














An equivalent response to MAb 4D5 treatment is not ob-
served in MKN7 cells. If the molecular events observed in
BT474 and SKBR3 cells were indeed related to growth inhi-
bition, it would be expected that they would not occur in

MKN7 cells, as these cells were not growth inhibited by treat-
ment with 4D5 (Fig. 1A). To address this question, a time
course of 4D5 treatment was performed with MKN7 cells.
Here, no increase in p27Kip1 protein levels or p27Kip1-Cdk2
association was observed, even after 24 h (Fig. 11) or 48 h (not
shown) of 4D5 treatment. Furthermore, c-Myc and cyclin D
protein levels were little affected (Fig. 11). These data suggest
that the cell cycle effects observed in BT474 and SKBR3 cells
are related to growth inhibition, rather than being nonspecific
events.

Increased p27Kip1 levels are not required for MAb 4D5-
induced p27Kip1-Cdk2 association, Cdk2 inactivation, and G1
arrest in BT474 cells. In BT474 cells, increased p27Kip1-Cdk2
complex formation correlated with Cdk2 inactivation and pre-
ceded increased p27Kip1 expression. This observation prompted
the question of whether increased p27Kip1 expression is an
essential component in mediating the G1 block induced by
ErbB2 receptor inhibition in BT474 cells, or whether it is
simply a consequence of 4D5-induced Cdk2 inactivation. This
question was particularly relevant considering the absence of
p27Kip1 induction in SKBR3 cells, which displayed only partial
Cdk2 inhibition in response to 4D5 treatment (Fig. 10C). To
address this issue, therefore, we used an antisense approach to
assess the cell cycle effects of preventing 4D5-specific increases
in p27Kip1 protein levels in BT474 cells. For this, a specific
15-base p27Kip1 antisense oligonucleotide and a mismatch con-
trol oligonucleotide were constructed as previously described
(14) (see Materials and Methods) and introduced into BT474
cells by lipofection. Immunoblots of lipofection-treated BT474
cells, subsequently treated for 24 or 36 h with 4D5, revealed
that although p27Kip1 levels increased as a result of 4D5 treat-
ment in both untreated and mismatch controls, p27Kip1 protein
levels were unaffected by 4D5 in cells treated with antisense
oligonucleotide (Fig. 12A). These data demonstrate the effi-
cacy of antisense-mediated inhibition of p27Kip1 protein ex-
pression in this system. Strikingly, when the cell cycle profile of
the same cells was analyzed by flow cytometry, antisense-
treated cells were still found to be blocked in G1, as a result of
4D5 treatment, to an extent similar to that for untreated or

FIG. 9. Time course of MAb 4D5-induced effects on Cdk/p27Kip1 association
and levels of proteins involved in p27Kip1 sequestration in BT474 cells. BT474
cells were seeded and treated with MAb FRP5 or MAb 4D5 as in Fig. 2. At the
times indicated, cell extracts were prepared and analyzed by immunoblotting
(WB) either directly or after immunoprecipitation (IP) with Cdk2-specific anti-
bodies (A). Additionally, p27Kip1 association with Cdk2 and Cdk4 was analyzed
by immunoblotting after immunoprecipitation (IP) with Cdk2- or Cdk4-specific
antibodies (B). Untreated cells (t 5 0) and cells treated with MAb FRP5 for 24 h
were included as controls.

FIG. 10. Effects of anti-ErbB2 MAb treatment on SKBR3 cell proliferation and the expression and activity of G1 regulators. SKBR3 cells were seeded as in Fig.
2. (A, Expt. 1; B and C) or at half the density (A, Expt. 2). After 24 h of incubation, PBS, MAb FRP5, or MAb 4D5 was added as in Fig. 2, and cells were treated as
follows: (A) incubated for 4 days and trypsinized, after which total cell number was calculated; (B) incubated for 24 h, trypsinized, and treated with propidium iodide,
after which cell cycle distribution was analyzed by flow cytometry; (C) incubated for 24 h, after which cell extracts were prepared and the protein levels of G1 regulators
were evaluated by immunoblotting, or p27Kip1 association with Cdk2 complexes, and Cdk2 activity, was assessed through immunoprecipitation (IP Cdk2) of Cdk2
followed by immunoblotting for associated p27Kip1 protein or in vitro histone H1 kinase assay. Cdk2 activity is indicated as a percentage of that in control (PBS)-treated
cells.

VOL. 20, 2000 MODULATION OF p27Kip1 FUNCTION BY ErbB2 OVEREXPRESSION 3217

 on S
eptem

ber 24, 2020 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 



mismatch control-treated cells (Fig. 12B). Importantly, cells
treated with oligonucleotide displayed a normal cell cycle pro-
file when cultured for the same time in the absence of 4D5
(data not shown).

Consistent with the presence of a G1 block, Cdk2 activity
was also decreased as a result of 4D5 treatment in all cases
(Fig. 13A). Indeed, although Cdk2 inactivation appeared to be
slightly delayed in antisense-treated cells (38%, compared to
18 and 12% in untreated and mismatch-treated cells, respec-
tively, after 24 h incubation with 4D5), by 36 h almost total
Cdk2 inactivation had occurred (4%, compared to 5 and 2.5%
in untreated and mismatch-treated cells, respectively). Further
analysis of Cdk2 immunoprecipitations for p27Kip1 association
indicated that after 24 h of treatment with 4D5 (a time when
Cdk2 levels were unaffected), similar levels of p27Kip1 protein
became associated with Cdk2 in antisense-treated cells com-
pared to controls (Fig. 13B). These data confirm that 4D5
treatment of BT474 cells induces the relocation of p27Kip1

protein onto Cdk2 complexes. Furthermore, this movement is
independent of increased p27Kip1 protein levels and is suffi-
cient to potentiate Cdk2 inactivation and, hence, establish a G1
block. Additionally, no induction of the expression of the CKI
p21Cip1/Waf1 was observed after lipofection of either the anti-
sense or mismatch control oligonucleotide (data not shown).
This attests to the specificity of this effect, ruling out nonspe-
cific effects of single-stranded DNA on Cdk2 activity.

DISCUSSION

ErbB2 overexpression potentiates cyclin E-Cdk2 activity in
breast tumor cells. Examination of primary tumors overex-
pressing the ErbB2 receptor tyrosine kinase has revealed more
aggressive tumor phenotypes, associated with poor patient
prognosis (24, 59, 70, 71, 84). The extracellular accessibility
and involvement in tumor malignancy suggest ErbB2, there-
fore, as an appropriate target for tumor-directed therapies. For
this reason, elucidating the molecular mechanisms by which

ErbB2 overexpression potentiates tumor cell growth is a pri-
ority. In this work, we have shown that MAb 4D5 treatment of
the ErbB2-overexpressing breast tumor cell line BT474 results
in a rapid reduction in ErbB2 receptor phosphorylation. Con-
sistent with the relationship between tyrosine phosphorylation
and receptor activity, a concomitant decrease in the activity of
downstream cytoplasmic signaling pathways was also demon-
strated. These observations imply antibody-mediated interfer-
ence of receptor function in 4D5-treated cells. Consequently,
BT474 cells respond to antibody treatment by growth arrest,
suggesting that they are dependent on elevated ErbB2 receptor
activity for proliferation. More specifically, 4D5 treatment re-
sults in a block of the G1/S transition, characterized by a rapid
increase in p27Kip1 levels and inactivation of the cyclin E-Cdk2
complex.

Increased p27Kip1 protein levels, with an associated G1 ac-
cumulation, have been previously observed in ErbB1-overex-
pressing human carcinoma cell lines after treatment with the
ErbB1 growth-inhibitory MAb 225 (53, 81, 83), as well as in an
ErbB2-overexpressing ovarian carcinoma cell line treated with
4D5 (83). This relationship could point to a general role for
ErbB receptor overexpression in maintaining cyclin E-Cdk2
activity by directly controlling p27Kip1 protein levels, thus de-
regulating control mechanisms regulating the G1/S transition.
The consequences of such a role for tumor development are
obvious and would explain the more aggressive growth char-
acteristics of tumors overexpressing ErbB2 receptors. How-
ever, through the work presented here, we provide evidence

FIG. 11. Time course of the effects of MAb 4D5 treatment on G1 regulators
in MKN7 cells. MKN7 cells were seeded at a density of 3 3 104 cells/cm2. After
24 h of incubation, the medium was changed and MAb FRP5 or MAb 4D5 was
added to a concentration of 10 mg/ml for the times indicated. Cell extracts were
prepared and analyzed by immunoblotting (WB) either directly or after immu-
noprecipitation (IP) with Cdk2-specific antibodies. Untreated cells (t 5 0) and
cells treated with MAb FRP5 for 24 h were included as controls.

FIG. 12. Effect of antisense-mediated inhibition of MAb 4D5-induced
p27Kip1 accumulation on the cell cycle of BT474 cells. BT474 cells were seeded
at a density of 3 3 104 cells/cm2. After 24 h of incubation, cells were treated with
LipofectAMINE alone (Lipo), p27Kip1 antisense oligonucleotide (AS), or a mis-
match control oligonucleotide (MM) as outlined in Materials and Methods. Cells
were subsequently refed with normal growth medium; after 3 to 5 h, MAb 4D5
(1 4D5) was added (10 mg/ml) for 24 or 36 h. After these times, cell extracts were
prepared and p27Kip1 protein levels were examined by immunoblotting (A).
After 36 h, cells were trypsinized and treated with propidium iodide, and cell
cycle distribution was analyzed by flow cytometry (B). Cells treated with Lipo-
fectAMINE alone followed by no addition of MAb 4D5 were included as con-
trols. The LipofectAMINE procedure itself had no effect on cell cycle distribu-
tion compared to untreated controls, as assessed after 36 h of incubation (not
shown).
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disputing this simple interpretation. First, a second ErbB2-
overexpressing cell line (SKBR3), which is also growth inhib-
ited as a result of 4D5 treatment, did not exhibit increased
p27Kip1 expression. Additionally, a more in-depth analysis of
the effects of 4D5 treatment on p27Kip1 function in BT474 cells
demonstrated that the most immediate effect (within 2 h) of
4D5 treatment was to increase the availability of p27Kip1, al-
lowing it to interact with cyclin-Cdk2 complexes. This occurred
prior to increases in p27Kip1 protein levels and paralleled Cdk2
inactivation kinetics. A similar shift of p27Kip1 protein onto
Cdk2 complexes was also observed in SKBR3 cells, correlating
with reduced Cdk2 activity. We postulate, therefore, that ele-
vated ErbB2 receptor signaling in overexpressing tumor cells
potentiates G1/S progression by impeding p27Kip1 association
with cyclin E-Cdk2 complexes. This hypothesis is supported by
further experiments, using an antisense p27Kip1 oligonucleo-
tide to prevent 4D5-induced increases in p27Kip1 protein levels
in BT474 cells. Here, increased p27Kip1-Cdk2 complex forma-
tion was still observed after 4D5 treatment, correlating with
Cdk2 inactivation. Additionally, although increased p27Kip1

levels may have contributed to the stability of the G1 arrest at
later times, this event was found not to be required to establish
the G1 block induced by 4D5 treatment in these cells.

It is known that p27Kip1 levels are regulated principally by
degradation (51). Furthermore, (i) phosphorylation of p27Kip1

on threonine 187 by Cdk2 kinase and (ii) stable trimeric com-
plex formation with cyclin-Cdk2 complexes act as signals for
ubiquitination and hence target p27Kip1 to the proteasome
degradation machinery (43, 44, 66). From the results presented

here, p27Kip1 accumulation in BT474 cells appears to be a
secondary effect of 4D5-induced p27Kip1-Cdk2 complex forma-
tion, as the latter was sufficient to almost totally inhibit Cdk2
activity. In the absence of Cdk2 activity, p27Kip1 protein would
be inefficiently phosphorylated and stabilized. This supposition
is supported by two observations. First, no p27Kip1 induction
was observed in 4D5-treated SKBR3 cells, which exhibited
only partial Cdk2 inactivation as a result of p27Kip1 redirection.
Second, using [35S]methionine pulse-chase techniques after
16 h of 4D5 treatment, we have shown a doubling of p27Kip1

protein half-life, with no specific effect on p27Kip1 translation
(unpublished data).

With these data in mind, therefore, we propose that the
initial effect of inhibiting ErbB2 receptor function in 4D5-
sensitive breast carcinoma cells is to redirect p27Kip1 onto
Cdk2 complexes resulting in inhibition of G1/S progression.
The extent of Cdk2 inactivation following receptor inhibition
appears to be cell type specific and in some cases is sufficient to
instigate a complete G1 block and induce increased p27Kip1

protein expression. More specifically, we speculate that in
some tumors ErbB2 overexpression promotes constitutive in-
tracellular signaling leading to sequestration of p27Kip1 away
from Cdk2 complexes.

ErbB2 overexpression regulates the expression of proteins
involved in p27Kip1 sequestration. The D-type cyclins and the
transcription factor c-Myc are involved in regulating p27Kip1

sequestration in proliferating cells (8, 34, 73, 77, 85). In this
respect, a reduction in the level of these proteins was observed
in 4D5-treated BT474 and SKBR3 cells, correlating with
p27Kip1-Cdk2 complex accumulation. Loss of p27Kip1 seques-
tration proteins would provide an explanation for 4D5-induced
p27Kip1 relocation onto Cdk2 complexes. However, we ac-
knowledge that alternative mechanisms of regulating p27Kip1

availability in tumor cells may also be affected (50). Previous
reports have shown that activation of the MAP (Erk1/2) kinase
pathway leads to stabilization of the c-Myc protein (65) and
increased cyclin D transcription (42). Furthermore, activation
of the PI3-kinase/PKB pathway has been implicated in the
translational induction of c-Myc (80) and stabilization of the
D-type cyclins (13, 17). Here, we have shown that 4D5-treated
BT474 cells exhibit a rapid and dramatic reduction in PKB
phosphorylation, with less dramatic effects on Erk1/2, suggest-
ing an effect on the activation state of these kinases. Addition-
ally, effects on both PKB and Erk1/2 phosphorylation have also
been demonstrated in SKBR3 cells (data not shown). Based on
the literature, therefore, these observations could account for
the decreased expression of c-Myc and D-type cyclins in cells
sensitive to 4D5 treatment. Recently, the role of c-Myc in the
regulation of cyclin D1 and D2 expression has been demon-
strated (10, 54). Whether in our experiments downregulation
of the D-type cyclins after 4D5 treatment was purely a conse-
quence of reduced c-Myc protein levels is a matter for debate,
particularly as in BT474 cells c-Myc protein levels recovered at
later times (36 to 48 h) of 4D5 treatment, whereas cyclin D2
(and D3) levels did not. Intriguingly, changes in cyclin D1
protein levels did mirror fluctuations in c-Myc protein, sug-
gesting that cyclin D1 expression is downstream of the c-Myc
transcription factor in BT474 cells.

It should also be noted that no effect of 4D5-induced c-Myc
downregulation was seen at the level of expression of cyclin E
or the G1 Cdk-regulatory phosphatase Cdc25A (Fig. 6A and
data not shown). Both of these proteins have been postulated
to be downstream transcriptional targets of c-Myc (2, 48). For
Cdc25A, this now seems unlikely (48). Moreover, the exact
relationship between c-Myc and cyclin E expression is not
established. Indeed, the cyclin E promoter has no consensus

FIG. 13. Effect of antisense-mediated inhibition of MAb 4D5-induced
p27Kip1 accumulation on Cdk2 activity and p27Kip1-Cdk2 complex formation in
BT474 cells. BT474 cells were seeded, treated with either LipofectAMINE alone
(Lipo), antisense p27Kip1 oligonucleotide (AS), or mismatch (MM) control oli-
gonucleotide, and treated with MAb 4D5 (1 4D5) as outlined in Fig. 12. After
24 and 36 h of incubation, cells were extracted and immunoprecipitated with
Cdk2-specific antibodies followed by in vitro histone H1 kinase assay (A). After
24 h of incubation, the same extracts were analyzed for p27Kip1 protein levels by
immunoblotting (WB) directly or after immunoprecipitation (IP) of Cdk2 com-
plexes. Cells treated with LipofectAMINE alone followed by no addition of MAb
4D5 were used as controls, and Cdk2 activity is expressed as a percentage of this
control.
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c-Myc binding sites, and in some systems c-Myc has been
shown to increase cyclin E-Cdk2 activity in the absence of
changes in cyclin E expression (61, 74). An additional point to
consider is that cyclin E is constitutively overexpressed in
breast tumor cells (31, 32). It is possible, therefore, that cyclin
E levels were maintained after 4D5 treatment as a result of
tumor-specific deregulation of cyclin E expression.

Differential responses to MAb 4D5 treatment indicate dif-
ferences in growth dependency in ErbB2-overexpressing tu-
mor cells. In vitro screening of ErbB2-overexpressing cell lines
for 4D5-mediated growth inhibition has revealed variability in
the response of tumor cells to antibody treatment (37, 38).
Here, we have also shown that two overexpressing breast tu-
mor cell lines, BT474 and SKBR3, respond to antibody-medi-
ated inhibition of ErbB2 signaling to differing extents. More-
over, effects on cell proliferation appear to correlate with the
extent of Cdk2 inhibition induced by antibody treatment. In
this context, cyclin E-Cdk2 kinase activity is known to be
heavily deregulated in breast tumor cells (31, 32). Indeed,
increased cyclin E expression has been associated with a high
proliferative capacity, highly aggressive tumors, and poor pa-
tient prognosis (45, 46, 58). Furthermore, cyclin E-Cdk2 acti-
vation levels in primary breast tumors correlate with the phos-
phorylation status of pRb and with proliferation rates (40), a
finding which corroborates the observations presented here.
The reason for the differences between the overall responses of
BT474 and SKBR3 cells to 4D5 treatment is not known. How-
ever, we note that SKBR3 cells express approximately fourfold
less p27Kip1 protein than BT474 cells, as well as significantly
higher levels of cyclin D2 (sevenfold), cyclin D3 (twofold),
Cdk6 (fourfold), and c-Myc (twofold) proteins (unpublished
data). It is possible, therefore, that cell-type-specific differ-
ences in the expression of p27Kip1 and p27Kip1 sequestration
proteins may determine the potency of the growth response to
ErbB2 receptor inhibition. This important question will be
addressed in the future.

An additional consideration is that ErbB2-overexpressing
tumor cells may exhibit graded responses to ErbB2 inhibition
due to different dependencies on elevated ErbB2 receptor
expression for the maintenance of mitogenic signaling path-
ways (discussed below). This possibility is exemplified in
MKN7 cells, which also overexpress ErbB2 but are not growth
inhibited by 4D5 treatment. Indeed, 4D5 treatment of MKN7
cells had no effect on p27Kip1 sequestration or p27Kip1 protein
levels. Accordingly, major cytoplasmic signaling pathways, as
well as c-Myc and cyclin D protein levels, remained essentially
unchanged. These data indicate that the effects on the cell
cycle machinery observed in 4D5-treated BT474 and SKBR3
cells are indeed related to growth inhibition. Furthermore,
despite the fact that MKN7 cells dramatically overexpress
ErbB2 to levels similar to those observed in BT474 cells (Fig.
2A; see also references 21 and 37) and also exhibit a general
reduction in receptor phosphorylation as a result of 4D5 treat-
ment, impaired ErbB2 receptor signaling does not seem to
affect the maintenance of p27Kip1 sequestration proteins or
stimulate p27Kip1-Cdk2 complex formation in this case. The
role of ErbB2 overexpression in the potentiation of Cdk2 ac-
tivity in tumors, therefore, is not universal.

ErbB2 receptor overexpression alone does not determine
growth dependency. Consistent with downstream effects on
cytoplasmic signaling pathways, we have demonstrated that
4D5 treatment of BT474 cells results in a rapid and general
reduction in ErbB2 phosphorylation. In contrast to a previous
report examining the effect of 4D5 treatment on ovarian can-
cer cells (83), we observed no gross downregulation of ErbB2
protein levels. It is possible that slight decreases in ErbB2

expression were not detected by the immunoblotting approach
that we used. With this in mind, therefore, we cannot rule out
the possibility that partial receptor downregulation may have
occurred after prolonged 4D5 treatment, as previously shown
(27, 33). Until now, receptor analyses showing 4D5-induced
reductions in ErbB2 phosphorylation were performed after
long treatment periods, and tryptic phosphopeptide mapping
was not carried out (27, 33). Moreover, it has also been sug-
gested that 4D5 induces ErbB2 phosphorylation in BT474 cells
(63). From detailed time courses of 4D5 treatment of BT474
cells, however, we have detected decreased receptor phosphor-
ylation levels within 10 min of 4D5 addition. Furthermore,
through phosphopeptide mapping, receptor dephosphoryla-
tion was shown to be general, including sites stimulated by
treatment with MAb FRP5, a known ErbB2 partial agonist (25,
41). The lack of correlation between our observations and
those of Scott and coworkers (63) could be due to differences
in cell culture conditions before 4D5 addition. In our experi-
ments, cells were treated with antibody at low densities (see
Materials and Methods) when a normal cell cycle profile was
evident (Fig. 7A). In contrast, 80 to 100% confluent cells were
used by the above authors, which could have resulted in dif-
ferences in response to antibody treatment.

Taken together, our data show that 4D5-induced inhibition
of ErbB2 receptor signaling in BT474 cells affects downstream
signaling events required for the maintenance of p27Kip1 se-
questration proteins and, hence, Cdk2 activity. It is tempting to
propose, therefore, that the general dephosphorylation of
ErbB2 induced by 4D5 treatment is sufficient to inhibit growth
in ErbB2-overexpressing cell lines. However, as 4D5 treatment
of the insensitive tumor cell line MKN7 also induced receptor
dephosphorylation in a similar fashion, this event cannot be
considered a marker for cellular response to 4D5 treatment.
Consequently, one has to consider that other cell-type-specific
factors may determine whether tumor cells become dependent
on elevated ErbB2 signaling for proliferation.

It has been suggested that long-term resistance to 4D5 treat-
ment may be due to intracellular expression of the extracellular
domain of ErbB2, which interferes with internalized ErbB2-
4D5 complexes (64). However, from the rapid kinetics of re-
ceptor dephosphorylation observed in both MKN7 and BT474
cells after addition of 4D5, this hypothesis would not explain
the resultant differential effects on nuclear proteins. From the
data presented in this paper, therefore, we speculate on a
number of more plausible explanations for why there are dif-
ferences between cellular responses to 4D5-induced ErbB2
receptor inhibition. First, although ErbB2 is overexpressed in
MKN7 cells to levels similar to those in BT474 cells, the re-
ceptor is minimally phosphorylated in the former case (Fig.
2A). This implies that ErbB2 is not as active a signaling moiety
in MKN7 cells as in BT474 cells. Of all ErbB receptor inter-
actions, the ErbB2-ErbB3 heterodimer is considered the pre-
ferred and most potent signaling module (55, 79), coupling
efficiently to the PI3-kinase pathway (20, 60). It is significant,
therefore, that ErbB3 is overexpressed and active in BT474
cells but is undetectable in MKN7 cells. Moreover, the PI3-
kinase pathway, as measured by PKB phosphorylation, is dra-
matically downregulated in BT474 as a result of 4D5 treatment
but remains unaffected in MKN7 cells. Previously, ErbB3 ex-
pression has been shown to enhance ErbB2-mediated trans-
formation and tumorigenic growth of NIH 3T3 cells (1, 78, 88).
Furthermore, ErbB2-ErbB3 coexpression has been observed in
human breast tumors (9, 69), where it has been postulated to
play a critical role in tumor progression (69). ErbB3 may,
therefore, collaborate with ErbB2, contributing to tumor de-
velopment. The above data, together with the finding that

3220 LANE ET AL. MOL. CELL. BIOL.

 on S
eptem

ber 24, 2020 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org/


4D5-sensitive SKBR3 cells express similar levels of ErbB3 pro-
tein (as well as ErbB1 and ErbB2) as BT474 cells (data not
shown) and reports that ErbB2-overexpressing cell lines with
no or low ErbB3 expression are minimally growth inhibited by
4D5 treatment (37, 38), make it tempting to postulate that the
strong proliferative signal resulting from an ErbB2-ErbB3 col-
laboration could lead to growth dependency during tumor de-
velopment.

A second possible explanation for resistance to 4D5 treat-
ment is the presence of alternative signaling pathways with the
capacity to override ErbB2 receptor inhibition. In MKN7 cells
a likely candidate is the ErbB1 receptor, which, in contrast to
the situation in BT474 and SKBR3 cells, is overexpressed (see
Fig. 2A and reference 37) and highly activated in these cells
(Fig. 2A). The observations that ErbB-mediated signaling
pathways overlap (5, 16), that epidermal growth factor rescues
growth inhibition caused by 4D5 treatment (reference 83 and
our unpublished data), and that the anti-ErbB1 MAb 225 aug-
ments 4D5-induced growth inhibition (83) provide compelling
evidence for alternative routes by which tumor cells ensure
maintenance of their proliferative capacity. With these two
possibilities in mind, therefore, the involvement of all ErbB
receptor family members in determining cellular responses to
4D5 treatment should be considered.

Implications for tumor development. Alterations targeting
and, therefore, deregulating the G1 Cdk/pRb phosphorylation
pathway are commonly found in human cancers. In this re-
spect, numerous correlations between abnormal p27Kip1 ex-
pression and advanced tumor grade have been made (for ex-
amples, see references 12, 19, 39, 58, and 82). Enhanced
proteasome-dependent p27Kip1 degradation has been postu-
lated to be a major influencing factor in these tumors (19, 39).
Here, we show that ErbB2 overexpression can provide an ad-
ditional level of p27Kip1 deregulation during tumor develop-
ment; maintaining p27Kip1 sequestration proteins and, thus,
potentiating cyclin E-Cdk2 activity. However, we further dem-
onstrate that receptor overexpression levels alone cannot pre-
dict to what extent elevated ErbB2 receptor signaling will con-
tribute to deregulation of the G1/S transition. Bearing this in
mind, we note that even though all patients treated with a
humanized version of 4D5 (Herceptin) presented with meta-
static breast carcinomas overexpressing ErbB2, not all re-
sponded to treatment (3, 15, 52). It is tempting to speculate,
therefore, that the ability of a given tumor cell to elicit p27Kip1

relocation and, hence, Cdk2 inactivation in response to ErbB2
receptor inhibition may determine the potency of the clinical
response to Herceptin. This ability may depend on the relative
contribution of other growth factor receptors to ErbB2 activa-
tion and to the maintenance of specific intracellular, mitogenic
signaling pathways. In some tumor cells, ErbB1 or ErbB3 ex-
pression is coamplified with ErbB2, leading to the suggestion
that they may collaborate in the induction of human malignan-
cies. The determination of whether such relationships do, in-
deed, exist has an impact not only on elucidating the mecha-
nisms by which ErbB2 overexpression contributes to malignant
transformation but also on therapeutic and screening strategies
used in the clinic.
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