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Normal epithelial cells undergo apoptosis when they are denied contact with the extracellular
matrix, in a process termed “anoikis.” Conversely, malignant epithelial cells typically acquire
anchorage independence, i.e., the capacity to survive and grow in the absence of matrix interac-
tion. Here we asked the question whether anoikis is affected by signaling through the EGF
receptor (EGFR). We focused on the EGFR because EGFR signaling is frequently deregulated in
malignant epithelial cells. We demonstrate that EGFR activation markedly alleviated the require-
ment of matrix engagement for survival of primary and immortalized human keratinocytes in
suspension culture. Protection of epithelial cells through EGFR activation against anoikis was
associated with and required sustained MAPK phosphorylation during the early phase of sus-
pension culture. Interestingly, high levels of MAPK phosphorylation were not only required for
EGFR-mediated protection against anoikis but also occurred as a consequence of caspase activa-
tion at later stages of suspension culture. These results demonstrate that EGFR activation con-
tributes to anchorage-independent epithelial cell survival and identify MAPK activation as an
important mechanism in this process.

INTRODUCTION

Normal epithelial cells require contact with extracellular
matrix components to survive. In the absence of matrix
attachment, these cells die exhibiting molecular characteris-
tics of programmed cell death or apoptosis (Meredith et al.,
1993; Frisch and Francis, 1994). This form of cell death has
been termed anoikis (Frisch and Francis, 1994) and is likely
to preclude dissemination of normal epithelial cells to inap-
propriate sites. Malignant transformation by oncogenic
forms of Ras and Src confers resistance of cultured epithelial
cells to anoikis (Frisch and Francis, 1994; Rosen et al., 2000).
Activation of proto-oncogenic forms of Ras and Src in epi-
thelial cells occurs not only during integrin engagement but
also in response to soluble growth factors, including ligands
for the EGF receptor (EGFR) (Luttrell et al., 1994; Walker et
al., 1998). Our previous work has implicated the EGFR in
protecting normal human keratinocytes against apoptosis of
adherent cells in vitro (Rodeck et al., 1997a,b; Jost et al., 1999).
Together, these findings led us to investigate whether sig-
naling from the EGFR may also affect survival of human
keratinocytes in the absence of matrix engagement. This is
an important question because effective growth factor recep-

tor signaling has been shown in fibroblasts to be contingent
on adhesion receptor signaling (Lin et al., 1997; Renshaw et
al., 1997; Bottazzi et al., 1999; Roovers et al., 1999). Thus, it
may be argued that EGFR activation is not likely to affect
survival of cells in forced suspension culture.

By contrast, we demonstrate here that activation of the
EGFR by endogenous and exogenous ligands substantially
delayed death of normal human keratinocytes held in forced
suspension. We describe that EGFR-dependent protection of
keratinocytes against anoikis required sustained MAP ki-
nase/ERK kinase (MEK) activity during the early stages of
suspension culture. Remarkably, the apoptotic process itself
was accompanied by high levels of MAPK phosphorylation
that required caspase activity.

MATERIALS AND METHODS

Chemicals and Reagents
MAb 425 is an EGFR antagonistic mAb that binds exclusively to a
protein epitope on the extracellular domain of the EGFR (Murthy et
al., 1987). It has no known agonist activity on the EGFR but inhibits
EGFR autophosphorylation (Murthy et al., 1987), Ca21 mobilization
(Murthy et al., 1990), and EGFR-dependent generation of inositol-
(1,4,5)-triphosphate (Murthy et al., 1990). PD98059, LY294002, tyr-
phostins AG1295 and AG1478, and Ac-DEVD-CHO were purchased
from Calbiochem (San Diego, CA). Antibodies to MAPK, phospho-
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MAPK, cleaved PARP (p85), and Elk-1 and Gsk-b phosphorylation
kits were obtained from New England Biolabs (Beverly, MA). An-
tibodies to a-tubulin and hemagglutinin were from Oncogene (Bos-
ton, MA) and Covance (Richmond, CA), respectively. Purified
mouse EGF was from Collaborative Research (Bedford, MA).

Cells
Human neonatal foreskin keratinocyte cultures were initiated and
propagated in MCDB153 complete medium as described (McNeill
and Jensen, 1990). The culture medium designated in the following
as MCDB base medium consisted of MCDB153 (Sigma, St. Louis,
MO) containing 30 mM Ca21 and supplemented with amino acids,
ethanolamine, phosphorylethanolamine, and hydrocortisone (all
from Sigma). HaCaT cells are immortalized but nontumorigenic
human keratinocytes (Boukamp et al., 1988) and were kindly pro-
vided by Dr. N. Fusenig (German Cancer Research Center, Heidel-
berg, Germany). These cells were maintained in W489 medium
(Rodeck et al., 1987) consisting of four parts MCDB153 and one part
L15 media supplemented with 2% fetal calf serum. Using a tetracy-
cline regulatable episomally maintained expression system (Jost et
al., 1997), we generated HaCaT cells that conditionally overex-
pressed Bcl-xL (Jost et al., 1999) or the dominant negative MEK
construct MKK1–8E (Holmstrom et al., 1999; Jost et al., 2001) or a
dominant negative Akt construct (Dudek et al., 1997). Mock-trans-
fected HaCaT keratinocytes expressed an empty pCEPTetP vector
(Jost et al., 1997).

Suspension Culture
Suspension cultures were initiated by seeding keratinocytes onto
0.9% agarose gels prepared using MCDB base medium supple-
mented with 0.2% (vol/vol) BSA–FAF (fatty-acid-free) and free of
protein growth factors unless stated otherwise. After various time
periods, cell aliquots were removed and processed for viability/
apoptosis assays or protein extraction for Western blot analyses. In
these assays, EGF was used at 2 nM (10 ng/ml), EGFR antagonistic
mAb 425 was used at 66 nM (10 mg/ml), and AG1478 was used at
10 mM unless stated otherwise.

Viability and Apoptosis Assays
To determine cell death in suspension culture, aliquots of cells
retrieved from suspension cultures were subjected to flow cytomet-
ric analysis of terminal deoxynucleotidyl transferase-mediated bio-
tinylated dUTP nick end labeling (TUNEL)-positive cells. Briefly,
cells were fixed in 70% ethanol at 4°C. Before staining with either
biotin-16-dUTP or FITC-12-dUTP (both from Roche Molecular Bio-
chemicals, Indianapolis, IN), cells were washed in PBS containing
1% BSA. Staining was performed using TdT enzyme and buffers
from Roche Molecular Biochemicals for 1 h at 37°C. When biotin-
16-dUTP was used, cells were incubated with FITC-avidin (2.5
mg/ml; Vector Laboratories, Burlingame, CA) in 43 SCC and
washed once with PBS containing 1% BSA and 0.1% Triton X-100.
Cells were analyzed immediately by flow cytometry using a FAC-
Scan cytometer (Becton Dickinson, Fullerton, CA).

To assess loss of cell viability and metabolic competence, the
proportion of nonviable cells was determined by trypan blue exclu-
sion assay. To assess the proportion of cells that not only survived
but regained proliferative competence, aliquots of cells retrieved
from suspension cultures after various time periods were reseeded
at low cell densities on tissue culture-treated plastic in either fully
supplemented MCDB153 medium (primary keratinocytes) or W489
medium containing 2% FCS (HaCaT keratinocytes). The clonogenic
and proliferative potential of cells that reattached after forced sus-
pension culture was determined 3–5 d after reseeding by staining
with crystal violet and counting of colonies.

Immunoblot Analysis
For immunoblotting, cells were washed once in ice-cold PBS and
lysed in nonreducing Laemmli buffer followed by boiling for 5 min.
Equal amounts of protein were separated by SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes (Millipore, Bedford,
MA). Membranes were blocked (5% dry milk [WaWa, Inc., WaWa,
PA], 0.05% Tween 20 [Sigma Aldrich, St. Louis, MO] in TBS) and
incubated with primary antibodies in TBS containing 5% BSA, 0.5%
Tween followed by incubation with horseradish peroxidase-labeled
secondary antibodies. After washing blots in 0.5% Tween in TBS,
signals were visualized by chemiluminescence using reagents from
Pierce Chemical Co. (Rockford, IL) according to the manufacturer’s
instructions. In some cases blots were washed, inactivated with SG
substrate (Vector Laboratories), and reused.

Kinase Assays
Akt and MAPK kinase activities were assessed by determining the
phosphorylation state of their respective substrates, GSK-3ab and
Elk-1, using nonradioactive assay kits (New England Biolabs).
Briefly, attached cells were treated for 48 h and lysed. Equal
amounts of protein were immunoprecipitated with immobilized
antibodies that bind to either MAPK or Akt. The immobilized
precipitated kinases were then used in kinase assays using Elk-1 (for
MAPK) and Gsk-3ab (for Akt) as substrates followed by immuno-
blot analysis using phosphospecific antibodies.

RESULTS

EGFR Activation by Endogenous Ligands and
Exogenous EGF Delays Apoptosis of Human
Keratinocytes in Forced Suspension Culture
Cultured keratinocytes coexpress the EGFR and several of
its ligands, thus establishing EGFR-dependent autocrine
loops in this cell type (Coffey et al., 1987; Vardy et al., 1995;
Piepkorn et al., 1998). To assess whether EGFR activation
by endogenous ligands could protect keratinocytes
against anoikis, we determined the effects of an EGFR-
antagonistic mAb (mAb 425) (Rodeck et al., 1997a,b) on
survival of normal human keratinocytes (FK) and immor-
talized keratinocytes (HaCaT) in suspension culture.
EGFR blockade with mAb 425 used at saturating concen-
trations (66 nM; 10 mg/ml) was associated with apoptotic
changes as exemplified by the appearance of TUNEL-
positive cells in both cell types (Figure 1A) within 24 h; a
similar and more drastic effect was seen when a pharma-
cological inhibitor of the EGFR tyrosine kinase moiety
(AG1478; 10 mM; 30 mg/ml) was used. By contrast, EGF-
treated samples showed little evidence of apoptotic DNA
damage. Similar results were obtained using either nor-
mal neonatal keratinocytes or immortalized HaCaT cells.
Anoikis was markedly alleviated in HaCaT cells overex-
pressing Bcl-xL. This result is consistent with an earlier
study demonstrating protection of HaCaT keratinocytes
against anoikis by Bcl-2 (Frisch and Francis, 1994). In
contrast to suspension cultures, treatment of either nor-
mal or immortalized keratinocytes maintained on tissue
culture-treated plastic with mAb 425 for 24 h did not
induce spontaneous apoptosis (Rodeck et al., 1997b). In-
hibition of the EGFR by either mAb 425 or AG1478 also
decreased the fraction of viable cells that could be rescued
and regained clonogenic/proliferative potential after 24-h
suspension cultures (Figure 1B). Again, AG1478 reduced
clonogenicity more effectively than mAb 425. Conversely,
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addition of EGF (10 ng/ml) to MCDB base medium mark-
edly increased the fraction of cells that were rescued
(Figure 1B) and partially antagonized the proapoptotic

effect of mAb 425. Even after 7 d of suspension culture,
viable and replication-competent cells could be recovered
from EGF-treated samples, whereas EGFR blockade

Figure 1. EGFR-dependent survival
and viability of keratinocytes in
forced suspension culture. (A)
TUNEL staining of normal neonatal
keratinocytes (FK), HaCaT keratino-
cytes, and HaCaT cells overexpress-
ing Bcl-xL–maintained in suspension
for 24 h in the presence of EGF (10
ng/ml), mAb 425 (10 mg/ml), or
AG1478 (10 mM) as indicated; values
represent the cell fractions stained
with FITC-dUTP relative to controls,
i.e., attached HaCaT cells. (B) Clonal
growth of HaCaT cells recovered after
1, 5, and 7 d of suspension culture in
different medium conditions as indi-
cated, further propagated on tissue
culture-treated plastic for 5 d, and
stained with crystal violet.
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caused cell death of the majority (.98%) of suspended
HaCaT cells within 2 d (Figure 1B). Beyond 10 d, very few
cells with long-term growth potential were recovered in
any of the experimental groups.

In these experiments, two populations of HaCaT kera-
tinocytes could be distinguished on the basis of different
kinetics of cell survival in suspension. Most of the control
cells (.90%) maintained in protein-free media were com-
mitted to undergo apoptosis within 2 d after being placed
in suspension because only few cells could be rescued
after 48 h. EGFR blockade by either AG1478 or mAb 425
induced rapid apoptosis of almost all cells (.95%) within
the first 24 h of suspension culture because after 24 h only
very few (,2%) of mAb 425-treated cells could be rescued
(Figure 1B), and viability as determined by trypan blue
staining had decreased to ,50% as compared with .90%
observed in cells cultured in the presence of EGF (Figure
2). Addition of EGF prolonged survival of the bulk pop-
ulation to 3 d after which large-scale apoptosis occurred;
however, a subpopulation of EGF-treated HaCaT cells
retained long-term viability and clonogenic potential even
after 7 d of suspension culture (Figure 1B); at these time
points, clonogenicity of cells in all other conditions was
,0.1%. In conclusion, EGF treatment delayed anoikis of
the bulk population of HaCaT cells by ;1 d and of a
subpopulation for at least up to 7 d when compared with
controls maintained in the absence of EGF or in the pres-
ence of EGFR inhibitors.

Activation of the MEK/MAPK Pathway in
Keratinocytes by the EGFR
Next, we determined the effects of EGFR blockade by
mAb 425 on signal transduction pathways previously im-
plicated in the survival of epithelial cells. These experi-
ments focused on the PI-3-kinase/Akt and MEK/MAPK
pathways, both of which have been described as contrib-

uting to the survival of epithelial cells in different settings
(Khwaja et al., 1997; Dent et al., 1999; Reardon et al., 1999).
We determined the effects of EGFR blockade by mAb 425
on phosphorylation of a known Akt target (GSK-3b) and
on phosphorylation of the MAPK target Elk-1. As shown
in Figure 3, EGFR inhibition by mAb 425 at 10 mg/ml
suppressed Elk-1 phosphorylation but had no detectable
effect on GSK-3b phosphorylation in HaCaT cells; at this
concentration, mAb 425 effectively blocks autophosphor-
ylation of the EGFR (Murthy et al., 1987). This result
indicated that the MEK/MAPK but not the PI-3-kinase/
Akt pathway was relevant to the effects of EGFR blockade
by mAb 425 on keratinocyte anoikis. Interestingly,
AG1478 inhibited both Elk-1 and GSK-3b phosphoryla-
tion (Figure 3), consistent with the possibilities that it
either inhibits EGFR-dependent signaling more efficiently

Figure 2. Time-dependent loss of viability of HaCaT keratinocytes
maintained in forced suspension culture. Viability was assessed by
trypan blue exclusion after periods of suspension culture ranging
from 4 to 96 h. Results shown represent means of triplicate deter-
minations, the SD of which was ,5%. Samples were treated with
EGF (open rhomboids), mAb425 (open circles), PD98059 (closed
squares), or AG1478 (open triangles) or maintained in control me-
dium free of exogenous growth factors (open squares).

Figure 3. EGFR-dependent MEK/MAPK activation in HaCaT
keratinocytes. (A) Effects of mAb 425 and AG1478 on Elk-1
phosphorylation. Cells were treated for 48 h with mAb 425 (10
mg/ml) or AG1478 (10 mM) before protein extraction and analy-
sis. As a control, the effect of MEK inhibitor PD98059 at 5 and 50
mM is shown. The lane labeled MAPK shows phosphorylation of
the Elk-1 substrate by recombinant MAPK. (B) Effects of mAb 425
and AG1478 on GSK-3b phosphorylation in HaCaT keratino-
cytes. Samples were treated as described under A. As a control,
the effect of PI-3-kinase inhibitor LY294002 at 5 and 20 mM is
shown. (C) Effect of the pharmacological inhibitor of MEK1/2
activity PD98059 on clonogenicity of HaCaT keratinocytes after
48 h of suspension culture determined as described in the legend
to Figure 1. For comparison, the effects of mAb 425 and AG1478
are shown.
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than mAb 425 or inhibits tyrosine kinases other than the
EGFR at the concentration used (10 mM). Because mAb
425 treatment was sufficient to induce keratinocyte death
in suspension and affected Elk-1 phosphoryation only, we
next considered that inhibition of MAPK activation alone
might induce keratinocyte death in suspension.

MAPK Phosphorylation Is Required for Enhanced
Survival of Keratinocytes in Suspension
To determine whether MAPK phosphorylation was required
for keratinocyte survival in suspension culture, we first used
PD98059, a pharmacological inhibitor of MEK activity. As
shown in Figure 3A, PD98059 at 50 mM down-regulated
MAPK phosphorylation in keratinocytes to a level compa-
rable to that in mAb 425-treated cells. At this concentration,
PD98059 also reduced viability (Figure 2) and clonogenicity
(Figure 3C) of keratinocytes held in suspension culture to
levels comparable to those achieved by mAb 425 treatment.
In further support of an important role of the MEK/MAPK
axis in keratinocyte survival, overexpression of a dominant
negative MEK construct under control of a tetracycline-
regulated promoter markedly inhibited MAPK phosphory-
lation and induced apoptosis in HaCaT cells grown under
anchorage-dependent conditions (Jost et al., 2001).

EGFR Activation Alters MAPK Phosphorylation in
Keratinocytes in Suspension
Next, we assessed the levels of MAPK phosphorylation in
HaCaT cells maintained in suspension in the presence and
absence of EGF (Figure 4). Previous studies indicated that, in
fibroblasts, sustained growth factor-dependent MAPK phos-
phorylation required matrix adhesion (Lin et al., 1997; Ren-
shaw et al., 1997; Bottazzi et al., 1999; Roovers et al., 1999). By
contrast, we observed that EGF treatment of HaCaT cells
was accompanied by sustained MAPK phosphorylation dur-
ing the first 24 h of suspension culture. Control cells main-
tained in MCDB base medium revealed a bimodal pattern of
MAPK phosphorylation over time. Within 4–12 h of suspen-
sion culture, MAPK phosphorylation was markedly reduced
in these cells; however, robust levels of MAPK phosphory-
lation were observed between 24 and 72 h of control cul-
tures. Thus, EGF treatment obviated the decline in MAPK
phosphorylation during the initial 24–48 h of suspension
culture.

MAPK Phosphorylation during Apoptotic Death
At later time points of suspension culture (24–72 h), most of
the cells were undergoing apoptosis, as determined by
TUNEL staining (Figure 1), but had not yet lost membrane
permeability, as determined by trypan blue staining (Figure
2). Therefore, we tested whether late-stage MAPK phos-
phorylation was a consequence of the apoptotic process. To
this end, we used the caspase 3 inhibitor Ac-DEVD-CHO,
which partially inhibited anoikis (Figure 5A) and PARP
cleavage in HaCaT keratinocytes in suspension (Figure 5B).
Consistent with a role of caspases in late-stage MAPK phos-
phorylation, inhibition of caspase activity using Ac-DEVD-
CHO attenuated this effect in control cultures (Figure 5) but
had little effect on MAPK phosphorylation patterns ob-
served in EGF-treated samples.

Modulation of Bcl-xL Expression by EGFR
Activation
Previously we (Rodeck et al., 1997a) and others (Stoll et al.,
1998) determined that inhibition of the EGFR tyrosine kinase
activity in attached keratinocytes is accompanied by down-
regulation of the anti-apoptotic Bcl-2 family member, Bcl-xL,
at the mRNA and protein levels. Because Bcl-xL expression
affects susceptibility to apoptosis, we determined Bcl-xL ex-
pression over time in HaCaT suspension cultures (Figure 6).
This was done in protein-free medium and in medium sup-
plemented with either EGF or mAb 425. As in attached
keratinocytes (Rodeck et al., 1997a), EGF treatment was as-
sociated with robust and sustained Bcl-xL expression
throughout the observation period of 96 h. By contrast and
as expected, mAb 425 treatment was associated with marked
down-regulation of Bcl-xL expression between 48 and 72 h of
suspension culture. These results indicate that EGFR activa-
tion contributed to Bcl-xL expression in suspended as well as
in attached keratinocytes; however, it is important to recog-
nize that anoikis occurred on a large scale in all experimental
conditions before and independent of down-regulation of
Bcl-xL expression. For example, the majority of mAb 425-
treated HaCaT cells initiated apoptosis during the first 36 h
of suspension, without attendant reduction of Bcl-xL expres-
sion levels. Thus, sustained expression of endogenous Bcl-xL
alone did not effectively prevent apoptosis in suspension
culture; however, high levels of Bcl-xL expression achieved

Figure 4. MAPK expression and
phosphorylation patterns in Ha-
CaT keratinocytes over time in
suspension cultures. Time-depen-
dent changes in control cultures
in medium free of exogenous
growth factors and in cultures
maintained in the presence of
EGF are shown as indicated.
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by forced expression attenuated apoptotic death of HaCaT
cells in suspension (Figure 1).

DISCUSSION

This study demonstrates that the EGFR conveys survival
signals to human keratinocytes, which delay apoptotic death
triggered by loss of matrix interaction. This observation is
reminiscent of a very recent report that described protection
of lung fibroblasts against anoikis by addition of serum (Le
Gall et al., 2000); however, our results assign a critical role to
a specific growth factor receptor in anchorage-independent
survival of epithelial cells. It should be noted that limited

protection by EGFR activation against anoikis was observed
in normal keratinocytes and thus constitutes a physiological
mechanism; however, this phenomenon may have particular
relevance to disease states in which deregulated expression
of the EGFR or its ligands, or both, is commonly observed,
including wound healing (Marikovsky et al., 1993), hyper-
proliferative skin diseases such as psoriasis (Gottlieb et al.,
1988; Elder et al., 1989; Finzi et al., 1991; Cook et al., 1992),
and advanced epithelial malignancies including squamous
cell carcinomas (Derynck et al., 1987; Ozawa et al., 1989; Reiss
et al., 1991). All of these diseases are characterized by sur-
vival of epithelial cells in conditions of suboptimal matrix
interaction and by increased expression or activation of the

Figure 5. Effects of caspase inhibitor Ac-DEVD-CHO on clonogenicity (A) and MAPK phosphorylation (B) of HaCaT keratinocytes in
suspension culture. Control HaCaT cells were kept in forced suspension in base medium free of exogenous growth factors for the time
periods indicated. Parallel cultures were incubated in the presence of Ac-DEVD-CHO at 120 mM. P42/44 MAPK expression and phosphor-
ylation thereof were determined by Western blot analysis as described in the legend to Figure 5. PARP cleavage was assessed by reprobing
the blots using an antibody to the p85 PARP cleavage product.
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EGFR. A role of EGFR activation in matrix-independent
growth and survival of NIH3T3 cells was implied by early
findings that forced expression of the EGFR in NIH3T3 cells
enables anchorage-independent proliferation and in vivo
tumorigenicity of these cells in a ligand-dependent manner
(Di Fiore et al., 1987; Di Marco et al., 1989). Subsequently it
was shown that forced expression of the EGFR in rat mam-
mary carcinoma cells promotes the metastatic potential of
these cells in vivo (Lichtner et al., 1995). Functional contri-
butions of the EGFR to the invasive phenotype are poten-
tially manifold and include the modulation of the expression
levels of adhesion molecules or proteolytic enzymes and the
induction of cell migration; however, it may be argued that
EGFR-dependent cell survival as described here is critical to
and rate limiting for the successful establishment of meta-
static lesions.

Sustained MEK activity during the first 24 h of suspension
culture was associated with and required for EGFR-depen-
dent survival of keratinocytes in suspension culture. This
conclusion is supported by the following observations: 1)
EGF treatment sustained robust MAPK phosphorylation
during the first 24 h of suspension culture, 2) the MEK1/2
inhibitor PD98059 accelerated keratinocyte death in suspen-
sion similar to the EGFR antagonistic mAb 425, and 3)
overexpression of the dominant negative MEK construct
MKK1–8E induced apoptosis even in attached HaCaT ker-
atinocytes (Jost et al., 2001). These results assign an impor-
tant role to the MEK/MAPK signaling module in preventing
anoikis. They are consistent with and corroborate previous
studies implying the Ras/Raf/MEK/MAPK pathway in
support of anchorage-independent survival and growth of
epithelial cells (Valverius et al., 1989; Walker et al., 1998). It
remains to be investigated how MEK/MAPK activation pro-
tects keratinocytes against death in suspension. It is possible
that phosphorylation and functional inactivation of the pro-
apoptotic Bcl2 homologue Bad plays a role in this process.
Bad initially has been identified as a target for the PI-3-K/
AKT pathway, which leads to phosphorylation of serine 136
of Bad followed by inactivation of Bad through sequestra-
tion (Datta et al., 1997; del Peso et al., 1997; Dudek et al.,
1997). Very recently, several lines of evidence highlighted
that, in hemopoietic cells, Bad is also phosphorylated on
serine 112 and possibly serine 155 through a MAPK-depen-
dent mechanism (Scheid and Duronio, 1998; Scheid et al.,

1999). These authors also showed that serine 112 phosphor-
ylation was required for dissociation of Bad from Bcl-xL,
enabling Bcl-xL to serve its anti-apoptotic role. Bad phos-
phorylation at serine 112 also protects neurons against apo-
ptosis and is accomplished through MAPK-dependent ki-
nases (Rsks) in these cells (Bonni et al., 1999). Collectively,
these results suggest that posttranslational modification and
functional inactivation of Bad is an anti-apoptotic mecha-
nism shared by both the PI-3-kinase/Akt and MEK/MAPK
pathways. Other potential mechanisms include regulation
by MAP kinases of anti-apoptotic Bcl2 family members,
including Bcl-xL (Jost et al., 2001), and of FLIP/FLICE, an
inhibitor of death receptors of the CD95/Fas family (Yeh et
al., 1998).

An important aspect of the present study is the observa-
tion that EGFR activation alone can sustain MAPK phos-
phorylation in keratinocytes for the first 24 h of suspension
culture. By contrast, previous studies in fibroblasts demon-
strated that cell adhesion and integrin engagement are in-
dispensable for sustained growth factor receptor signaling
to MEK/MAPK (Renshaw et al., 1997; Roovers et al., 1999).
Differences in the experimental design may account for this
apparent discrepancy. Specifically, in the present study,
steady-state MAPK phosphorylation was measured in the
continuous presence of EGF and without previous starva-
tion. By contrast, both Renshaw et al. (1997) and Roovers et
al. (1999) used serum-starved fibroblasts restimulated with
serum or defined growth factors, including EGF. Alterna-
tively, epithelial cells may differ in their matrix requirements
for MEK/MAPK activation. Experiments are under way to
distinguish between these two possibilities.

Unexpectedly, at later time points of suspension culture
(24–72 h), robust MAPK phosphorylation was restored to
keratinocytes maintained in the absence of exogenous EGF.
At these time points, most of the cells were undergoing
apoptosis, as determined by TUNEL staining, but had not
yet lost membrane permeability, as determined by trypan
blue staining. Our results are similar to those reported very
recently for CCL39 lung fibroblasts, which undergo apopto-
sis during suspension culture (Le Gall et al., 2000). These
cells down-regulate MAPK phosphorylation within the first
10 h of suspension culture, followed by a gradual increase at
later time points (12–24 h) at which cells undergo large scale
apoptosis. On the basis of these earlier results and our own
observations, we consider late-stage MAPK phosphoryla-
tion to be a consequence of the apoptotic process. In support
of this idea, we observed generalized keratinocyte apoptosis
when high levels of MAPK phosphorylation recurred in
control cultures. Furthermore, we observed that late-stage
MAPK phosphorylation was markedly attenuated by
caspase inhibition.

In attached keratinocytes, EGFR activation is known to
contribute to expression of the anti-apoptotic Bcl-2 family
member Bcl-xL, and this effect enhances their ability to with-
stand cellular stress (Rodeck et al., 1997a; Stoll et al., 1998;
Jost et al., 1999). Here we demonstrate that EGF treatment
was similarly associated with robust Bcl-xL expression dur-
ing suspension culture of HaCaT keratinocytes. Consistent
with an earlier report (Frisch and Francis, 1994), we also
observed that forced expression of Bcl-xL protected keratin-
ocytes against anoikis; however, Bcl-xL expression levels
achieved by EGFR activation alone were not sufficient to

Figure 6. Bcl-xL expression in HaCaT keratinocytes in forced sus-
pension culture. Bcl-xL expression over time was determined by
immunoblot analysis in control cultures maintained in the absence
of exogenous growth factors and in parallel cultures treated with
mAb 425 and EGF as indicated.
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prevent large-scale anoikis of HaCaT keratinocytes. This
apparent discrepancy may be due to the fact that the levels
of Bcl-xL expression in transfected cells are 20- to 50-fold
higher than those observed in EGF-treated HaCaT cells (Jost
et al., 1999).

In summary, we have identified EGFR activation as a
potential mechanism to alleviate the requirement of matrix
engagement for epithelial cell survival. Protection through
EGFR activation was associated with and required sustained
MEK/MAPK signaling during the early phase of suspension
culture. In addition, high levels of MAPK phosphorylation
accompanied apoptotic death in suspension culture in a
caspase-dependent manner.
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