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Activation of the Raf/MAP kinase pathway is a critical event in tumorigenesis induced by RAS and other
oncogenes, a major role of this signaling system being the regulation of cellular transcription factors. To
address the contribution of MAP kinase mediated transcriptional changes to the transformed phenotype, we
used an inducible form of Raf to analyze early changes in the transcription of some 6000 genes following
activation of the kinase in a normal human breast epithelial cell line. Of the more than 120 significant
changes in mRNA level detected, genes promoting cell proliferation, invasiveness, and angiogenesis featured
prominently. Some of the most strongly induced genes encoded growth factors of the EGF family: Autocrine
activation of the EGF receptor was shown to be responsible for the ability of Raf activation to protect these
cells from apoptosis induced by detachment of cells from extracellular matrix (anoikis), which is a critical
component of the transformed phenotype.
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Tumorigenesis is a multistep process during which cells
acquire a characteristic set of properties that make up
the malignant phenotype. The dominantly acting onco-
gene that is implicated most frequently in human cancer
is RAS, which is activated by mutation in about 25% of
malignancies (Bos 1989). Ras proteins exert their trans-
forming influence through a number of effector en-
zymes, including the serine/threonine kinase Raf, which
activates the ERK/MAP kinase pathway; the lipid kinase
phosphoinositide 3-kinase (PI 3-kinase), which activates
the serine/threonine kinase PKB/Akt and the small
GTPase Rac; and the exchange factor Ral-GDS, which
activates the Ras-related protein Ral (Marshall 1996;
Downward 1998). PI 3-kinase and PKB/Akt have been
previously implicated in mediating antiapoptotic signals
generated by growth factors, extracellular matrix, and
activated Ras (Downward 1998; Datta et al. 1999),
whereas the Raf/MAP kinase pathway has been found to
play a critical role in the control of cell cycle progression
(Marshall 1999). More recently, it has become clear that
Raf/MAP kinase can also induce protection against cer-
tain apoptotic stimuli (Bonni et al. 1999; Erhardt et al.
1999; Kazama and Yonehara 2000; Le Gall et al. 2000)
and that PI 3-kinase and PKB/Akt can contribute to cell
cycle progression (Diehl et al. 1998; Klippel et al. 1998).

The transformed phenotype induced by oncogenic RAS
is caused by both the short-term consequences of acti-
vating the Ras effector pathways and the longer-term
effects of changes in the gene expression program of the
cell that this causes. Much emphasis has been placed on
the immediate cytoplasmic signaling induced by Ras ac-
tivation, but each of the major Ras effector pathways
also has profound effects on transcription. In particular,
activation of the MAP kinase pathway by Raf induces
phosphorylation and stimulation of several transcription
factors, including Elk1, SRF, ATF2, and Jun (Treisman
1996), whereas PKB/Akt influences the activity of Fork-
head transcription factors and possibly NF-�B (Datta et
al. 1999). In this study, we have used oligonucleotide-
based DNA-microarrays to assess the contribution of
transcriptional changes resulting from activation of just
the Raf/MAP kinase pathway alone to the Ras-trans-
formed phenotype. The use of an inducibly activatable
Raf protein allows early transcriptional events under di-
rect control of this pathway to be studied, which is im-
portant in the establishment of the transformed pheno-
type. To reflect the major cell type involved in human
cancer, a normal, spontaneously immortalized human
epithelial cell line derived from breast tissue has been
used. With this approach we were able to identify over
120 genes that were rapidly modulated in their expres-
sion levels by threefold or more in response to Raf acti-
vation. Among these, a significant number of genes en-
coded key regulators of proliferation, survival, angiogen-
esis, and invasiveness. Furthermore, the ability of Raf
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activation to very strongly induce autocrine expression
of the EGF-like growth factors HB-EGF, TGF�, and am-
phiregulin was directly implicated in the ability of sus-
tained Raf/MAP kinase pathway stimulation to protect
these cells from matrix detachment-induced apoptosis, a
major feature of the transformed phenotype.

Results

Activation of Raf-ER in MCF-10A cells induces
sustained activation of ERK/MAP kinase and changes
in cell morphology but not growth
factor independence

To investigate the effect of activation of Raf on epithelial
cell biology, we used MCF-10A cells, a normal, sponta-
neously immortalized human lumenal mammary epi-
thelial cell line (Soule et al. 1990). These cells were
infected with retroviruses encoding a Raf/estrogen
receptor/green fluorescent protein fusion, the kinase
activity of which is stimulatable by 4-hydroxy tamoxifen
(4-OHT) but not natural estrogens (Bosch et al. 1997).
After drug selection and repeated fluorescence-activated
cell sorting, a population highly enriched for cells ex-
pressing the fusion protein was obtained (MCF-10A
�Raf-ER). The addition of 4-OHT to MCF-10A �Raf-ER
cells that had been grown in growth factor–poor medium
for 24 h induced rapid and sustained stimulation of ERK/
MAPK phosphorylation (Fig. 1A), indicating activation
of the fusion protein.
MCF-10A cells are dependent on the presence of a

mixture of supplements, including EGF and insulin, for
proliferation in culture. Figure 1B shows growth curves
of MCF-10A �Raf-ER cells in the presence or absence of
4-OHT in medium supplemented with different growth
factors. In medium containing 5% horse serum and all
supplements (full medium, left panel), activation of Raf
led to an initial but transient decrease in proliferation,
consistent with the previous findings that Raf can in-
duce growth inhibitory pathways (Sewing et al. 1997). In
a growth factor–poor medium, 5% horse serum without
supplements (minimal medium), these cells show no in-
crease in numbers regardless of whether 4-OHT is pres-
ent (right panel), indicating that Raf activation does not
induce complete growth factor independence.
Parental MCF-10A cells and uninduced MCF-10A

�Raf-ER cells displayed typical morphological character-
istics of epithelial cells, growing in monolayer culture as
islands of cells in close contact. Induction of Raf kinase
activity by addition of 4-OHT led to disruption of cell–
cell contacts, cell scattering, and establishment of a
more fibroblastoid morphology (Fig. 1C). When cultured
in collagen gels, MCF-10A cells grow as lumen-filled
cysts (Soule et al. 1990); on Raf activation, the cells start
to form branched structures (Fig. 1D) very similar to
those reported to be associated with an invasive pheno-
type in other epithelial cell lines (Montesano et al. 1999).
Finally, although expression of V12 Ras led to induction
of colony growth in soft-agar, activation of Raf alone was
not sufficient to induce transformation of MCF-10A

cells in this assay (data not shown), indicating that Ras
uses pathways in addition to Raf to transform cells (for
review, see Shields et al. 2000).

Activation of Raf leads to protection from
detachment-induced apoptosis

Although Raf is not able to transform MCF-10A cells by
itself, we asked whether it could provide an important
component of the Ras-transformed phenotype, resis-
tance to detachment-induced apoptosis (anoikis; Frisch
and Francis 1994). Although a major effector pathway
mediating Ras-induced survival is thought to involve ac-
tivation of protein kinase B (PKB/Akt) in a PI 3-kinase–
dependent manner (Khwaja et al. 1997), we asked
whether the sustained activation of Raf that was ob-
served inMCF-10A �Raf-ER cells after 4-OHT treatment
could be sufficient to induce survival from detachment-
induced apoptosis. When attachment of the cells to sub-
strate was prevented by plating cells on poly-HEMA
coated dishes in minimal medium, parental MCF-10A
cells infected with empty vector and uninduced MCF-
10A �Raf-ER cells showed a six- to sevenfold increase in
apoptosis within 24 h, measured by DNA fragmentation
(Fig. 2A). When Raf was activated by treating the cells
with 4-OHT for 8 or 48 h before culture in suspension,
induction of apoptosis was abolished (Fig. 2A). In addi-
tion, MCF-10A cells expressing V12 Ras were also pro-
tected from detachment-induced apoptosis (Fig. 2A), as
has been reported previously (Rytömaa et al. 1999).
As shown in Figure 2B, the �Raf-ER protein is capable

of activating p42/p44ERK phosphorylation in response to
4-OHT, both in attached cells and in cells grown in sus-
pension. Although physiological signaling from Raf to
ERK has been found to be attenuated following loss of
adhesion in fibroblasts (Renshaw et al. 1997), the artifi-
cial Raf construct used here is potent enough to over-
come this level of dependence on matrix, as has also
been found for oncogenic mutant Ras proteins (Khwaja
et al. 1997).
The mechanisms by which apoptosis is triggered in

response to loss of adhesion to the extracellular matrix
are not completely understood. We investigated whether
detachment leads to cytochrome c release from mito-
chondria into the cytoplasm, a key event in many forms
of apoptosis, and whether Raf activation effects this. Us-
ing differential lysis of the plasma membrane by digito-
nin and subsequent detection of cytoplasmic cyto-
chrome c by immunoblotting, we could show that pre-
activation of Raf by 4-OHT treatment for 48 h was
sufficient to protect cells from detachment-induced
cytochrome c release as well as activation of caspase-8
(Fig. 2C).

Analysis of differential mRNA abundance in response
to Raf activation

To investigate changes in gene expression resulting from
activation of Raf that might account for the changes in
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cell behavior reported in Figures 1 and 2, we made use of
Affymetrix GeneChip oligonucleotide microarrays,
which allow the parallel study of mRNA abundance of
over 6000 human genes. To avoid changes reflecting the
difference between proliferating and quiescent cells, we
chose to use conditions in which the cells were exposed
to a minimum of other stimuli, and activation of Raf was
not sufficient to cause cell proliferation, as shown in
Figure 1B (right panel). In addition, two different times of
4-OHT treatment were used to be able to discriminate
between early and late events induced by Raf activation:

a relatively short induction for 8 h as well as long-term
treatment for 72 h. Because long-term culture of MCF-
10A cells in minimal medium induces apoptosis (data
not shown), cells were pretreated with 4-OHT in full
medium for 48 h and then starved in minimal medium in
the presence of 4-OHT for 24 h before lysis (total of 72 h
of 4-OHT treatment). In parallel, another set of MCF-10
�Raf-ER cells was cultured in minimal medium for 16 h,
and 4-OHT was added 8 h before lysis (total of 8 h of
4-OHT treatment). Cells treated with solvent (0.2 µL/mL
of ethanol) for 48 h and cultured in minimal medium

Figure 1. Activation of �Raf-ER and changes in cell morphology and growth properties in response to 4-OHT. (A) Detection of
MAPK-phosphorylation in MCF-10A human breast epithelial cells stably expressing the �Raf-ER fusion protein in response to
treatment with 100 nM 4-OHT or 20 ng/mL EGF for the indicated times. Cells were starved in medium containing 5% horse serum
for 24 h before treatment. Phosphorylation of p42ERK2 and p44ERK1 was detected by immunoblotting with a phosphospecific antibody
(upper panel). Expression of p42ERK2 was monitored by immunoblotting with a pan-ERK antibody (lower panel). (B) Growth curves of
MCF-10A �Raf-ER cells in medium containing different supplements in the presence (solid line, squares) or absence (dashed line,
diamonds) of 4-OHT. (left) cells grown in medium containing 5% horse serum, 20 ng/mL EGF, 10 µg/mL insulin, 5 µg/mL hydrocor-
tisone and 100 ng/mL cholera toxin (full medium); (right) cells grown in medium containing 5% horse serum without supplements
(minimal medium). Values shown represent the mean and standard deviation of three replicate experiments. (C) MCF-10A �Raf-ER
cells after treatment with solvent (0.2 µL/mL ethanol) or 100 nM 4-OHT for 48 h. The morphology of ethanol treated cell is
indistinguishable from control or parental cells. (D) MCF-10A �Raf-ER grown in collagen gels for 10 d in the presence or absence of
100 nM 4-OHT. Cystic structures in the control image are similar to those described previously for different epithelial cell lines.
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containing solvent for 24 h were used as control. To ac-
count for potential changes in gene expression induced
by 4-OHT alone, MCF-10A cells infected with the empty
vector were treated and analyzed in the same manner.
polyA+ RNA prepared from these cells was used to

generate biotin-labeled cRNA, which was then hybrid-
ized onto GeneChip HuGeneFL microarrays and de-

tected by fluorescent staining. Signal intensities of 20
perfect match oligonucleotides, as well as 20 correspond-
ing mismatch oligonucleotides, for each gene were used
to calculate relative mRNA abundance (average differ-
ence between signal intensity of perfect match and mis-
match oligonucleotide) and relative changes in expres-
sion level (fold change) at 8 and 72 h of 4-OHT treatment
compared with the ethanol-treated control. For a de-
tailed description of the GeneChip software, see Af-
fymetrix documentation or Lockhart et al. (1996) and
Lipshutz et al. (1999). Results obtained with RNA from
empty vector and �Raf-ER cells after 8 and 72 h of
4-OHT treatment were subjected to a filter query, allow-
ing only those data sets to pass that were called increased
or decreased by the GeneChip software and showed a
fold change of three or more in both replicates of the
�Raf-ER expressing cells but no significant change in
cells transfected with empty vector after 4-OHT treat-
ment (see also Material and Methods). The resulting 132
probe sets representing 124 genes and expressed se-
quence tags (ESTs) differentially expressed in response to
Raf activation were classed into functional groups,
which are shown in Table 1. Overall, the number of
genes induced by Raf activation is much larger than the
number of genes that show down-regulation (105 vs. 18
at 72 h), which is consistent with MAPK being primarily
an inducer of transcription rather than an inhibitor. Af-
ter 72 h of Raf activation, a significant amount of differ-
ential gene expression could be the result of secondary
events that are not directly the result of transcription
factors activated by Raf, but induced by accumulation of
their target gene products. Thirty-two of the 132 probe
sets represented genes only differentially expressed after
prolonged 4-OHT treatment (72 h), whereas 17 were
found to be regulated in a transient fashion, peaking after
8 h of 4-OHT treatment. It is noted that expression of a
large number of transcriptional regulators is induced by
Raf activation, including the well-characterized Jun sub-
unit of AP-1 (Cook et al. 1999). mRNA levels of c-Fos,
the other subunit of AP-1, were found to be transiently
up-regulated 2.9-fold after 8 h of tamoxifen treatment
(data not shown) but were removed from the analysis
because the data did not meet the filter criteria. How-
ever, discrimination of primary and secondary target
genes could not be addressed experimentally by inhibi-
tion of protein synthesis, as low concentrations of cyclo-
heximide are sufficient to induce apoptosis in MCF-10A
cells (data not shown).
To verify changes in mRNA abundance measured us-

ing microarrays, a subset of the identified Raf target
genes was detected using Northern blot analysis. As
shown in Figure 3A, the analyzed genes show increases
in mRNA levels on Raf activation that are comparable or
higher than the fold change measured using microarrays.
To correlate differences observed in mRNA abundance

with changes in protein expression, whole cell lysates
prepared in parallel to mRNA samples were used for de-
tection of a subset of proteins whose mRNAs showed
significant up-regulation in response to Raf activation
(Fig. 3B). JunB, c-Fos, p21CIP1, and cyclin D1, all of which

Figure 2. Activation of Raf induces survival from detachment-
induced apoptosis and prevents release of cytochrome c from
mitochondria. (A) MCF-10A cells infected with empty vector or
stably expressing �Raf-ER or V12 Ras were pretreated with 100
nm 4-OHT for 8 or 48 h as indicated, detached by trypsin treat-
ment, and plated on normal (light bars) or poly-HEMA coated
dishes (dark bars) in minimal medium in the presence or ab-
sence of 4-OHT. After 24 h, DNA fragmentation was measured
by Cell Death ELISA. Values represent the mean and standard
deviation of three independent experiments. (B) Phosphoryla-
tion of p42ERK2/p44ERK1 detected with a phosphospecific anti-
body using cytoplasmic lysates from cells prepared in parallel to
the experiment shown in A. (C) Raf activation prevents cyto-
chrome c release in detached cells. MCF-10A �Raf-ER cells
were pretreated with either 100 nM 4-OHT or solvent for 48 h,
detached, and cultivated on normal (A) or poly-HEMA–coated
dishes (S) for 24 h. (upper panel) cytochrome c detected in cy-
toplasmic lysates obtained by disrupting the plasma membrane
with digitonin; (lower panel) detachment induced activation of
caspase-8 in the presence or absence of 4-OHT. Detection of the
cleaved p20 subunit of caspase-8 indicates activation of the pro-
tease.
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have been shown previously to be transcriptionally in-
duced by activation of the MAPK-pathway (Hipskind et
al. 1994; Albanese et al. 1995), show strong up-regulation
of protein levels on Raf activation.
Transcripts coding for three different peptides of the

EGF-family of growth factors, HB-EGF, amphiregulin,
and TGF� were strongly up-regulated in response to Raf
activation (42.9-fold, 20.8-fold, and 3.3-fold, respectively,
at 72 h in Table 1). Interestingly, HB-ECF and amphi-
regulin are the most strongly induced of all of the genes
on the microarray following 8 h of Raf activation (36.8-
fold and 23.2-fold, respectively), which is also reflected
by a significant induction of transcript levels measured
by Northern blotting (Fig. 3A). Detection of HB-EGF,
TGF�, and amphiregulin protein revealed that synthesis of
all three peptides is induced on Raf activation (Fig. 3C).
Interestingly, phosphorylation of ERK/MAPK and up-

regulation of Jun B, cyclin D1, p21CIP1, and HB-ECF
could still be detected in lysates from �Raf-ER cells in
which Raf was activated by 4-OHT treatment for 7 d (Fig.
3B and C).

Raf activation induces expression of soluble growth
factors that can activate p42/p44–MAPK and PKB/Akt

We investigated whether soluble factors produced by
cells expressing activated Raf were able to stimulate EGF
receptor-induced signaling pathways; supplement-free
minimal medium that had been conditioned by 4-OHT
treated MCF-10A �Raf-ER cells for 24 h induced rapid
phosphorylation of ErbB1/EGFR, p42/p44ERK, and PKB/
Akt in parental MCF-10A cells. Phosphorylation of all
three proteins could be completely abolished by prein-
cubation with AG1478, a selective inhibitor of EGFR
tyrosine kinase activity (Fig. 4A). The minor activation
of PKB/Akt phosphorylation induced by conditioned me-
dium from �Raf-ER cells in the absence of 4-OHT was
independent of EGFR function because it was insensitive
to AG1478 treatment (Fig. 4A, lanes 2,3,7).
To investigate whether autocrine activation of EGF

receptor signaling would also induce activation of endog-
enous PKB/Akt we analyzed lysates from �Raf-ER cells
grown under different conditions in the presence or ab-
sence of 4-OHT. As shown in Figure 4B, activation of Raf
induces an detectable increase in phosphorylation of en-
dogenous PKB/Akt. This increase was dependent on EGF
receptor function because it could be completely abol-
ished by AG1478, whereas tamoxifen-dependent activa-
tion of ERK/MAPK phosphorylation was not affected by
inhibition of EGF receptor function (Fig. 4B).
Synthesis of autocrine factors induced by Raf activa-

tion also altered growth factor dependency of MCF-10A
cells. Figure 4C shows growth curves of MCF-10A �Raf-
ER cells grown in the presence or absence of 4-OHT in
full medium (left panel) or minimal medium supple-
mented with insulin, hydrocortisone, and cholera toxin,
which by itself was not sufficient to support prolifera-
tion of MCF-10A cells (right panel). Raf activation in full
medium resulted in a transient decrease in proliferation

(see also Fig. 1B). This could be because of the induction
of inhibitors of proliferation such as p21CIP1, as has been
shown previously (Fig. 3B). However, in supplemented
medium, activation of Raf was sufficient to induce a
similar proliferation rate to that seen in full medium
(Fig. 4C, right panel). Inhibition of EGF receptor function
by addition of AG1478 blocked proliferation of MCF-
10A �Raf-ER cells in full medium, which was only
slightly relieved by Raf activation (Fig. 4C, left panel).
Proliferation in supplemented medium induced by Raf
activation was dependent on EGF receptor function be-
cause it was completely abolished in the presence of
AG1478 (Fig. 4C, right panel). Although basal levels of
ERK/MAPK phosphorylation were higher in full me-
dium compared to minimal or supplemented medium,
activation of Raf by addition of 4-OHT resulted in simi-
lar levels of ERK/MAPK phosphorylation under all
growth conditions (Fig. 4B, lower panel). Thus, at least a
component of the Raf-induced growth response in these
cells relies on autocrine EGF-like factor signaling.
These results indicate that Raf activation induces syn-

thesis of soluble growth factors that activate EGF recep-
tor signaling. Although Raf clearly induces certain growth
inhibitory pathways, it can compensate for EGF depen-
dency in supporting proliferation of MCF-10A cells.

Survival in suspension induced by Raf is mediated by
autocrine activation of the EGF receptor

The strong induction of expression of EGF-like growth
factors observed in response to Raf activation led us to
investigate whether autocrine signaling could be in-
volved in protection from detachment-induced apopto-
sis. For autocrine production of EGF-like factors to be
able to protect MCF-10A cells from apoptosis in suspen-
sion, it is necessary that they produce the factors when
detached as well as during adherent growth. Figure 5A
shows that MCF-10A �Raf-ER cells prestimulated with
4-OHT for 24 h and then placed in suspension culture for
24 h show as strong induction of HB-EGF, amphiregulin,
and TGF� proteins as cells that are continually adherent.
It has been shown previously that in keratinocytes in-

hibition of EGF receptor function and detachment from
matrix induces down-regulation of Bcl-XL mRNA and
protein level. We did not observe significant changes in
Bcl-XL mRNA levels judged from the microarray results,
but Bcl-XL protein levels were down-regulated after 24 h
in suspension in MCF-10A �Raf-ER cells; this was com-
pletely inhibited by pretreatment with 4-OHT (Fig. 5B,
upper panel). Bcl-2 protein levels were also down-regu-
lated after 24 h in suspension but were not altered on
activation of Raf by 4-OHT (Fig. 5B, lower panel).
When recombinant EGF, HB-EGF, or TGF� were

added to suspension cultures of parental MCF-10A cells,
they were sufficient to induce significant protection
from detachment-induced apoptosis (Fig. 5C). However,
addition of amphiregulin induced less survival than ad-
dition of HB-EGF or TGF�, reflecting its lower binding
affinity for the EGF-receptor.
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Table 1. Differential gene expression induced by Raf activation in MCF-10A cells
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Table 1. Continued

Parental MCF-10A or MCF-10A �Raf-ER cells were pre-treated with 100nM 4-OHT or solvent (ethanol) for 48 h in full medium and subse-
quently grown in minimal medium for 24 h in the presence of 100 nM 4-OHT (72 h) or solvent (control) prior to lysis. In parallel samples, cells
were grown in minimal medium for 16 h followed by induction with 100 nm 4-OHT in minimal medium for 8 h (8 h) prior to lysis. Samples
after 8 h or 72 h of 4-OHT stimulation were prepared in duplicates. Relative mRNA abundance was measured by hybridisation to Affymetrix
HuGeneFL GeneChip microassays. Values shown are the mean and standard deviation of the “Average Difference” and “Fold Change”
calculated by the GeneChip (software of genes that meet the filter criteria (see Materials and Methods). The complete data set is available on
http://www.icnet.uk/labs/downward/data.html.
Accession numbers are from GenBank or the TIGR gene index. Functional categories were assigned according to information retrieved from
GeneCards (Weizmann Institute of Science) or Medline.
*Genes represented by more than one probe set on the array. (1) PTHLH (M17183 an M24351), (2) interleukin 8 (M28130 and Y00787), (3)
c-Myc (HG3523-HT4899, L00058 and M13929), (4) CD66a (HG2850-HT4814 and X16354), (5) glycerol kinase (X69886, X78711 and L13943),
and (6) calbindin 1(M19878 and X06661).
**A, Genes implicated in angiogenesis or blood coagulation. S, Genes implicated in protection from detachment induced apoptosis.
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Because a single dose of these growth factors clearly
can support survival of MCF-10A cells in suspension, we
investigated whether inhibition of their function might
compromise the ability of Raf to block detachment-in-
duced apoptosis. We targeted one of the growth factors
selectively, using a mutant form of diphtheria toxin
(CRM197), which lacks enzymatic activity but still
binds to its receptor, HB-EGF, and prevents it interacting
with the EGF receptor. CRM197 caused a significant,
albeit partial, reduction in survival in suspension in-
duced by Raf activation (Fig. 5D). Because HB-EGF is
only one of several EGF-family growth factors produced
by these cells, we also assessed the effect of inhibiting
the EGF receptor itself using pharmacological inhibitors.
Survival in suspension induced by activation of Raf
could be completely blocked when cells were treated
with two selective EGF receptor tyrosine kinase inhibi-
tors, AG1478 or PD168393 (Fig. 5D). Two other inhibi-
tors also blocked Raf protection from anoikis: PD98059
presumably inhibits signaling by �Raf-ER immediately
downstream at MEK, whereas LY294002 acts to inhibit

PI 3-kinase and is likely to reverse EGF receptor-medi-
ated activation of PI 3-kinase downstream from auto-
crine EGF-like factors. Inhibition of EGF receptor func-
tion or PI 3-kinase activity did not alter hormone-depen-
dent activation of the �Raf–ER fusion protein, as shown
by detection of ERK/MAPK phosphorylation in the pres-
ence of LY294002, AG1478, or PD168393 (Fig. 5E). In
contrast, PD98059, which inhibits MEK activation
downstream from Raf, completely blocked ERK/MAPK
phosphorylation in response to 4-OHT treatment (Fig. 5E).
Having shown that Raf-dependent survival in suspen-

sion is dependent on autocrine activation of EGF recep-
tor signaling and can be blocked by inhibition of PI 3
kinase, we asked whether EGF receptor signaling is also
involved in protection from anoikis by activated Ras.
MCF-10A cells stably expressing activated Ras (MCF-
10A V12Ras) maintain detectable levels of PKB/Akt and
ERK/MAPK phosphorylation in minimal medium, as
well as showing an increased response to EGF treatment
(Fig. 5F). MCF-10A V12Ras cells are protected from de-
tachment-induced apoptosis (Figs. 2A, 5G), which was

Figure 3. Differential expression of Raf target genes. (A) Northern blot detection of Raf target genes identified by microarray analysis.
RNA from empty vector or �Raf-ER MCF-10A cells treated with 4-OHT for the indicated times while cultured in minimal medium
for 24 h before lysis (in the same way as described for the experiment shown in Table 1) was separated by denaturing electrophoresis,
blotted onto nylon membranes, and probed with radioactively labeled cDNA probes for the indicated genes. For comparison, fold
change values measured in the microarray experiment (Table 1) are indicated on the left. (B) Whole cells lysates from cells prepared
in parallel to samples used for RNA preparation in 3A were used to detect JunB, c-Fos, cyclin D1, and p21CIP1 by immunoblotting. In
addition, whole cell lysates from MCF-10A �Raf-ER cells treated with 4-OHT for 7 d were used (lane 7). Activation of �Raf-ER by
4-OHTwas monitored by detection of p42ERK2/p44ERK1 MAPK phosphorylation using a phosphospecific antibody. (C) Same cell lysates
as in B were used to detect HB-EGF, TGF�, and amphiregulin by immunoblotting. Amphiregulin was detected as two bands repre-
senting the 17-kD precursor and a smaller processed form.
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independent on EGF receptor function because addition
of AG1478 did not abrogate survival. Although inhibi-
tion of MEK by PD98059 had only marginal effects, in-
hibition of PI 3-kinase reduced survival in suspension
significantly (Fig. 5G). Inhibition of both PKB/Akt and
MEK led to an even more pronounced increase in apop-
tosis in suspension. This supports the conclusion that,
although PI 3-kinase activation seems to be more impor-
tant, both Ras effector pathways contribute to survival
in suspension induced by oncogenic Ras.
Taken together these results indicate that autocrine

activation of PI 3-kinase through induction of expression
of EGF-like growth factors is crucial for the ability of the
Raf/MAP-kinase pathway to protect MCF-10A cells
from detachment-induced apoptosis. In cells expressing
oncogenic Ras, however, the PI 3-kinase pathway gets
activated directly, rendering survival in suspension in-
dependent of EGF receptor function.

Discussion

Using a hormone-inducible version of Raf, we have stud-
ied the consequences of selective activation of one effec-

tor of the Ras oncoprotein in epithelial cells. A recent
paper has reported the use of a PCR-based cDNA sub-
traction technique to identify 244 known genes that are
differentially expressed by twofold or more between a
normal rat embryo fibroblast cell line and a derivative
that has been constitutively transformed by Ras (Zuber
et al. 2000). Very few changes were found in common
between these two sets of data: Only five genes were
found to be regulated by twofold or more in the same
direction in both reports, despite the fact that most of
the genes identified as changed by Zuber et al. were pres-
ent on the chip used in our study. Possible reasons for
this include the fact that the Raf/MAP kinase pathway is
only one of a number of signaling pathways directly ac-
tivated by Ras. Because only a small subset of the Ras-
regulated genes identified by Zuber et al. was sensitive to
inhibition of MEK by PD98059, many of the changes
induced may have been caused by effectors of Ras other
than Raf or caused by synergistic interactions between
different effector pathways.
In addition, inducible activation of a signaling protein,

in contrast to long-term over-expression of an activated
mutant, may reflect more closely the delivery of a signal

Figure 4. Raf-induced synthesis of soluble
factors leads to activation of EGF-receptor
signaling and reduced growth factor de-
pendence in MCF-10A cells. (A) MCF-10A
�Raf-ER cells were treated with 100 nM
4-OHT or solvent for 48 h and grown in
minimal medium for 24 h. Medium was
collected and used to stimulate parental
MCF-10A cells, which had been cultured
in minimal medium for 24 h. To specifi-
cally inhibit EGF-receptor tyrosine kinase
activity, 300 nM AG1478 was added 30
min before addition of conditioned me-
dium where indicated. Phosphorylation of
ErbB1/EGFR, PKB/Akt, and p42ERK2/
p44ERK1 MAPK was detected by immuno-
blotting of whole cell lysates using phos-
phospecific antibodies. (B) MCF-10A �Raf-
ER cells were treated with 100 nM 4-OHT
or solvent for 24 h while being cultured in
full medium (FM), minimal medium
(MM), or medium supplemented with 10
µg/mL insulin, 5 µg/mL hydrocortisone,
and 100 ng/mL cholera toxin (SM) in the
presence or absence of 300 nM AG1478.
Whole cell lysates were used to detect
phosphorylation of PKB/Akt and p42ERK2/
p44ERK1 MAPK. (C) Growth curves of
MCF-10A �Raf-ER cells cultured in the
presence (solid line, squares) or absence
(dashed line, diamonds) of 4-OHT. (Left)
Cells grown in full medium; (right) cells
grown in medium supplemented with 10
µg/mL insulin, 5 µg/mL hydrocortisone,
and 100 ng/mL cholera toxin (suppl. me-
dium). Where indicated, 300 nM AG1478
was added to the culture (solid squares
and diamonds).
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Figure 5. Raf-induced survival from detach-
ment induced apoptosis is sensitive to inhibi-
tion of EGF receptor tyrosine kinase activity
and PI 3-kinase activity. (A) Induction of EGF-
like growth factor expression upon Raf acti-
vation. MCF-10A �Raf-ER cells pretreated
with 100 nM 4-OHT for 48 h were detached
and plated on normal (A) or poly-HEMA
coated dishes (S) in minimal medium in the
presence (+) or absence (−) of 100 nM 4-OHT.
After 24 h, expression of HB-EGF, amphiregu-
lin, and TGF� and phosphorylation of
p42ERK2/p44ERK1 MAPK was monitored by
immunoblotting of whole cell lysates. Am-
phiregulin was detected as two bands repre-
senting the 17-kD precursor and a smaller
processed form. (B) Down-regulation of Bcl-XL
in suspension is prevented by Raf activation.
Same lysates as in A were probed for Bcl-XL
and Bcl-2 expression by immunoblotting. (C)
EGF-like growth factors provide a survival
signal against detachment induced apoptosis.
Parental MCF-10A cells were detached and
plated on normal (adherent, light bars) or
poly-HEMA coated dishes for 24 h (suspen-
sion, dark bars) in minimal medium supple-
mented with EGF, HB-EGF, TGF�, or amphi-
regulin as indicated. DNA fragmentation was
determined by Cell Death ELISA. Values rep-
resent the mean and variation of a typical ex-
periment performed in duplicates. (D) MCF-
10A �Raf-ER cells were detached and plated
on normal (A, light bars) or poly-HEMA–
coated dishes (S, dark bars) in minimal me-
dium for 24 h in the presence (+) or absence (−)
of 100 nM 4-OHT. Selective inhibitors
of MEK (PD98059), PI3-kinase (LY294002),
EGFR (AG1478, PD168393), or HB-EGF
(Glu52-Diphtheria toxin, CRM197) were
added as indicated. DNA-fragmentation was
determined by Cell Death ELISA. Values rep-
resent the mean and variation of a typical ex-
periment performed in triplicates. (E) Whole
cell lysates from MCF-10A �Raf-ER cells
treated in parallel to the experiment shown in
D were analyzed for p42ERK2/p44ERK1 MAPK
phosphorylation by immunoblotting. (F)
MCF-10A infected with empty vector or sta-
bly expressing V12Ras were cultured in mini-
mal medium with or without 20 ng/mL EGF
for 24 h. Whole cell lysates were assayed for
PKB/Akt and p42ERK2/p44ERK1 MAPK phos-
phorylation by immunoblotting. (G) MCF-
10A infected with empty vector or stably ex-
pressing V12Ras were detached and plated on
normal (A, light bars) or poly-HEMA–coated
dishes (S, dark bars) in minimal medium for
24 h in the presence of 300 nM AG1478, 30
µM PD98059, or 50 µM LY294002 as indi-
cated. DNA-fragmentation was determined
by Cell Death ELISA. Values represent the
mean and variation of a typical experiment
performed in duplicates.
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by growth factor treatment. Furthermore, genetic alter-
ations or attenuation of signaling pathways observed af-
ter constitutive expression of activated oncogenes are
largely avoided. The data presented here represent the
earlier transcriptional changes induced by Raf that con-
tribute to the establishment of the transformed state,
probably avoiding more downstream events characteris-
tic of the maintenance and consequences of that state
that may have been more strongly represented in the
work of Zuber et al. (2000). Other differences between the
two studies could reflect the different cell types used; we
chose epithelial cells, because most human tumors de-
rive from this lineage, but only a small fraction from
fibroblasts. Another recent study used subtractive hy-
bridization of mRNAs to identify some 20 Raf-induced
genes in Rat-1 fibroblasts. Only one of these (ornithine
decarboxylase) was also seen to be increased in our
study, possibly lending weight to the likelihood that the
spectrum of genes induced in response to Raf activation
differs markedly between different cell types. Another
difference between these two studies was that Heinrich
et al. (2000) looked at cells proliferating in 10% fetal calf
serum, whereas in our study the cells were quiescent in
mitogen-poor medium.
Two other studies have analyzed the results of stimu-

lating growth signaling pathways on gene expression us-
ing microarrays. One looked at the effects of serum; the
other, platelet-derived growth factor receptor activation,
both in fibroblasts. Approximately 5% of the genes up-
regulated following activation of Raf in epithelial cells
were also induced by serum in primary human fibro-
blasts, whereas close to 15% were induced by PDGF-
receptor activation in a murine fibroblast cell line. The
immediate early gene expression response in fibroblasts
to serum or PDGF is thus likely to differ very signifi-
cantly from the gene expression changes seen here fol-
lowing Raf activation in epithelial cells.
Among the genes most strongly up-regulated by Raf

activation are HB-EGF and amphiregulin. Induction of
autocrine factors of the EGF family by Ras has long been
recognized to contribute to the reduced requirement for
growth factors observed in transformed cells. In the case
of MCF-10A cells, autocrine production of these factors
does not render the cells growth factor independent for
proliferation, but it does provide protection from apop-
tosis following detachment from the extracellular ma-
trix (see below).
In addition, we observed up-regulation of some genes

involved in cell proliferation, including cyclin D1, which
has been reported previously to be induced by the Raf/
MAP kinase pathway (Hipskind et al. 1994). Although
Raf activation did not induce growth factor independent
proliferation (see Fig. 1B), it was sufficient to induce a
transient increase in S phase cells (data not shown),
which could contribute to the observed induction of
genes such as cyclin D1.
As well as induction of genes involved in proliferation,

some inhibitors of growth signaling were also up-regu-
lated, such as MAP kinase phosphatases, thought to be
part of a negative feedback loop. Although the cell cycle

inhibitor protein p21CIP1, which has previously been
shown to induce cell cycle arrest in response to ERK/
MAPK activation, was found to be up-regulated by Raf
activation in MCF10A cells, we did not observe differ-
ences in p21CIP1 mRNA levels. This may indicate that
posttranscriptional mechanisms are responsible for in-
creased p21CIP1 protein levels but could also be caused
by failure in detection of p21CIP1 mRNA by the micro-
array.
The large number of transcriptional regulators that are

induced also indicates the likely importance of progres-
sive changes in gene expression through secondary alter-
ations in transcription factor abundance.
Another major category of Raf-regulated genes were

those involved in the control of cell adhesion and inva-
sion. Up-regulation of �6�4 integrin and laminin expres-
sion is characteristic of many invasive carcinomas. In
addition, matrix metalloproteinase 1 is important in tu-
mor invasion and in processing of growth factor precur-
sors. CD66a, a cell adhesion molecule that is required for
morphogenesis and is implicated in tumorigenesis, was
found to be up-regulated, indicating that even in the ab-
sence of transformation, Raf activation initiates changes
in gene expression characteristic of malignancy.
One other characteristic of transformed cells that

could be seen to be induced rapidly at the transcriptional
level by Raf was the production of proangiogenic peptide
factors, such as VEGF, IL-8, FGF2, and PTHLH (Hanahan
and Folkman 1996). Induction of ornithine decarboxyl-
ase and uridine phosphorylase, which catalyze produc-
tion of small molecule inducers of angiogenesis, was also
seen. Furthermore, the inhibitors of blood coagulation
anti-thrombin 3 and protein C inhibitor (PAI-3) were
down-regulated; the shift in favor of blood coagulation is
known to promote angiogenesis.
We have been particularly interested in the mecha-

nism whereby Ras activation can protect epithelial cells
from detachment-induced apoptosis. This is a very im-
portant part of the transformed phenotype: Normal epi-
thelial cells are unable to grow or survive when they lose
contact with the appropriate extracellular matrix pro-
teins. However, transformed cells gain the ability to
move away from their original site without arresting or
dying, leading to the formation of distant metastases.
Understanding the mechanisms by which commonly ac-
tivated oncogenes such as Ras allow cells to survive
apoptosis, especially that induced by loss of adhesion,
may therefore provide important insights into how ma-
lignancies develop and progress.
Our previous work showed that the principal mecha-

nism whereby the activated Ras oncogene protects epi-
thelial cells from detachment-induced apoptosis in-
volved direct activation of PI 3-kinase and Akt (Khwaja
et al. 1997). However, the Raf/ERK pathway can also
provide some protection from this form of cell death (Le
Gall et al. 2000), although the mechanism involved has
not been defined. Several possibilities exist, including
both direct mechanisms and changes in the transcrip-
tional program of the cell. An example of direct signaling
is that the ERK target Rsk2 can phosphorylate and in-

Raf regulation of gene expression

GENES & DEVELOPMENT 991



hibit the pro-apoptotic protein BAD, a member of the
Bcl-2 family (Bonni et al. 1999; Tan et al. 1999; Shi-
mamura et al. 2000), although BAD may not be ex-
pressed in the cells used here (Downward 1999). In addi-
tion, Raf may interact directly with Bcl-2 at the mito-
chondria (Wang et al. 1994). However, from the data
presented here, it is clear that Raf protection from de-
tachment-induced apoptosis is dependent on the func-
tion of an autocrine loop involving transcriptional induc-
tion of EGF-like growth factors. Raf-induced protection
is blocked by various different inhibitors of EGF receptor
and of PI 3-kinase activities, suggesting that the autro-
crine factors are stimulating PI 3-kinase activity in the
cells in suspension, and that this is required for survival.
Expression of activated forms of PKB/Akt is sufficient to
cause survival of MDCK and MCF-10A cells in suspen-
sion (Khwaja et al. 1997; A. Schulze and J. Downward,
unpubl.). Raf could therefore support MCF-10A cell sur-
vival in suspension through transcriptional induction of
an EGF-like autocrine loop leading to EGFR receptor, PI
3-kinase and PKB/Akt activity. We cannot exclude the
possibility that there is a more direct contribution of the
Raf/MAP kinase pathway to survival, but clearly Raf ac-
tivation is not sufficient to induce survival in the ab-
sence of EGF receptor function, indicating that autocrine
signaling is crucial for protection from apoptosis in this
system.
Looking for other explanations of the protective effect

of Raf at the level of transcriptional changes, we saw
only a few changes in expression of apoptosis regulatory
genes. Most of these would be expected to increase cell
sensitivity to apoptosis rather than decrease it (e.g., in-
creases in the level of Bak and Fas). The only one that
could be obviously protective was up-regulation of os-
teoprotegerin, a soluble decoy receptor for ligands for
Fas-related death receptors. However, we have previ-
ously been unable to inhibit anoikis by the addition of
decoy death receptors (Rytömaa et al. 1999). No regula-
tion of expression of apoptosis regulating genes con-
trolled by the PKB/Akt pathways NF-�B (IAPs, A1) or
Forkhead (Fas ligand, Bim) was seen, suggesting that sur-
vival signaling downstream from autocrine activation of
the EGF receptor and PKB/Akt is through direct phos-
phorylation of apoptosis regulators and not through tran-
scriptional control. Bcl-XL protein levels drop on detach-
ment (Rodeck et al. 1997), and Raf activation prevents
this. However, EGF receptor inhibitors failed to reverse
this, although removing protection from anoikis, sug-
gesting that this up-regulation of Bcl-XL was not suffi-
cient to maintain cell survival (A. Schulze and J. Down-
ward, unpubl.).
Activation of Raf is able to induce the production of

autocrine EGF-like factors, as reported previously for
HB-EGF (McCarthy et al. 1995), through a mechanism
involving Ets-2 phosphorylation and AP-1 (McCarthy et
al. 1997). Through this autocrine loop, Raf activation can
thus also stimulate PI 3-kinase and PKB/Akt and hence
protect cells from detachment-induced death. A thresh-
old of Raf activity may be required because Raf-CAAX,
an activated form of Raf that is less potent than �Raf-ER,

is unable to protect cells from anoikis (Khwaja et al.
1997). It should be noted that protection from anoikis in
Ras-transformed MCF-10A cells is resistant to EGFR re-
ceptor tyrosine kinase inhibitors, presumably because of
the ability of Ras to activate the PI 3-kinase pathway
directly. It has been shown, however, that full transfor-
mation of MCF-10A cells by oncogenic Ras requires au-
tocrine activation of the EGF receptor (Ciardiello et al.
1990).
The data described here provide a description of the

early transcriptional changes induced by activation of
the Raf/MAP kinase pathway in normal epithelial cells.
Many characteristics of the transformed cells can be seen
in the gene expression patterns of these cells after just a
few hours, even though several more days of Ras activa-
tion would be required to induce the full transformed
phenotype. The preponderance of changes in the expres-
sion of transcriptional regulators and the production of
autocrine growth factors that control other intracellular
signaling pathways begins to provide a picture of how
the network of progressive alterations in cell function is
established that can eventually promote malignancy.

Material and methods

Cell culture and retroviral infection

MCF-10A cells were grown in Ham’s nutrient mixture F12/
DMEM (1:1) containing 5% horse serum and 10 µg/mL insulin,
20 ng/mL EGF, 5 µg/mL hydrocortisone, and 100 ng/mL cholera
toxin (full medium). Minimal medium consisted of Ham’s nu-
trient mixture F12/DMEM (1:1) containing 5% horse serum,
whereas for supplemented medium 10 µg/mL insulin, 5 µg/mL
hydrocortisone, and 100 ng/mL cholera toxin were added to
minimal medium. 4-hydroxytamoxifen (4-OHT) was purchased
from Sigma and dissolved in ethanol to obtain a 0.5 mM stock
solution.
Retroviral vectors pBabe-puro-EGFP-�Raf:hbER (Bosch et al.

1997), pLXSN-V12Hras (Rodriguez-Viciana et al. 1997), or cor-
responding empty vectors were packaged in GP +E cells and
used to infect MCF-10A cells expressing the ecotropic retrovi-
rus receptor. Cells were selected with 2.5 µg/mL puromycin or
0.5 mg/mL G418 for 2 wk, and pBabepuro-EGFP-�Raf:hbER
cells were sorted twice for EGFP-expression by FACS.
Culture in collagen gels was performed as described in

Khwaja et al. (1998).

Antibodies and immunoblotting

Anti-phospho-p42/p44 Erk1/2 (T202, Y204) was purchased from
New England Biolabs; anti-panERK and anti-Bcl-XL from Trans-
duction Laboratories; anti-cytochrome c and anti-cyclin D1
(DCS-6) from Neomarkers; anti-TGF�, anti-HB-EGF, and anti-
amphiregulin from R & D Systems; anti-phospho-EGFR from
Calbiochem; anti-Bcl-2 from Pharmingen; and anti-estrogen re-
ceptor, anti-p21CIP1, anti-JunB, and anti-c-Fos from Santa Cruz.
Anti-phospho-S473-PKB/Akt has been described previously
(Khwaja et al. 1997). Cells were lyzed in buffer containing 1%
Triton X-100 or in SDS sample buffer. Proteins were separated
by SDS-PAGE and blotted onto PVDF membrane, incubated
with antibody solutions, and detected using ECL.
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Detachment-induced apoptosis and detection of cytochrome
c release

MCF-10A cells were detached by incubation with trypsin,
washed, and plated at a density of 105 cells/mL in 1.5 mL me-
dium containing 5% horse serum onto normal or poly-HEMA
coated plates. After 24 h, cells were harvested and DNA frag-
mentation was quantified using a Cell Death Detection ELISA
kit (Roche Pharmaceuticals) according to manufacturers in-
structions. PD98059, LY294002, AG1478, and PD168393 were
purchased from Calbiochem. Glu52-Diphtheriatoxin (CRM197)
was obtained from Sigma. Cytochrome c was detected in cyto-
plasmic fractions as described in (Rytömaa et al. 2000).

RNA preparation and array hybridisation

Total RNA was prepared using Trizol Reagent (GIBCO BRL),
following the manufacturers protocol. Poly A +-RNA was puri-
fied from total RNA with Oligotex latex beads (QIAGEN). Bio-
tin-labeled cRNA was prepared following Affymetrix protocols
(see Lockhart et al. 1996; Wodicka et al. 1997), and 17.5 µg
cRNA were hybridized onto Affymetrix GeneChip HuGeneFL
probe arrays, representing over 6000 known human genes and
ESTs.

Data analysis

Raw data were analyzed using Affymetrix GeneChip software v
3.01 (for explanation of quantitative analysis, see Lockhart et al.
1996). The probe set intensity (average difference) is propor-
tional to the abundance of the specific mRNA it represents and
is calculated by comparing hybridization signal of the perfect
match oligonucleotide to that of the mismatch oligonucleotide
and averaged over a set of 20 specific oligonucleotide pairs for
each gene. Total signal intensity of different probe arrays was
scaled to the same value before comparison. Fold change was
calculated using the Affymetrix GeneChip software by pairwise
comparison of corresponding probe pairs from experiment (8 h
or 72 h of 4-OHT treatment) and baseline (control) probe arrays.
Genes with changes in mRNA abundance in response to Raf
activation were selected by defining a filter query (Microsoft
Access): Only those probe sets were allowed to pass which were
called different by the GeneChip software and showed increases
or decreases equal or larger than threefold in both replicate ex-
periments. To account for high noise at low signal intensities,
genes for which the average difference values were below 100
throughout the experiment (in both baseline and experiment)
were eliminated from the analysis. To avoid saturation effects
at high signal intensities, genes with an average differences
larger than 10,000 throughout the experiment were also elimi-
nated. Finally, the filter query disregarded changes induced by
4-OHT alone that were detected in 4-OHT treated empty vector
infected cells.

Northern blotting

Ten micrograms of total RNA was separated by denaturing aga-
rose/formaldehyde gel electrophoresis, blotted onto charged
Nylon membranes, and immobilized by UV cross-linking. Frag-
ments of the human cDNAs for integrin �6, small proline rich
protein 1B (SSP-1B), c-Myc, HB-EGF, amphiregulin, c-Fos, ST-2,
MAP-kinase phosphatase 5 (MAPK-ppase 5), and BRF 2 were
isolated from corresponding IMAGE clones and labeled with
[�-P32]dCTP using a random prime labeling kit (Stratagene). Hy-
bridizations were performed using Quickhyb hybridization so-
lution (Stratagene). Signals were detected by autoradiography

and/or PhosphorImaging. GAPDH was detected using a labeled
fragment of the rat GAPDH cDNA.
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