cell migration,
proliferation, and differentiation (Hubbard et al., 1998;
Hackel et al., 1999). We and others have demonstrated that
human skin expresses ErbB1, ErbB2, and ErbB3, but little or
no ErbB4 (Press et al., 1990; Prigent et al., 1992; De Potter et
al., 2001; Stoll et al., 2001).

ErbB signaling plays a very important role in the reepi-
thelialization of skin wounds, as evidenced by acceleration
of burn or partial-thickness wound healing by epidermal
growth factor (EGF) (Brown et al., 1989), transforming
growth factor-� (TGF-�) (Schultz et al., 1987), heparin-bind-
ing EGF-like growth factor (HB-EGF) (Cribbs et al., 1998),
and epiregulin (Draper et al., 2003). Corneal wound healing
also is markedly inhibited after treatment with ErbB recep-
tor tyrosine kinase inhibitors (RTKIs) (Nakamura et al.,
2001). Organ cultures of skin display many features of early
wounds, including rapid keratinocyte cytoskeletal alter-
ations, an early migratory phase without proliferation, and a
later proliferative phase (Hebda, 1988; Varani et al., 1995b;
Stoll et al., 2003). We have demonstrated marked inhibition
of keratinocyte outgrowth and the induction of apoptosis by
ErbB-specific RTKIs in human skin organ culture (Stoll et al.,
1997, 1998).

Multiple ErbB ligands are expressed by keratinocytes,
including TGF-�, AR, HB-EGF, betacellulin, and epiregulin
(Coffey et al., 1987; Barnard et al., 1994; Hashimoto et al.,
1994; Piepkorn et al., 1998, 2003; Shirakata et al., 2000). Sev-
eral of these ligands are up-regulated during wound healing
(Grotendorst et al., 1989; McCarthy et al., 1996; Stoll et al.,
1997), in hyperproliferative skin conditions such as psoriasis
(Elder et al., 1989; Cook et al., 1992; Downing et al., 1997; Stoll
and Elder, 1998) and retinoid-treated skin (Stoll and Elder,
1998; Varani et al., 2001), and during malignant transforma-
tion by chemical carcinogens (Kiguchi et al., 1998) or onco-
genes (Dlugosz et al., 1995). Using the skin organ culture

Article published online ahead of print. Mol. Biol. Cell 10.1091/
mbc.E04–03–0233. Article and publication date are available at
www.molbiolcell.org/cgi/doi/10.1091/mbc.E04–03–0233.
† These authors made equal contributions to this study.
‡ Present address: Department of Cell Biology, Neurobiology and

Anatomy, University of Cincinnati, 3125 Eden Ave., Cincinnati,
OH 45267-0521.

§ Corresponding authors. E-mail addresses: jelder@umich.edu;
sanjay.kansra@uc.edu.

© 2004 by The American Society for Cell Biology 4299



system, we have shown that the induction of HB-EGF and
amphiregulin (AR) expression during wounding is strongly
dependent on ErbB signaling (Stoll et al., 1997), and also on
downstream signaling through the extracellular signal-reg-
ulated kinase (ERK) pathway (Stoll et al., 2002).

Cultured normal human keratinocytes (NHKs) display
many features of reepithelializing skin, including high rates
of proliferation, active migration, and the expression of kera-
tins such as K6 and K16. Proliferation and migration of
NHKs are strongly dependent on ErbB signaling (Cook et al.,
1991b; Klein et al., 1992; McCawley et al., 1998). Conditioned
medium (CM) produced by NHKs stimulates DNA synthe-
sis in a way that can be partially blocked with antibodies
against various ErbB ligands and strongly blocked by anti-
bodies against ErbB1 (Coffey et al., 1987; Cook et al., 1991a;
Pittelkow et al., 1993, 1994; Hashimoto et al., 1994; Shirakata
et al., 2000). Moreover, we and others have observed that it
is very difficult to obtain proliferative quiescence in NHKs
by removal of growth factors (GFs) (Coffey et al., 1987; Klein
et al., 1992; Praskova et al., 2002). Together, these findings are
strongly suggestive of an autocrine mechanism of ErbB ac-
tivation in NHKs. However, the exact ErbB species and
downstream effectors being activated by this pathway, the
ligands involved, and the mechanism(s) by which ligand(s)
are made available for receptor stimulation remain incom-
pletely defined.

Using the skin organ culture system, we have shown that
broad-spectrum metalloproteinase (MP) inhibitors mark-
edly reduce ERK phosphorylation (Stoll et al., 2002). These
experiments suggest that the basal activity of ERK in human
epidermis is controlled by release of preformed, membrane-
associated ErbB ligand precursors, which are able to stimu-
late ErbB1 upon proteolytic release, leading to ERK activa-
tion. In this report, we further investigate the mechanisms
responsible for the maintenance of autocrine ErbB signaling
in NHKs. Our results demonstrate that AR released by one
or more MPs acts exclusively over ErbB1 to maintain basal
levels of ERK phosphorylation in GF-depleted NHK. Our
findings illuminate a distinctive autocrine behavior of NHKs
that is likely to be of importance in wound healing and
hyperproliferative skin conditions.

MATERIALS AND METHODS

Reagents
Unless indicated otherwise, all chemicals were purchased from Sigma-Al-
drich (St. Louis, MO). Mouse monoclonal antihuman ErbB1 antibodies
(mAbs) were purchased from BD Transduction Laboratories (Lexington, KYl
clone 13) and from Labvision (Freemont, CA; Ab2, Ab-13, and Ab-14). mAbs
to ErbB2 were from Labvision (Ab-17 and Ab-2) and BD Transduction Lab-
oratories (clone 42). Anti-phosphotyrosine mAb 4G10 and horseradish per-
oxidase-conjugated secondary antibodies were from Upstate Biotechnology
(Lake Placid, NY). Rabbit polyclonal anti-ERK and anti-phospho-ERK anti-
bodies, as well as mouse mAb specific for phosphorylated ERK, were from
Cell Signaling Technologies (Beverly, MA). A rabbit polyclonal antibody
directed against the phosphorylated form of Tyr 1148 of ErbB1 (ErbB1 pY
1148) was from Biosource International (Camarillo, CA). Recombinant human
AR (rhAR) and neutralizing antibodies against TGF-�, AR, HB-EGF, epiregu-
lin, and betacellulin were from R&D Systems (Minneapolis, MN). Recombi-
nant human EGF (rhEGF) was from Preprotech (Rocky Hill, NJ). Fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG and protein A-agarose
were from Santa Cruz Biotechnology (Santa Cruz, CA). PD158780, PD153035,
AG825, GM6001, and MMP-2/MMP-9 inhibitor II [(2R)-[(4-biphenylsulfo-
nyl)amino]-N-hydroxy-3-phenylpropionamide] were from Calbiochem (San
Diego, CA). Geldanamycin was a kind gift from Dr. William B. Pratt *Depart-
ment of Pharmacology, University of Michigan Medical School).

Cell Culture and Stimulation of Keratinocytes
NHKs were obtained from sun-protected adult skin by trypsin flotation and
propagated in modified MCDB 153 medium (complete M154; Cascade Bio-
logics, Portland OR, containing EGF, insulin, hydrocortisone, and bovine

pituitary extract) at a calcium concentration of 0.1 mM, as described previ-
ously (Stoll et al., 2001). NHKs were deprived of GFs for 24–48 h by mainte-
nance in M154 containing 0.1 mM calcium but lacking growth supplements
(basal M154 medium). For experiments involving inhibitors, the basal M154
was removed, the cells were washed twice with solution A (22.5 mM HEPES,
7.5 mM glucose, 2.25 mM KCl, 97.5 mM NaCl, 0.74 mM Na2HPO4 � 7 H2O, pH
7.4), and the medium was replaced (“preincubated”) with fresh basal M154
containing various inhibitors or DMSO vehicle. The cells were then returned
to the incubator for 5–240 min. Ligands (or phosphate-buffered saline [PBS] as
a control) were then added directly to the preincubation medium for 5–120
additional minutes; therefore, inhibitors were present throughout the period
of exposure to ligand. After stimulation, lysates were harvested by scraping
into lysis buffer (50 mM Tris, pH 7.5, 5 mM EGTA, 120 mM NaCl, 20 mM
�-glycerophosphate, 1% NP-40, 15 mM sodium pyrophosphate, 10 �g/ml
leupeptin, 10 �g/ml aprotinin, 0.5 mM phenylmethylsulfonyl fluoride, 10
mM sodium orthovanadate, 50 mM sodium fluoride, 20% glycerol) with a
rubber policeman. The lysate was clarified by centrifuging at 12,000 rpm for
15 min, and the supernatant was retained for further analysis. Protein con-
centrations were estimated using the Bio-Rad DC assay kit (Bio-Rad, Her-
cules, CA).

HaCaT cells (Boukamp et al., 1988) were obtained from Dr. Norbert Fusenig
and propagated in DMEM as described previously (Stoll et al., 1998). HaCaT
cells were rendered quiescent by 24 h of incubation in DMEM without serum,
as described previously (Iordanov et al., 2002).

Western Blotting
Five to 20 �g of lysate protein was denatured by heating to 95°C for 5 min in
1� Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol,
50 mM dithiothreitol), separated on 4–20% Tris-glycine gradient polyacryl-
amide gels (Invitrogen, Carlsbad, CA) and electrophoretically transferred
onto polyvinylidene difluoride membranes (Invitrogen) according to the
manufacturer’s directions. Filters were washed with Dulbecco’s PBS contain-
ing 0.1% Tween 20 (PBST), and then incubated in blocking buffer (0.1% Tween
20, 5% nonfat dry milk) with gentle rocking at room temperature for 30–60
min. Primary antibody incubations were performed in blocking buffer. Anti-
ErbB1, anti-ErbB2, and anti-phospho-tyrosine were used at 1 �g/ml, and
anti-ERK, anti-phospho-ERK, and anti-ErbB1 pY 1148 were used at a dilution
of 1:1000. Primary antibody incubations were performed overnight at 4°C
with gentle rocking. Subsequent to this, filters were rinsed three times for 10
min each at room temperature with PBST. After the third rinse, filters were
incubated with the appropriate secondary antibody in blocking buffer for 1 h
at room temperature, and then rinsed thrice for 10 min in PBST. Detection was
performed using enhanced chemiluminescence (Amersham Biosciences, Pis-
cataway, NJ) as directed by the manufacturer.

Immunoprecipitation
Immunoprecipitation was performed essentially as described previously
(Stoll et al., 2001). Briefly, 200 �g of cell lysate in 500 �l of lysis buffer was
incubated with 500 ng of anti-ErbB1 (Ab-13), anti-ErbB2 (Ab-2), or with 500 ng
of the appropriate isotype control antibody overnight at 4°C with rotation.
Immune complexes were captured using protein A-agarose beads according
to the manufacturer’s instructions (Santa Cruz Biotechnology). Bound pro-
teins were eluted by boiling in Laemmli sample buffer, and the supernatant
was analyzed by Western blotting as described above.

Enzyme-linked Immunosorbent Assay (ELISA)
AR was quantitated in unconcentrated NHK supernatants using an ELISA
(R&D Systems) with microtiter plates precoated with goat anti-mouse IgG,
according to the manufacturer’s instructions. rhAR was used as the standard.
Samples with optical density values �2.0 were diluted 1:8. Results of dupli-
cate determinations were averaged; between-determination variation was
�20%.

Immunofluorescence
NHKs were grown to 40% confluence on sterile glass coverslips, and then
were depleted of GFs for 2 d, followed by two washes in solution A and a
20-min preincubation in fresh basal M154 medium. After stimulation, the
coverslips were rinsed twice in solution A, immediately fixed in freshly
prepared 4% paraformaldehyde, and immunostained as described previously
(Stoll et al., 2001). Ab14 (Labvision), a mixture of three mAb specific for the
extracellular domain of ErbB1, was used at 0.4 �g/ml. Equivalent molar
amounts of the isotype control antibodies MOPC 31c (IgG1) and UPC 10
(IgG2a) yielded negative staining (unpublished data). The secondary anti-
body was FITC-conjugated goat anti-mouse IgG. PBS containing 1% bovine
serum albumin was used as the diluent. Slides were visualized using an
Axioskop microscope equipped for fluorescence (Carl Zeiss, Jena, Germany).
Digital images were obtained using a 2.2 megapixel diode array camera
(Optronics, Goleta, CA).
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RESULTS

During analysis of an initial series of experiments involving
GF-depleted NHKs, we encountered substantial variability
in the basal level of ERK phosphorylation. Basal levels of ERK
phosphorylation were detected in 71 of 78 (91%) of experi-
ments performed (Figure 1A). However, the level of ERK phos-
phorylation varied widely. This variability was ultimately
traced to the preincubation time (i.e., the time allowed to elapse

between replacement of the basal M154 medium and subse-
quent treatment with EGF). After either 24 or 48 h of GF
deprivation, preincubation in fresh basal M154 medium led to
a rapid decline in ERK phosphorylation, reaching a minimum
at 30–60 min after medium change and followed at 120 and
240 min by a return to levels near those observed before me-
dium change (Figure 1B). Parallel but less obvious changes
were detected in ErbB1 tyrosine phosphorylation. We also
noted that levels of basal ErbB1 tyrosine phosphorylation and
ERK phosphorylation decreased as the duration of GF depri-
vation increased from 24 to 48 h. These results explained the
previously observed variability in basal ERK phosphorylation,
because we had used preincubation times ranging from 10 to
90 min in the original series of experiments, and the precise
state of confluence at the end of GF deprivation had not be
precisely controlled.

When 1 ng/ml EGF was used for stimulation of NHKs
that had been depleted of GFs for 48 h, we observed a
marked increase in EGF-stimulated ERK phosphorylation.
This increase was reduced to below basal levels in the pres-
ence of 200 nM of the ErbB RTKI PD158780 (Figure 2A),
which is highly selective for ErbB RTKs at this concentration
(Rewcastle et al., 1998). Similar results were observed for
PD153035, another pan-ErbB RTK inhibitor (Kansra et al.,
2002; Stoll et al., 2002; and Kansra, Stoll., and Elder, unpub-
lished data). However, as assessed using an antibody spe-
cific for ErbB1 pY 1148, a known ErbB1 autophosphorylation
site (Margolis et al., 1989), there was little (Figure 2A) or no
(Figure 2B) detectable increase in ErbB1 autophosphoryla-
tion in response to 1 ng/ml EGF. When the concentration of
EGF was increased to 100 ng/ml, strong autophosphoryla-
tion of ErbB1 was observed (Figure 2B). Interestingly, de-
spite these strong differences in ErbB1 autophosphorylation,
the ERK phosphorylation responses to 1 ng/ml versus100
ng/ml EGF were very similar, being only slightly stronger
and more prolonged in response to 100 ng/ml EGF (Figure
2B). To determine the lowest concentration of EGF that
could stimulate ERK phosphorylation, we performed a more
detailed dose-response curve. As shown in Figure 3, EGF
concentrations as low as 0.2 ng/ml increased ERK phos-
phorylation above basal levels. In contrast, ErbB1 tyrosine
phosphorylation was detectably increased only at 10 and 100
ng/ml EGF, as assessed either by antibodies against phos-
photyrosine or ErbB1 pY 1148. From these data, we con-
cluded ErbB RTK activity is required for maintaining basal
levels of autocrine ERK phosphorylation in NHKs and that
substantial ERK activation could be accomplished with min-
imal ErbB tyrosine phosphorylation.

Because neither PD158780 nor PD153035 is selective for
ErbB1, and because NHKs express substantial quantities of
ErbB2 (Stoll et al., 2001), we next wanted to specifically
examine the possible contribution of ErbB2 to signaling from
ErbB to ERK. As shown in Figure 4A, there was no evidence
for tyrosine phosphorylation of ErbB2 under basal or EGF-
stimulated conditions, as determined by immunoprecipita-
tion and Western blotting. Pretreatment with geldanamycin,
which causes proteolytic degradation of ErbB2 (Tikhomirov
and Carpenter, 2000), did not inhibit either basal or EGF-
stimulated 180-kDa tyrosine phosphorylation or phospho-
ERK, despite causing near-complete loss of ErbB2 (Figure
4B), and near-complete inhibition of heregulin-stimulated
tyrosine phosphorylation of ErbB2 in MD-MBA-453 cells
(unpublished data). Finally, the ErbB2-selective tyrosine ki-
nase inhibitor AG825 (Tsai et al., 1996) had no effect on basal
or EGF-stimulated ERK phosphorylation (Figure 4C). To-
gether, these results suggested that ErbB2 is not involved in

Figure 1. Variable levels of basal ERK phosphorylation in GF-
deprived NHKs are correlated with preincubation time. (A) NHKs
were depleted of GFs for 48 h and then preincubated in fresh basal
M154 medium for various times (see text for details). Cells were
then either left untreated or stimulated for 10 min at 37°C with EGF
at 1 or 100 ng/ml. Equal amounts of nonionic detergent lysate (20
�g) were then assayed for phospho-ERK or total ERK by Western
blotting as described in Materials and Methods. When observed, the
basal level of ERK phosphorylation was variable and not always as
intense as in the experiment shown in the right panel. (B) NHKs
were seeded at 5000 cells/cm2 and grown until 40% confluent in
complete M154 medium. Cells were then transferred to basal M154
medium for 24 or 48 h and photographed by phase contrast micros-
copy. Cells were then either lysed or the basal M154 was removed
and replaced with fresh basal M154 medium for an additional 5–240
min before lysis, with the times indicated above the autoradio-
grams. Lysates (20 �g/lane) were subjected to Western blotting, and
replicate blots were decorated with the antibodies indicated to the
right of the autoradiographs. The bottom panels illustrate the con-
fluence of the cultures after 24 or 48 h of GF deprivation. This result
is one of two experiments producing very similar results.
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the regulation of autocrine or EGF-stimulated ERK phos-
phorylation in NHKs.

Given that NHKs express only very low levels of ErbB3
and no detectable ErbB4 (Stoll et al., 2001), the foregoing
results suggested that ErbB1 might be responsible for the
observed basal levels of ERK phosphorylation. To more spe-
cifically demonstrate this, we used the ErbB1-neutralizing
mAb 225 IgG (Gill et al., 1984). When NHKs were incubated
with 225 IgG, basal ERK phosphorylation was abolished. This
antibody also completely blocked ERK phosphorylation stim-
ulated by 1 ng/ml EGF. However, it yielded progressively less
inhibition as the EGF concentration was increased to 10 and
100 ng/ml (Figure 5). Noting that the 225 IgG antibody was
present at only twofold molar excess �100 ng/ml EGF, it is
likely that 225 IgG was unable to effectively compete with EGF
for access to ErbB1 at high EGF concentrations. This resulted in

ineffective inhibition of ERK phosphorylation, because we have
shown that minor increases in ErbB1 tyrosine phosphorylation
provoke large increases in ERK phosphorylation in this system
(Figures 2, 3, and 5).

We next characterized the subcellular localization of ErB1
in response to autocrine stimulation as well as various con-
centrations of EGF by immunofluorescent staining of NHKs
with a specific anti-ErbB1 antibody. As shown in Figure 6,
under basal conditions (48 h of GF deprivation followed by
20-min preincubation in fresh medium), most of the ErbB1 is
found in a “chicken-wire” pattern indicative of plasma
membrane localization. When preincubation in fresh me-
dium was omitted to observe the possible effect of autocrine
ligands accumulating over the 48-h period of GF depriva-
tion, substantial membrane localization of ErbB1 was still
observed (unpublished data). Recalling that substantial ERK
phosphorylation is observed under basal conditions (Figure
1B), these results indicate that ErbB1 is signaling to ERK
largely at the plasma membrane in response to autocrine
ErbB1 ligands. On stimulation with 0.1 ng/ml EGF, ErbB1
was still detected primarily in a plasma membrane pattern,
but the apposing membranes of adjacent cells became sep-
arated from each other. The mechanism underlying this
phenomenon remains to be elucidated. At 1 ng/ml EGF, the
staining pattern once again resembled that observed under
basal conditions. However, upon stimulation with larger
amounts of EGF (10 and 100 ng/ml) membrane staining was
lost, and staining became more punctate and located closer
to the nucleus, indicative of receptor internalization. We also
observed some ErbB1 staining in small, ill-defined patches
(Figure 6A, arrowheads). Whereas the precise nature and
subcellular localization of these patches remain to be de-
fined, they could represent lipid rafts (Miljan and Bremer,
2002).

Because many receptor ligands, including ErbB ligands,
are released from transmembrane precursors by MPs
(Gschwind et al., 2001), we asked whether basal levels of
ERK phosphorylation in NHKs could be reduced by the
broad-spectrum MP inhibitors GM6001 (Holleran et al.,

Figure 2. Kinetics of ERK phosphorylation and ErbB1 tyrosine
phosphorylation in the presence or absence of ErbB RTK inhibitors.
(A) NHKs were deprived of GFs for 48 h, preincubated with 200 nM
PD158780 or DMSO vehicle in fresh basal M154 medium for 90 min
at 37°C, and then treated with 1 ng/ml EGF or PBS vehicle for
various times, as indicated above the autoradiograms. Equal
amounts of cell lysate (20 �g) were subjected to Western blotting,
and replicate blots were decorated with the antibodies indicated to
the right of the autoradiograms. (B) NHKs were GF-deprived for
48 h, preincubated in fresh basal M154 for 30 min, and then treated
with 1 or 100 ng/ml EGF for various times before nonionic deter-
gent lysis. After SDS-PAGE (20 �g lysate/lane) and Western blot-
ting, replicate blots were decorated with various antibodies as in-
dicated to the right of the autoradiograms. The result shown is from
a single experiment and is representative of two independent ex-
periments yielding similar results.

Figure 3. ERK phosphorylation and ErbB tyrosine phosphoryla-
tion in response to low concentrations of EGF. NHKs were GF�

deprived in basal M154 for 48 h, preincubated for 15 min in fresh
basal M154, and then treated with varying concentrations of EGF or
PBS control (lane 0) as indicated above the autoradiograms. After
lysate preparation and Western blotting, replicate filters were dec-
orated with the antibodies indicated to the right of the autoradio-
grams. Arrow indicates electrophoretic mobility of ErbB1.
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1997) and MMP-2/MMP-9 inhibitor II (Pikul et al., 1998;
Tamura et al., 1998). As shown in Figure 7, A and B, basal
ERK phosphorylation was markedly reduced by both com-
pounds, and inhibition could be overcome by 1 ng/ml EGF.
To demonstrate that release of membrane-bound GF is re-
sponsible for the basal activation state of ErbB1, we investi-
gated the tyrosine phosphorylation status of ErbB1 by im-
munoprecipitation and Western blotting. As shown in
Figure 7C, autocrine ErbB1 tyrosine phosphorylation was
markedly reduced by GM6001 treatment, and inhibition
could be overcome by 1 ng/ml EGF. To determine whether
the observed effects of GM6001 were due to inhibition of
MP-mediated release of soluble factors, we collected NHK-
conditioned medium (NHK-CM) for 24 h in the presence or
absence of GM6001, then used these CM to treat quiescent

HaCaT cells followed by assessment of ERK phosphoryla-
tion (Figure 7D). HaCaT cells were used because they are
keratinocyte-derived, but unlike NHKs, they have a low
basal level of ERK phosphorylation at quiescence (Iordanov
et al., 2002). As shown in Figure 7D, GM6001 treatment
during the medium conditioning period markedly de-
creased the ability of NHK-CM to stimulate ERK phosphor-
ylation in the HaCaT indicator cells. This decrease was not
reproduced by addition of GM6001 to NHK-CM before ad-
dition to the HaCaT indicator cells, indicating that GM6001
is not acting directly on ErbB1 or between ErbB1 and ERK.
Finally, ERK phosphorylation in response to NHK-CM was
completely blocked by the ErbB RTK inhibitor PD158780.
Together, these observations demonstrate that GM6001
causes a reduction in soluble ErbB ligand production by
NHKs, resulting in lower levels of ErbB1 signaling to ERK.

In an effort to define the GF(s) that might be involved in
this pattern of autocrine stimulation, we treated GF-de-
prived NHKs with a panel of neutralizing mAbs directed
against various EGF-like growth factors. As shown in Figure
8A, a neutralizing mAb directed against AR abrogated basal
ERK phosphorylation and reduced basal tyrosine phosphor-
ylation of ErbB1, whereas a neutralizing antibody directed
against HB-EGF was ineffective against both responses. An-
tibodies directed against TGF-�, betacellulin, and epiregulin
also were ineffective (unpublished data). Using an ELISA

Figure 4. Basal and EGF-stimulated ERK phosphorylation in
NHKs is not dependent upon ErbB2. (A) GF-deprived NHKs were
preincubated in fresh basal M154 for 20 min and then stimulated
with 100 ng/ml EGF or PBS vehicle control for an additional 10 min
at 37°C. Cell lysates were prepared and immunoprecipitated with
ErbB2-specific antibody or isotype control antibody as described in
Materials and Methods, followed by Western blotting and decoration
with the antibodies indicated to the right of the autoradiograms.
EGF (20 �g)-stimulated whole cell lysate (WCL) was run in parallel
as a positive control. The result shown is representative of three
independent experiments yielding similar results, one of which has
been published previously by us (Stoll et al., 2002). (B) GF-deprived
NHKs were pretreated for 4 h at 37°C with 3 �M geldanamycin or
DMSO vehicle and then stimulated with EGF (100 ng/ml, 10 min at
37°C). Western blots were decorated using the antibodies indicated
to the left of the panels. Results shown are from a single experiment
and are representative of three independent experiments yielding
similar results. (C) GF-deprived NHKs were either pretreated with
AG825 (25 �M, 1 h at 37°C) or left untreated and then stimulated
with EGF (100 ng/ml, 10 min at 37°C) or left untreated. Western
blots of nonionic detergent lysates were decorated with mAb spe-
cific for phosphorylated ERK (top) or total ERK (bottom). Results
shown are from a single experiment and are representative of three
independent experiments yielding similar results.

Figure 5. Basal EGF-stimulated ERK phosphorylation in NHK is
dependent upon ErbB1. Growth factor-deprived NHKs were pre-
treated for 90 min at 37°C in fresh basal M154 with either the ErbB1
blocking antibody 225 IgG (5 �g/ml), or PBS (control), and then
stimulated with 100, 10, or 1 ng/ml EGF for 10 min at 37°C. After
lysate preparation and Western blotting, replicate blots were deco-
rated with the antibodies indicated to the right of the autoradio-
grams. The arrowhead indicates the mobility of ErbB1 (170–180
kDa). The result shown is from a single experiment, and is repre-
sentative of three independent experiments yielding similar results.
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specific for AR, we measured AR levels in CM harvested
from three independent experiments, one of which also is
depicted in Figure 1B. As shown in Figure 8B, AR reap-
peared in the CM with a time course consistent with the
reappearance of ERK phosphorylation (Figure 1B), becom-
ing detectable over background levels at 120 min and reach-
ing �1 ng/ml by 240 min. AR continued to accumulate over
a 24-h period, reaching a level of �5 ng/ml (Figure 8C).
Elaboration of AR into the CM was markedly and signifi-
cantly reduced by either GM6001 or MMP-2/MMP-9 inhib-
itor II, demonstrating a dependence upon MP activity (Fig-
ure 8C).

To determine whether EGF and AR exert similar effects on
NHK signal transduction, we treated NHK with equimolar
concentrations of rhEGF or rhAR, in the presence or absence
of 225IgG. As shown in Figure 9, both rhEGF rhAR stimu-
lated ErbB1 autophosphorylation and ERK phosphorylation.
rhEGF was more potent and effective than rhAR in eliciting
these responses (see Discussion). The effects of AR were
completely blocked by 5 �g/ml 225 IgG, indicating that its
effects were elicited by binding to and activation of ErbB1.

DISCUSSION

High levels of ErbB-dependent autocrine ERK activation
have been observed previously in NHKs, but the mechanism
of activation has not been fully elucidated (Cai et al., 2002;
Iordanov et al., 2002; Kansra et al., 2002; Stoll et al., 2002). We
became interested in this phenomenon while trying to un-
derstand the variable levels of ERK phosphorylation we
observed under basal conditions (Figure 1A). Additional

experiments revealed a biphasic change in levels of ERK
phosphorylation and ErbB1 tyrosine phosphorylation as a
function of preincubation time, with a rapid and marked
decline �10–15 min of preincubation followed by recovery
to near-original levels at 120–240 min (Figure 1B). These
experiments also revealed a decrease in ERK phosphoryla-
tion at 48 h of GF deprivation compared with 24 h, which
may be attributable to the approach of confluence (Figure
1B, bottom).

Subsequent experiments demonstrated that this “basal”
level of ERK phosphorylation was due to MP-mediated
release of one or more soluble ErbB ligands (Figure 7). To
determine which ErbB ligand(s) might be responsible for
this behavior, we treated GF-depleted NHKs with neutral-
izing antibodies against various ErbB ligands. Basal levels of
ERK phosphorylation could be blocked by pretreatment
with neutralizing antibodies against AR, but not against
HB-EGF (Figure 8A). Antibodies against TGF-�, betacellulin,
and epiregulin also were ineffective (unpublished data).
Moreover, the time course of accumulation of soluble AR in
NHK-CM (Figure 8B) correlated with the reappearance of
ERK phosphorylation after medium change (Figure 1B). To-
gether, these results demonstrated that the predominant
ErbB ligand responsible for autocrine ERK activation in
NHK is AR.

Both the autocrine ERK activation response (Figure 7) and
AR elaboration into the culture medium (Figure 8C) could
be blocked by either GM6001 or MMP-2/MMP-9 inhibitor II,
demonstrating that AR release is dependent upon MP activ-
ity. Other than this, the nature of the proteolytic activity
responsible for cleavage of AR in NHKs is currently un-

Figure 6. Localization of ErbB1 receptors in response to different concentrations of EGF. NHKs were deprived of GFs for 48 h and then
incubated for 20 min in fresh basal M154 medium. At that point, they were either left untreated or stimulated with 0.1, 1, 10, and 100 ng/ml
EGF for 10 min at 37°C, as indicated on each panel. ErbB1 receptor localization was then assessed by immunofluorescence by using a mixture
of three mAbs recognizing the extracellular domain of ErbB1. Insets show 2� magnifications of the segment of each image enclosed in the
smaller white box. Arrowheads indicate the patchy ErbB1 staining referred to in the text. The results shown are from a single experiment,
and are representative of three independent experiments yielding similar results.
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known. Ullrich and colleagues have identified an AR-driven
ErbB1 activation circuit in oral squamous cell carcinoma
cells, in which ADAM17 (a disintegrin and a metalloprotein-
ase-17), also known as TACE, was identified as a major
source of pro-AR proteolytic activity (Gschwind et al., 2003).
Also, ADAM-10 has been implicated as a major source of
pro-HB-EGF proteolytic activity in cardiac hypertrophy
(Lemjabbar and Basbaum, 2002).

Our laboratory is currently investigating the nature of the
MP(s) responsible for regulating AR release in NHKs. Our
studies are being guided by available knowledge of MP
expression in NHKs and skin. The MPs can be subdivided
into the matrix metalloproteinases (MMPs) and the ADAMs.
Although many MMPs are released into the extracellular
space, they are still candidates for AR cleavage because
certain MMPs (including tolloid, tolloid-like-1, MMP-2, and
MMP-9) are known to bind to the surface of keratinocytes
(Sternlicht and Werb, 2001; Franzke et al., 2002; Rattenholl et
al., 2002; Veitch et al., 2003), and MT1-MMP (MMP-14) is
membrane anchored. In resting adult skin, most MMPs are
not constitutively expressed in keratinocytes, with the ex-
ception of MMP-7 (matrilysin) in eccrine sweat gland epi-
thelium, MMP-2 (gelatinase A) in occasional basal keratin-
ocytes, MMP-19, tolloid, and tolloid-like 1. However, several
MMPs are induced or up-regulated in keratinocytes in the
context of inflammation, embryogenesis, and tissue repair/
remodeling, including MMP-1, MMP-2, MMP-3, MMP-9,
MMP-10, and MMP-19 (Kahari and Saarialho-Kere, 1997;
Rattenholl et al., 2002; Impola et al., 2003; Kerkela and Saari-
alho-Kere, 2003; Sadowski et al., 2003; Veitch et al., 2003).
Unstimulated NHKs in culture produce modest amounts of
MMP-1, MMP-2, and MMP-9, but little MMP-10 or MMP19
(Varani et al., 1995a; Kahari and Saarialho-Kere, 1997; Impola
et al., 2003; Kerkela and Saarialho-Kere, 2003; Sadowski et al.,
2003). In contrast, NHKs produce substantial amounts of

tolloid and tolloid-like 1 MPs (Rattenholl et al., 2002; Veitch
et al., 2003). Compared with the MMPs, fewer studies have
addressed the expression of the various ADAMs in NHKs.
However, ADAM-9, ADAM-10, and ADAM-17 have been
detected in NHKs and skin by immunocytochemical tech-
niques, as well as by reverse transcription-polymerase chain
reaction (Franzke et al., 2002; Kawaguchi et al., 2004). We
have been able to detect low levels of ADAM-10 and
ADAM-17 in NHK by Western blotting (unpublished data).

We also were interested in identifying the membrane
receptor(s) through which the autocrine AR signal is passed
to ERK. We have previously shown that NHKs express large
amounts of ErbB1 and ErbB2, but very little ErbB3 and no
detectable ErbB4 (Stoll et al., 2001). Because the kinase activ-
ity of ErbB3 is severely impaired (Guy et al., 1994), the most
likely carriers of the ErbB signal are ErbB1 and ErbB2. Basal
ERK phosphorylation was greatly reduced by pretreatment
with two different ErbB-specific RTKIs: PD158780 (Figure
2A) and PD153035 (Kansra et al., 2002; Stoll et al., 2002)
(unpublished data), demonstrating the dependence of basal
ERK phosphorylation upon ErbB activation. However, nei-
ther of these agents are specific for ErbB1 (Rewcastle et al.,
1998; Stoll et al., 2001). AR and EGF are known to activate
ErbB1-ErbB2 heterodimers even more effectively than they
activate ErbB1 homodimers (Klapper et al., 2000; Olayioye et
al., 2000). However, tyrosine phosphorylation of ErbB2 was
undetectable under basal or EGF-stimulated conditions (Fig-
ure 4A). This result is strongly suggestive of a lack of ErbB1-
ErbB2 heterodimer formation and is consistent with our
previous observation that ErbB1 and ErbB2 are segregated
to different subcellular compartments in NHKs, with ErbB1
on the cell surface and ErbB2 on intracellular vesicles (Stoll
et al., 2001). To explore the possible involvement of ErbB2 as
homodimers or in conjunction with ErbB3, we treated NHKs
with geldanamycin or AG825. Geldanamycin selectively in-

Figure 7. Basal ERK activity in NHKs is dependent upon
proteolytic release of ErbB ligands. (A and B) GF-deprived
NHKs were preincubated in fresh basal M154 for 90 min at
37°C in fresh basal M154 medium containing DMSO con-
trol (indicated by minus signs above the autoradiographs),
40 �M GM6001 (A), or 50 �M MMP-2/MMP-9 inhibitor II
(B) and then stimulated with 1 ng/ml EGF for 10 min at
37°C, or left untreated. After lysate preparation and West-
ern blotting (20 �g protein/lane), replicate blots were
decorated with the antibodies indicated to the right of the
autoradiographs. The results shown are from a single
experiment and are representative of at least four inde-
pendent experiments for A and two independent experi-
ments for B. (C) GF-deprived NHKs were preincubated in
fresh basal M154 containing 40 �M GM6001 or DMSO
control for 90 min at 37°C, followed by stimulation with 1
ng/ml EGF or PBS control for 10 min. Conditions are
indicated above the autoradiographs. Cell lysate (150 �g)
was subjected to immunoprecipitation for ErbB1 as de-
scribed in Materials and Methods. An isotype control was
negative (unpublished data). Eluted proteins were de-
tected by Western blotting with the primary antibodies indicated to the right of the autoradiographs. The results shown are representative
of two independent experiments yielding similar results. (D) GF-deprived NHKs were grown to 40% confluence in complete M154 medium
and then preincubated for 24 h in basal M154 containing 0.1% DMSO (NHK-CM) or 40 �M GM6001 [NHK(GM)-CM]. The CM was then
collected and 4 ml was applied without concentration for 10 min to 60-mm dishes of HaCaT cells grown to 40% confluence, then maintained
in serum-free DMEM for 24 h to induce quiescence (Iordanov et al., 2002). Controls included untreated quiescent HaCaT cells (no Tx),
treatment with 100 ng/ml for 10 min (EGF), NHK-CM to which 40 �M GM6001 was added just before addition to HaCaT cells
(NHK-CM/GM), and preincubation of HaCaT cells with 1 �M PD158780 for 1 h before addition of CM (denoted by the plus sign above the
autoradiogram). Application of fresh basal M154 medium, rather than conditioned medium, to the HaCaT cells produced no increase in ERK
phosphorylation (unpublished data). Note the reduction in ERK phosphorylation when GM6001 is added to NHKs during the 24-h
medium-conditioning period, but not when it is added to the NHK-CM just before exposure to HaCaT cells. Lanes 1–4 are from one
experiment and lanes 5–7 are from another. The no treatment controls from the first and second experiments both revealed similarly low
levels of ERK phosphorylation. Only the no treatment control from the first experiment is shown in the figure.
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creases the degradation of ErbB2 by caspase-dependent
cleavage at ErbB2-specific residues within the kinase do-
main (Tikhomirov and Carpenter, 2001, 2003). AG825 is an
RTKI that is selective for ErbB2 in vitro (Osherov et al., 1993).
As shown in Figure 4, B and C, neither agent reduced basal
or EGF-stimulated ERK phosphorylation. Although it re-
mains possible that some residual ErbB2 RTK activity re-
mained under our experimental conditions, when taken to-
gether the results shown in Figure 4 strongly suggest that
neither ErbB2 homodimers nor ErbB2-ErbB3 heterodimers
plays a significant role in maintaining basal ERK phosphor-
ylation in NHKs. Corroborating the above-mentioned re-
sults, Figures 5 and 9 demonstrate that basal ERK phosphor-
ylation was markedly diminished in the presence of the
ErbB1-specific neutralizing antibody 225 IgG (Gill et al.,
1984).

Having identified ErbB1 as the sole player in the AR-
driven autocrine circuit driving ERK activation in NHKs, we
also were interested in defining its subcellular distribution
under conditions of autocrine stimulation. Immunofluores-
cence experiments revealed that the bulk of ErbB1 was lo-
cated at the plasma membrane under conditions of GF de-
privation and in the presence of low levels (�1 ng/ml) of
EGF (Figure 6). Receptor internalization was markedly in-

creased at 10 and 100 ng/ml EGF, in concert with increased
ErbB1 tyrosine phosphorylation (Figures 2, 3, 5, and 9).

ErbB1 tyrosine phosphorylation is known to create dock-
ing sites for c-Cbl, which is directly involved in internaliza-
tion and ubiquitin-dependent lysosomal degradation of
ErbB1 (Levkowitz et al., 1999; Thien and Langdon, 2001;
Soubeyran et al., 2002). The very limited phosphorylation
and internalization of ErbB1 at EGF concentrations �1
ng/ml suggest that c-Cbl is not engaged with ErbB1 after
treatment with low concentrations of EGF, due to insuffi-
cient tyrosine phosphorylation of ErbB1. We would specu-
late that one or more tyrosine phosphatases may rapidly
dephosphorylate ErbB1 after it is stimulated with autocrine
AR or with low concentrations of EGF, but not before ErbB1
has established a signaling connection with ERK. This could
explain the substantial signaling from ErbB1 to ERK that
takes place in the relative absence of detectable ErbB1 ty-
rosine phosphorylation or internalization.

We found that the concentration of AR in NHK-CM is �5
ng/ml after 24 h of GF deprivation (Figure 8C), which
translates into �2.5 ng/ml EGF. Assuming approximately
equal biological potency of native AR and recombinant EGF
(Cook et al., 1991a), this concentration of AR would be
consistent with the limited internalization of ErbB1 that we

Figure 8. Autocrine ERK phosphorylation in NHKs is dependent upon AR. (A) Neutralization experiments. GF-depleted NHKs were
preincubated in fresh M154 medium for 120 min at 37°C with neutralizing antibodies against AR (5 �g/ml) or HB-EGF (5 �g/ml), or with
PD158780 (1 �M) or GM6001 (40 �M). After lysate preparation and Western blotting (20 �g protein/lane), replicate blots were decorated with
the antibodies indicated to the right of the autoradiograms. The result shown is from a single experiment and is representative of six
experiments. The arrowhead indicates the mobility of ErbB1 (170–180 kDa). (B) Time course of AR accumulation. After GF deprivation in
basal M154 for 24 h (closed diamonds) or 48 h (open squares), the medium was changed to fresh basal M154 and CM was collected and
assayed for AR by ELISA. Data points represent the average of the two experiments, each of which was performed in duplicate. Note that
accumulation of AR in the CM parallels the reappearance of ERK phosphorylation shown in Figure 1B. (C) MP inhibitors block production
of soluble AR. NHKs (�50% confluent) were deprived of growth factors in for 24 h in basal M154 medium, and aliquots of CM were collected.
The medium was then changed to fresh basal M154 containing 40 �M GM6001, 50 �M MMP-2/9 inhibitor II, or 1:1000 (vol/vol) DMSO
control. After time intervals varying from 2–24 h, aliquots of unconcentrated CM were assayed by ELISA as described in Materials and
Methods. Error bars indicate SEM, n � 3–5, for all conditions except MMP-2/9 inhibitor II at 8 h, for which n � 2. p values were determined
using a one-sided t test with unequal variances, with the null hypothesis being no reduction in AR by inhibitor at each time point. The
nominal p value for the effect of this inhibitor versus DMSO control at this time point was 0.0056, all other nominal p values were �0.005.
All p values remained significant at the p � 0.05 level after Bonferroni correction for eight tests.
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observed under autocrine conditions (Figure 6), and with
the pronounced autocrine phosphorylation of ERK demon-
strated in Figure 1B. Curiously, however, the amount of AR
produced by NHKs (�1 ng/ml after 4 h and �5 ng/ml after
24 h; Figure 8) was less than the amount of purified rhAR
needed to stimulate these responses when added to NHKs
(1.7 nM �18.7 ng/ml; Figure 9). According to data provided
by the manufacturers, the rhAR preparation we used (which
is synthesized in Escherichia coli) is substantially less potent
than rhEGF. Thus, the ED50 for stimulation of proliferation
in Balb/3T3 cells was 5–15 ng/ml for rhAR, compared with
�0.1 ng/ml for EGF. In contrast, Cook et al. (1991a) have
shown that native AR purified from NHKs is as potent or
even more potent as a mitogen than EGF, when tested on
mouse keratinocytes. We show in Figure 8B that the amount
of AR that accumulates in NHK-CM after 2 h of GF depri-
vation (�0.4 ng/ml) is adequate to stimulate ERK phosphor-
ylation (Figure 1B) to an extent similar to 0.5 ng/ml rhEGF
(Figure 3). Thus, in our hands, NHK-derived AR seems to be
comparable with rhEGF in potency. AR is naturally secreted
as a prepropeptide of 252 amino acids, and �100 of the
N-terminal-most residues are not present in rhAR. More-
over, natural AR is subjected to extensive posttranslational
glycosylation (Piepkorn et al., 1998) that is not possible in E.
coli. Based on these findings, we suspect that native AR
produced by NHKs is substantially more potent than rhAR,
due to the presence of additional N-terminal amino acids
and/or appropriate posttranslational modifications.

In aggregate, our findings indicate that AR is the major
ligand responsible for autocrine ERK activation in NHKs
and are consistent with previous reports that AR is a major
autocrine mitogen in this system (Cook et al., 1991a; Piep-
korn et al., 1994). Our results also demonstrate that one or
more MPs are responsible for generation of soluble AR in

NHKs. We believe that this autocrine, AR-driven ERK acti-
vation circuit is likely to be involved in the control of human
keratinocyte proliferation in vivo, as suggested by the hy-
perplastic phenotype of mice engineered to overexpress AR
in basal layer of the skin (Cook et al., 1997). Indeed, our
findings could help explain a long-puzzling feature of pso-
riasis: it has not been possible to demonstrate increased
levels of ErbB1 tyrosine phosphorylation in lesional psoriatic
skin (Krane et al., 1992) despite reports of robust Ras activa-
tion (Lin et al., 1999) and ERK phosphorylation (Haase et al.,
2001). Our findings also may have important implications
for ErbB-directed cancer therapy, because it may be impor-
tant to completely block ErbB autophosphorylation to shut
off signaling via the ERK pathway. Clearly, an improved
understanding of the expression of autocrine ErbB ligands
and the context-dependent proteolytic milieu responsible for
release of AR and other ErbB ligands in skin will be of major
importance to cutaneous biologists in the coming years.
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