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Ectopic activation of fibroblast growth factor receptor 3 (FGFR3) is associated with several cancers, includ-
ing multiple myeloma (MM). FGFR3 inhibition in these cells inhibits proliferation and induces apoptosis, vali-
dating FGFR3 signaling as a therapeutic target in t(4;14) MM cases. We have identified the PI3K regulatory
subunit, p85a, as a novel interactor of FGFR3 by yeast two-hybrid, and confirmed an interaction with both
p85a and p85b in mammalian cells. The interaction of FGFR3 with p85 is dependent upon receptor activation.
In contrast to the Gab1-mediated association of FGFRs with p85, the FGFR3-p85 interaction we observed
requires FGFR3 Y760, previously identified as a PLCg binding site. The interaction of p85 with FGFR3
does not require PLCg, suggesting the p85 interaction is direct and independent of PLCg binding. FGFR3
and p85 proteins also interact in MM cell lines which consistently express p85a and p85b, but not p50 or
p55 subunits. siRNA knockdown of p85b in MM cells caused an increased ERK response to FGF2. These
data suggest that an endogenous negative regulatory role for the p85-FGFR3 interaction on the Ras/ERK/
MAPK pathway may exist in response to FGFR3 activity and identifies a novel therapeutic target for MM.

INTRODUCTION

Fibroblast Growth Factor Receptor 3 (FGFR3) is one of four
receptors that mediate the effects of FGFs on diverse cellular
processes including proliferation, differentiation and migration
(reviewed in 1–3). Ligand activation of the receptor results in
phosphorylation of critical tyrosine residues, leading to the

activation of multiple signal transduction cascades. Abnormal
activation of FGFR3 is directly responsible for human dwarf-
ing syndromes and is reported in association with several
cancer types, including bladder cancer and multiple
myeloma (MM) (2,4–7).

MM is an incurable malignancy of terminally differentiated
B cells, characterized by clonal expansion of plasma cells in
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the bone marrow. Approximately 50% of intramedullary MM
cases involve a chromosomal translocation event between the
immunoglobulin heavy chain and one of five recurrent loci,
including the 4p16.3 locus, resulting in aberrant expression
of FGFR3 (8–10). This translocation event is associated
with a particularly poor prognosis, marked by a substantially
shortened survival following either conventional or high-dose
chemotherapy (11). Roughly 10% of these patients further
acquire activating mutations in FGFR3, an additional
adverse prognostic factor (12). Inhibition of FGFR3 activity
inhibits tumor growth in cell lines and animal models of
FGFR3-associated MM (13–17), supporting its therapeutic
relevance.

Activation of FGF receptors leads to activation of multiple
signaling cascades, including the ERK/MAPK, PLCg/PKC,
PI3K and STAT pathways, all of which have been implicated
as contributing to FGFR3-medated transformation (18–23).
Signaling through Ras/ERK/MAPK, as monitored by pERK
levels, is a required event for manifestation of
FGFR3-mediated phenotypes (19,24). Indeed, chemical inhi-
bition of FGFR3 in MM cells results in decreased proliferation
and increased apoptosis, which is consistently accompanied by
decreased ERK activation (15,17,25,26), suggesting that
decreasing ERK activation is a desirable outcome for cancer
treatments involving FGFR3. Less is known about the involve-
ment of other downstream events. The PI3K/Akt pathway,
which is triggered by FGF and other growth factor receptors
and is involved in oncogenic cellular transformation in many
cancers (27), may be activated directly, as is the case for the
PDGF receptor (28), or indirectly, via the IRS1 and Gab1
adaptor proteins, for the insulin and EGF receptors, respect-
ively (29–31). FGFRs were previously reported to fall in the
latter group, activating PI3K indirectly via the Gab1 docking
protein (32). The PI3K pathway functions in regulation of
cell proliferation and survival, and is implicated in multiple
cancer types (33–35). AKT activation (phosphorylation at
S473) has been associated with a poor prognosis in many
cancers, including those of the hematopoietic system
(36,37). Further, PI3K activity is implicated in
FGFR3-mediated transformation due to the ability of a PI3K
inhibitor, LY294002, to inhibit the growth of ETV6/
TEL-FGFR3 transformed Ba/F3 cells (38). In MM cells,
PI3K/Akt signaling contributes to cell proliferation and survi-
val, whereas inhibition of PI3K inhibits tumor growth
(19,20,23,39–41). Finally, several studies suggest that cross-
talk exists between the PI3K and Ras/ERK/MAPK pathways
and implicate PI3K activity in the regulation of ERK1/2
activation in a manner dependent on growth factor stimulation
(42–46).

We report here that FGFR3 can recruit the p85 regulatory
subunit of PI3K independently of the Gab1 adaptor protein
in an activation-dependent manner, and further identify
FGFR3 Y760 as the critical site involved. The expression of
PI3K regulatory isoforms was determined in MM cell lines
and the contribution of the PI3K pathway to FGFR3 signaling
in MM investigated. Our results suggest that p85 can modulate
the ERK response to FGF2 in MM cells and that the inter-
action of activated FGFR3 with p85 may negatively regulate
the downstream activation of ERK.

RESULTS

Identification of a novel interaction between FGFR3
and p85a

While the molecular components of normal FGFR3 signaling
are emerging, a more complete molecular profile of aberrant
FGFR3 signaling is necessary to identify effective treatments
for FGFR3-associated cancers. In order to identify novel
protein interactions of FGFR3 and activated FGFR3 that
might lead to the identification of new therapeutic targets, a
yeast two-hybrid screen was performed. Previous attempts
to use this approach for mutant FGFR3 met with limited
success and only a weakly active FGFR3 mutant implicated
in a mild from of short-limbed dwarfism, hypochondroplasia
(N540K), yielded significant positive clones, allowing for the
identification of SH2B as an interacting protein (47). Under
the growth conditions used in our studies, expressing the
complete cytoplasmic domain of human FGFR3 (amino
acids 399–806) with the wild-type (WT) sequence or an acti-
vating LYS to GLU mutation at amino acid 650 (K650E)
(48) was not toxic. Each was used as bait to screen a
primary human chondrocyte cDNA library (Fig. 1A). This
library was chosen as FGFR3 is highly expressed in chondro-
cytes. A pilot screen yielded 87 clones which scored positive
on the filter lift b-galactosidase assay, 84 of which were
derived using the K650E mutant receptor as bait. One of
the strongest interactions observed was identified by sequence
analysis as transcript variant 3 of the PI3-kinase (PI3K) regu-
latory protein, p85a, better known as p50a. This interaction
was confirmed in yeast by co-transformation with the isolated
library plasmid and the WT or K650E FGFR3 bait plasmid
(Fig. 1B), indicating that p85a can interact with both WT
and K650E mutant FGFR3 sequences in yeast. No colonies
were observed using Lamin C, which does not interact with
FGFR3, as a negative control (data not shown).

FGFR3 interacts with PI3K regulatory proteins
in mammalian cells

The PI3K proteins are divided into three main classes (e.g.
reviewed in 49,50), of which the class IA proteins are acti-
vated by receptor tyrosine kinases such as FGFR3. Class
IA PI3-kinases are composed of a catalytic subunit (p110a,
p110b, p110d) complexed to one of five regulatory subunits,
including p85b, p55g and the p85a isoforms (p85a, p55a,
p50a) (Fig. 2A). The p85a isoforms, encoded by the
PIK3R1 gene, contain two SH2 domains, identical in
sequence. p85b is structurally similar to p85a, sharing 62%
identity at the amino acid level (51), and p55g shares
�70% amino acid identity with the SH2 domains and
inter-SH2 region of p85a (52).

Having identified p50a as an interacting protein for FGFR3 in
the yeast two-hybrid assay, we examined the ability of FGFR3 to
interact with several PI3K regulatory proteins in mammalian
cells by performing reciprocal co-immunoprecipitations from
lysates of HeLa cells transfected with full-length FLAG-tagged
FGFR3 in the presence or absence of exogenous HA-tagged
p50a and p85a. Three FGFR3 plasmids were used, including
the wild-type sequence and the K650E mutation, as well as a
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third containing a kinase-inactivating K508M mutation. Only
the receptor carrying the K650E mutation, which renders
FGFR3 constitutively phosphorylated and active (53), showed
appreciable interaction with p85a and p50a in both immunopre-
cipitation orientations (Fig. 2B and data not shown). Some inter-
action with p85 proteins is observed with the wild-type receptor,
particularly in the anti-FLAG IP to pull down FGFR3, likely
reflecting receptor phosphorylation characteristic of transient
overexpression (Fig. 2C and unpublished results). Endogenous
p85a and p85b were also observed to interact in an activation-
dependent manner (data not shown). Taken together, these data
demonstrate the ability of FGFR3 to interact with multiple PI3K
regulatory proteins and suggest a dependence on receptor
phosphorylation for these interactions.

The FGFR3 interaction with p85 is not mediated by Gab1

It has been shown for FGFR1 that activation of PI3-kinase sig-
naling can be achieved via an indirect interaction with p85a
involving an adaptor protein complex containing FRS2,
Grb2 and Gab1 (Fig. 2D). Binding a juxtamembrane region
of FGFR1 (residues 412–433) devoid of tyrosine residues in
a ligand-independent manner, FRS2 is phosphorylated follow-
ing receptor stimulation, providing binding sites for Grb2,
which subsequently recruits Gab1 via its SH3 domain
(32,54,55). Activated Gab1 then directly recruits p85 and acti-
vates PI3-kinase. Yeast do not carry homologues of the FRS2,
Grb2 or Gab1 adaptor proteins (Saccharomyces Genome Data-
base; http://www.yeastgenome.org), suggesting that the inter-
action observed between FGFR3 and p85a may not be

mediated by this adaptor complex. To determine whether an
interaction with Gab1 is required for FGFR3-p85 binding,
WT, K650E or K508M FGFR3 constructs were transfected
into HeLa cells in combination with either wild-type Gab1
or Gab1-YF3, the latter of which is deficient in p85 binding
(56,57). The immunoprecipitation of endogenous p85 was
repeated and the precipitates probed for FGFR3. We found
that neither wild-type Gab1 nor Gab1-YF3 had any significant
effect on the co-immunoprecipitation of FGFR3 with p85a
(Fig. 2E and F), indicating that these two proteins can interact
independent of Gab1.

FGFR3 interaction with p85 is dependent on FGFR3 Y760

The kinase domain of FGFR3 contains four critical tyrosine
residues shown to be important in mediating FGFR3 signals
(58). Y724, which appears to be involved in PI3-kinase acti-
vation by FGFR3, is within a consensus binding sequence
for p85; however, no evidence exists for p85 binding to this
residue or its counterpart in FGFR1 (54,58). Y770, in contrast,
has been suggested to function as a negative regulator of
PI3-kinase activity (58). The counterpart of FGFR3 Y760 in
FGFR1 (Y766) is correspondingly implicated in PI3K acti-
vation (59). p85 was immunoprecipitated from lysates of
HeLa cells transfected with FGFR3 constructs carrying
single Y!F mutations at each of the critical tyrosines on
the constitutively active K650E background. Evaluation of
p85 immunoprecipitates for the presence of FGFR3 indicated
that mutation of Y760 greatly reduced binding to p85, and
mutation of Y724 less so (Fig. 3A), suggesting Y760 is the
residue primarily involved in binding p85.

The corresponding residue in FGFR1 (Y766) directly binds
PLCg (60), and has been shown to be required for binding of
PLCg to mouse FGFR3 (Y754) (61) and activation of PLCg
downstream of human FGFR3 (18). Furthermore, PLCg con-
tains consensus binding sequences for p85, suggesting it
may serve as an adaptor for p85 binding to FGF receptors
(Fig. 3B). The requirement for Y760 in the interaction of
PLCg was first evaluated with human FGFR3 by reciprocal
co-immunoprecipitations in HeLa cells and Y760 is required
for PLCg binding as expected (Fig. 3C and data not shown).
We next examined whether p85 and PLCg bind to FGFR3
independently or whether PLCg serves as an adaptor for p85
by examining their ability to co-IP with one another in the pre-
sence of FGFR3. As shown in Fig. 3C, an interaction between
p85 and PLCg in either direction was undetectable, even in the
presence of activating FGFR3 mutations, suggesting that p85
and PLCg bind independently to FGFR3 in a manner requiring
Y760, and are likely to compete for binding.

PI3K p85 proteins are expressed and interact with FGFR3
carrying activating mutations in MM cells

To investigate whether the p85-FGFR3 interaction occurs in
MM cells, we first determined which of the five class IA regu-
latory subunits are expressed in MM cell lines using a combi-
nation of western blotting and RT–PCR with isoform-specific
antibodies and primers, respectively. Cell lines expressing
wild-type FGFR3 were evaluated, as well as lines expressing
FGFR3 carrying activating mutations and lines with no

Figure 1. FGFR3 and p85 interact in yeast. (A) The cytoplasmic domain of
FGFR3 (wild-type or K650E sequences) fused to the LexA DNA-binding
domain were used as bait for a yeast two-hybrid screen. (B) L40 yeast expres-
sing FGFR3WT or FGFR3K650E bait plasmids were transformed with PI3K-p85
or SH2B (positive control) prey plasmid as shown and plated on
SD/-His/-Leu/-Trp. Colonies were transferred to nitrocellulose filters and
subject to X-Gal assay. An interaction with Lamin C (negative control) was
not observed for either prey (data not shown).
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FGFR3 expression (Fig. 4A). The regulatory subunits p85a
and p85b were detected in all lines evaluated by western
analysis, whereas p55g was consistently lacking (Fig. 4B
and C). Since commercial antibodies cannot distinguish
between the p50a and p55a isoforms, RT–PCR was used to
determine their presence or absence. p50a and p55a were
weakly detected in one line each expressing wild-type
FGFR3 (LP-1 and H929, respectively) or an activating
mutation in FGFR3 (OPM-2 and KMS-18, respectively),
suggesting that these isoforms are not consistently expressed
and, therefore, are less likely to be relevant to
FGFR3-mediated pathogenesis in MM (Fig. 4B). Having
identified p85a and p85b as the major regulatory PI3K pro-
teins in MM cells, we next examined the ability of endogenous
FGFR3 and p85 to interact in MM cell lines using
co-immunoprecipitation. Cell lines expressing FGFR3 with
activating mutations (OPM-2, KMS-11 and KMS-18) show
an interaction between FGFR3 and p85 with or without

ligand (Fig. 4D, detected with pan-p85 antibody). Ligand-
dependent FGFR3 interaction with p85 was observed in cells
with wild-type FGFR3, although less consistently (Fig. 4D
and data not shown). While OPM-2 cells show a robust inter-
action between FGFR3 and p85, these cells also carry a
mutation in the PTEN negative regulator of PI3K (62), render-
ing these cells unsuitable for studies of FGFR3-mediated PI3K
signaling in MM cells. Therefore, we focused on the KMS-18
and KMS-11 MM lines for further studies.

Knockdown of p85 regulatory isoforms modulates ERK
activation in MM cells

To begin to address the functional consequence of the p85
interaction and better understand the relationship of FGFR3
and p85 in MM, we evaluated the effect of isoform-specific
p85 knockdown on the response of the PI3K/AKT and Ras/
ERK/MAPK pathways to FGF2 stimulation. We first evalu-

Figure 2. FGFR3 interacts with p85 in mammalian cells and does not require Gab1. (A) Class IA PI3K proteins. The asterisks denote isoforms p85a, p55a and
p50a, which are encoded by the PIK3R1 gene and are identical in sequence over the SH2 domains. They share 70% amino acid identity with p55g in this region.
p85a and p85b are structurally similar and share 62% amino acid identity. (B) HeLa cells were transiently transfected with FLAG-tagged wild-type (WT), con-
stitutively active (K650E) or kinase-dead (K508M) FGFR3+exogenous p85a (HA-tagged). In the absence of exogenous p85, plasmid vector was co-transfected
with FGFR3. Eighteen to twenty-four hours post-transfection, reciprocal co-IPs were performed as indicated from 500 mg total cell lysate. Reduced binding to
the kinase-dead form of the receptor is observed following IP with FLAG. (C) HeLa cells were transiently transfected with vector or FLAG-tagged FGFR3, WT
or K650E. Cells were harvested 24 h later and 20 mg total cell lysate probed for phosphotyrosine (4G10). Blot was stripped and re-probed for FGFR3. The
K650E mutant is strongly phosphorylated and the wild-type receptor exhibits a smaller degree of activation likely due to overexpression. (D) Schematic of pro-
posed interactions between FGFR3 and p85 showing possible direct interaction and indirect adaptor-mediated interaction, the latter of which was identified for
FGFR1 (28). (E) HeLa cells were transiently transfected with FLAG-tagged FGFR3, WT, K650E or K508M in combination with wild-type Gab1 or Gab1 defec-
tive for p85 binding (YF3). Gab1 constructs were myc-tagged. Where Gab1 or FGFR3 was transfected in the absence of the other, plasmid vector was
co-transfected to maintain the total amount of transfected DNA. Eighteen to twenty-four hours post-transfection, reciprocal co-IPs were performed from
500 mg total cell lysate and immunoprecipitates probed for the p85 or FGFR3 as appropriate. IP with p85 is shown. Binding to FGFR3 is observed independent
of whether Gab1 is competent for p85 binding or mutated. All blots were stripped and re-probed with the immunoprecipitating antibody to confirm effective IP.
Representative of three experiments shown. (F) The western blot in (E) was quantitated using NIH Scion Image and the ratio of FGFR3 to p85 determined.
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ated AKT phosphorylation, and p85 knockdown had little
effect (data not shown). pERK was next evaluated, based
upon its important role in FGFR3-mediated phenotypes, and
observed that knockdown of p85b in cells expressing constitu-
tively active FGFR3 resulted in an increased phosphorylation
of ERK (Fig. 5A and B). In KMS-18 cells, there was no effect
on pERK by p85a knockdown, alone or in combination with
p85b knockdown (Fig. 5A) at early time points (5 min)
when phosphorylation changes are most robust for FGFR3 sig-
naling (Fig. 4D) (53,63). However, in KMS-11 cells, simul-
taneous knockdown of p85a abrogated the effect of p85b
knockdown (Fig. 5B). For both lines, these data suggest that
p85b may negatively regulate ERK activity downstream of
FGFR3 signaling in MM cells.

DISCUSSION

Here we show that FGFR3 can interact with the p85 regulatory
isoform of PI3K through a direct interaction at a site distinct
from that mediating a Gab1-dependent, indirect interaction,
suggesting an additional level of PI3K regulation. Surpris-
ingly, the data presented shows that FGF2-stimulated phos-

phorylation of ERK is increased following p85b
isoform-specific knockdown in MM cells expressing an acti-
vated form of FGFR3, suggesting a distinct inhibitory axis
that may serve as a cellular attempt to prevent unregulated
ERK activation. These findings have broad implications to
understanding tumorigenesis and the relatively poor prognosis
for patients having FGFR3-associated MM.

p85 interacts with FGFR3 in an activation-dependent
manner and requires Y760

The PI3K/AKT pathway can be activated by growth factor
receptors, which may involve direct recruitment of PI3K, as
for the PDGF and EGF (ErbB3) receptors, or indirectly
through association with the IRS or Gab adaptor proteins
(e.g. insulin receptor and EGFR, respectively) (29–31,64).
With respect to the FGF receptors, FGFR1 can recruit PI3K
indirectly via an FRS2/Grb2/Gab1 adaptor protein complex
(32). Previous yeast two-hybrid data indicates that FGFR1
can also recruit PI3K via binding of p85a and p85b (54).
Similarly, FGFR3 has been found to interact with p50a (this
report) and with p85b, in a parallel study (D.D., unpublished
results) by yeast two-hybrid. A search of the yeast database
(Saccharaomyces Genome Database; http://www
.yeastgenome.org) indicates that yeast lack homologues of
the FRS2, Grb2 and Gab1 proteins, suggesting that the inter-
action observed in yeast represents a direct interaction
between FGFR3 and PI3K. However, this interaction was
not verified in mammalian cells and to date, evidence of
direct interaction between an FGF receptor and PI3K in a non-
yeast system has been solely provided for Xenopus FGFR (54,
65). We find that FGFR3 can associate with PI3K regulatory
proteins in mammalian cells. This interaction appears to be
dependent on receptor activation since the constitutively
active receptor shows significant interaction in HeLa cells,
whereas ligand was required to observe a strong interaction
with wild-type receptor (Fig. 2A, data not shown). Similarly,
in MM cells, interaction with FGFR3 and p85 was only
observed constitutively in lines expressing receptors with acti-
vating mutations and upon ligand addition in lines carrying
wild-type receptor (Fig. 4D). The interaction of p85 with wild-
type FGFR3 in the absence of ligand that we observe in yeast,
and to a lesser extent in HeLa cells, is likely due to
overexpression of the receptor which produces some
autophosphorylation in the absence of ligand (Fig. 2C and
unpublished observations).

Our data suggest that FGFR3 can associate with p85 inde-
pendently of the Gab1 adaptor protein (32) and appears to
require Y760 of FGFR3, as a mutant of Gab1 that cannot
bind p85 (56,57) did not alter the level of p85 that associates
with FGFR3. Using single Y!F at tyrosines known to be
critical to transducing FGFR3 signals (58), we find that
mutation of Y760 and, to a lesser extent, Y724 (Fig. 3A), sig-
nificantly reduces co-immunoprecipitation of FGFR3 with
p85. The corresponding residue for Y760 in human FGFR1
(Y766) is a binding site for PLCg (60), and this site in
mouse FGFR3 (Y754) is also implicated in PLCg binding
(61). Mutation of Y760 in human FGFR3 significantly attenu-
ates PLCg activation in Ba/F3 cells (18) and we confirm this
site is also required for binding of PLCg in our studies.

Figure 3. p85 interaction with FGFR3 requires Y760 and appears independent
of PLCg binding. (A) HeLa cells were transiently transfected with FLAG-
tagged wild type, constitutively active (K650E), or single Y!F mutations
on the constitutively active background. Eighteen to twenty-four hours post-
transfection, endogenous p85 was IP’d from 500 mg total lysate and the pre-
cipitates probed for FGFR3. The Y760F mutation significantly decreases
p85 binding to FGFR3. (B) Schematic of possible interactions of p85 and
PLCg with FGFR3 showing independent and possible scenarios. (C) HeLa
cells were transfected with FLAG-tagged FGFR3 constructs as indicated.
Eighteen to twenty-four hours post-transfection, FGFR3 (FLAG), p85 and
PLCg were immunoprecipitated from 300 mg total lysate and probed as indi-
cated. PLCg binds active FGFR3 (K650E) and this binding is also decreased
by the Y760F mutation. Note that PLCg and p85 are not pulled down together.
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However, p85 and PLCg, while both capable of binding acti-
vated FGFR3, do not co-immunoprecipitate with one another
in the presence of the activated receptor. We interpret these
data to indicate that p85 and PLCg can both bind activated
FGFR3 directly and potentially in a competitive or mutually
exclusive manner at Y760, and influence downstream signal-
ing. The use of distinct residues for potentially different out-
comes of PI3K recruitment is intriguing, particularly if
recruitment of specific regulators of PI3K signaling to differ-
ent sites is associated with either differential regulation of
PI3K activation and downstream effects, or competes for
binding of other signaling molecules such as PLCg. In
support of this possibility, while p85 can bind to activated
FGFR3, results from an in vitro FGFR3 kinase assay indicate
that p85 is not a substrate of FGFR3 (data not shown),
suggesting that when p85 directly binds receptor, binding
does not lead to phosphorylation of p85 and activation of
downstream pathways, such as AKT. However, the presence
of p85 in complex with the FGFR3 catalytic subunit inhibits
the ability of FGFR3 to phosphorylate STAT1 in the kinase
assay (unpublished results), suggesting that the primary role
for this interaction may be to modulate the phosphorylation
of other FGFR3 targets, such as STAT1 or PLCg. This possi-
bility will be explored in future studies.

Knockdown of p85 isoforms moduates ERK
activation in MM cells

The Ras/ERK/MAPK and PI3K/AKT pathways are key regu-
lators of cell growth and survival frequently altered in cancer,

including FGFR3-related cancers such as MM. Dominant
negative proteins of the Ras/MAPK pathway inhibit the trans-
forming potential of FGFR3, implicated in 10–20% of MM
cases (19). Similarly, PI3K signaling is implicated in mediat-
ing the transforming property of the TEL-FGFR3 fusion
protein found in a peripheral T cell lymphoma that progressed
to acute myelogenous leukemia (38), and chemical inhibition
of PI3K has been shown to abolish the proliferative effect of
combined FGF and IL-6 stimulation in MM cells (66).

Here, we show that p85a and p85b are the predominant
PI3K regulatory proteins expressed in MM cell lines, and
each are capable of interacting with activated FGFR3 in these
cells. Treatment with FGF2 results in AKT and ERK phos-
phorylation, with the level and kinetics of phosphorylation
varying between the different cell lines (data not shown and
(67)). However, isoform-specific knockdown of p85b, but
not p85a, in the KMS-18 and KMS-11 lines specifically
resulted in increased phosphorylation of ERK in response to
FGF2 treatment (Fig. 5A and B and data not shown). It is
not clear why dual p85a appears to abrogate p85b knockdown
in KMS11 cells. However, differential effects are consistent
with results for c-kit signaling in hematopoietic stem/progeni-
tor cells (HSC/Ps), where genetic disruption of p85a, but not
p85b, dramatically reduces proliferation and colony formation
of HSC/Ps carrying the activating D814V mutation of c-kit
present in some AML cases (68). While p85a and p85b
share significant structural homology in the two SH2
domains, they show differences in the N-terminal SH3
domain, the latter of which accounts for some of the differen-
tial affects of the p85 isoforms in the reported system.

Figure 4. p85 proteins can interact with FGFR3 in MM cells. (A) FGFR3 expression was confirmed in FGFR3-negative and -positive MM cell lines by western
blot of 20 mg total cell lysate. MM lines: 8226, IM-9: FGFR3-negative; LP1: wild-type FGFR3, H929: wild-type FGFR3 þ activating Ras mutation; KMS-11:
extracellular domain mutant FGFR3Y373C; KMS-18: transmembrane domain mutant FGFR3G384D; OPM-2: intracellular kinase domain mutant FGFR3K650E

þ

PTEN null. (B) PIK3R1 gene products were reversed transcribed from total RNA using a gene-specific primer and individual isoforms amplified using specific
primer pairs as described under the experimental procedures. Only p85a is present in every cell line. (C) Expression of the PIK3R2 (p85b) and PIK3R3 (p55g)
gene products was determined by western blot of 20 mg total cell lysate. p85a expression was also examined by western blot. Duplicates represent lines obtained
from different sources. Both the a and b forms of p85 are detected. p55g was not observed (data not shown). (D) Cells were plated at 3�106 per well in six-well
plates and serum starved 4 h. Following serum starvation, 10 ng/ml FGF-2 was added for the times indicated. Cells were lysed and p85 immunoprecipitated from
300 mg total cell lysate. Immunoprecipitates were resolved by SDS–PAGE and probed for FGFR3. The blot was stripped and re-probed for p85 to confirm
effective IP of all samples.
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A similar difference could be occurring in the MM cells
studied here, explaining the stronger effect with p85b.

The increase in ERK phosphorylation elicited by p85 inhi-
bition was unexpected since several reports implicate PI3K
activity in the enhancement of ERK activation when crosstalk
between these two pathways is observed (reviewed in 44,45).
In contrast, other studies implicate an AKT-dependent phos-
phorylation of Raf, resulting in abrogation of Raf action on
downstream substrates and causing decreased ERK phos-
phorylation (69–71). Interestingly, there is precedence for
this type of effect in chondrocytes, where addition of constitu-
tively active AKT partially reversed some of the pathological
effects of FGFR3 in these cells (72). Given the protective
effects of PI3K inhibitors in MM cell lines, the results
suggest that the direct p85 interaction may be distinct and
that PI3K signaling may be solely modulated by the indirect
interaction and activation via the Gab1 cascade. Extensive evi-
dence indicates that the Ras/ERK/MAPK pathway is critical to

the oncogenic potential of FGFR3 activity and to MM patho-
genesis. Activating mutations in FGFR3 do not occur in the
same MM cells as activating mutations in Ras, suggesting
they may have a similar role in MM progression (19).
Indeed, inhibition of the Ras/ERK/MAPK pathway signifi-
cantly reduces the transforming potential of FGFR3 (19) and
small molecule inhibitors of FGFR3 which successfully
attenuate MM phenotypes result in decreased phosphorylation
of ERK (15,17,25,26). Recently, Kang et al. (21) reported that
the direct ERK substrate, RSK2, mediates growth and survival
of FGFR3-expressing MM cells, including the KMS-11 line.

How then does one reconcile the apparently contradictory
results showing that ERK and PI3K activation appear necess-
ary for FGFR3-mediated MM pathogenesis while p85 knock-
down enhances acute ERK activation. Further, how might the
direct interaction of FGFR3 with p85 impact MM. Since
FGFRs can activate both ERK and PI3K both through
binding of FRS2 to Grb2 where, respectively, Grb2 interacts

Figure 5. p85 proteins modulate ERK activation in MM cells. (A) Following siRNA knockdown of p85 isoforms in KMS-18 MM cells, cells were serum-starved
4 h and treated with 10 ng/ml FGF-2 for the times indicated. Twenty micrograms total cell lysate was assessed for p85 knockdown as well as phosphorylation of
Akt (data not shown) and Erk. Representative of three experiments. The effect of p85 silencing on ERK and FGFR3 phosphorylation at the 5 min time point was
quantitated using NIH Scion Image and pERK:ERK and pFGFR3:FGFR3 ratios determined for 5 and 3 replicates, respectively. The mean+SEM is plotted.
Knockdown of p85b alone or in combination with p85a resulted in increased phosphorylation of ERK. (B) KMS-11 MM cells were treated as in (A). Data
for the 5 min time point is shown and the pERK:ERK ratio was determined for six replicates, the pFGFR3:FGFR3 ratio for three replicates. Knockdown of
p85b resulted in increased phosphorylation of ERK.
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with Sos guanine nucleotide exchange factor via its amino-
terminal SH3 domain and with Gab1 via its C-terminal SH3
domain and this binding can occur simultaneously (55), it is
likely that the indirect interaction and phosphorylation of
p85 via FRS2 and Gab1 activates a canonical pathway
involved in promoting tumorigenesis. In contrast, the direct
interaction of FGFR3 at Y760 does not appear to cause p85
phosphorylation in vitro and may instead represent a negative
compensatory axis to keep signaling in check to prevent
cancer. In MM, where constitutive activation of aberrantly
expressed FGFR3 following chromosomal rearrangement can
occur, MM may be a consequence in part of an inability of
this and other normally compensatory pathways (73) to keep
signaling in check, possibly because constitutive activation
overcomes the ability of p85 to negatively regulate ERK acti-
vation. Alternatively, some other non-canonical pathway may
become activated in MM via the direct p85 interaction. Since
Y760 also mediates an interaction with PLCg (PLCg/
diacylglycerol-mediated activation of the RasGRP1 exchange
factor (reviewed in 74)), it is possible that when p85b levels
are decreased, PLCg has increased access to this site and the
enhanced PLCg binding causes increased activation of PLCg
and subsequently ERK. Indeed, in preliminary studies, we
observe that silencing of p85b results in increased phosphoryl-
ation of PLCg following FGF2 treatment of KMS-18 and
KMS-11 MM lines (data not shown). Further, as described
earlier, phosphorylation of a second FGFR3 substrate,
STAT1, was also inhibited in vitro in the presence of p85
(unpublished results), suggesting that several pathways could
be impacted by the p85 interaction. Precedence exists for
both direct and indirect binding sites for p85 and for dual regu-
latory functions of receptor binding partners. The hepatocyte
growth factor receptor (Met) binds p85 both directly and
indirectly via Gab1 (75) and a balance exists for various
domains to mediate tumor progression activity of Met/Ras sig-
naling, suggesting that selectivity for specific adaptor protein
involvement may be critical for tumorigenesis (75). Further,
Gab1 binding elicits opposing effects in IGF-1 signaling.
IGF-1 activates PI3K to promote myogenic differentiation
and as stated earlier, Gab1 can activate PI3K-AKT signaling
through association of phosphorylated p85 downstream of
various growth factors. However, upon IGF-1 activation,
Gab1 can associate with SHP2 to activate ERK1/2, which
inhibits myogenic differentiation, suggesting an inhibitory
axis for IGF-I-activation as well (76). Therefore, future
studies will involve investigating levels and turnover of
various proteins (e.g. Gab1, PLCg) in MM samples to deter-
mine whether abundance may influence positive and negative
regulatory axes of the FGFR3 signaling pathway.

The results presented here suggest that in FGFR3-associated
MM lines, p85 is involved in a negative regulatory axis of
ERK signaling, possibly by directly competing with PLCg
or STATs for binding at Y760, representing a novel regulatory
process that may be overcome by expression of constitutively
active FGFR3. These findings have therapeutic significance in
that delivery of peptide mimics of the specific p85 domain that
interacts with Y760 and potentially inhibits PLCg binding
could prevent deleterious signaling from ectopic and constitu-
tively active FGFR3 expression. This is similar to that shown
for a peptide developed for the region surrounding the FGFR

high-affinity binding site for PLCg (77). For MM, it is concei-
vable that FGFR3 activation may lead to two outcomes invol-
ving p85—an interaction via the adaptor protein Gab1 with
subsequent activation of PI3K that contributes to pathogenesis
and can be targeted with PI3K inhibitors, and the direct inter-
action, which acts as an endogenous competitive inhibitor to
prevent overactivation of ERK. Attempts to inhibit ERK
directly and in combination with FGFR3 inhibitors are likely
to be protective. However, mimicking the p85 interacting
peptide may also provide a therapeutic strategy to dampen
ERK phosphorylation originating from FGFR3 signaling
with fewer side effects than general ERK inhibitors. Future
studies will identify the p85 domain involved and develop
peptide mimics to distinguish between effects specifically
derived from this interaction versus the indirect pathway and
to test the contribution of this interaction to MM and aberrant
proliferation of plasma cells ectopically expressing activated
FGFR3.

MATERIALS AND METHODS

Reagents

Antibodies to FGFR3 (B-9) and ERK1 were from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA) and the phospho-ERK
antibody from Cell Signaling Technology, Inc. (Danvers,
MA). Pan p85 antibody was from Upstate Cell Signaling Sol-
utions (Lake Placid, NY) or from Abcam (Cambridge, MA);
isoform-specific antibodies to p85a, p85b and p55g were
also from Abcam. Antibody to the FLAG epitope tag was
obtained from Sigma (St Louis, MO) and recombinant
human FGF2 was from R&D Systems (Minneapolis, MN).
siRNA to p85a and p85b (both ON-TARGETplus SMART-
pool), as well as control siRNA, were purchased from
Dharmacon (Lafayette, CO).

Plasmids

The C-terminally FLAG-tagged wild-type and constitutively
active (K650E) FGFR3 vectors have been described pre-
viously (78). FLAG-tagged single Y!F mutations on the
K650E background were prepared in the same manner by
PCR amplification and subcloning from the ‘Single F’
mutants described in Hart et al. (58). HA-tagged human
p85a was a kind gift from Dr Jon Backer (Albert Einstein
College of Medicine, Bronx, NY) and the wild-type and
YF3 Gab1 constructs were generously provided by Dr
Patrick Raynal (Toulouse, France). The GFP control was
pEGFP-N1 (Clontech, Mountain View, CA).

Yeast two-hybrid screen

A yeast two-hybrid screen was performed using the cyto-
plasmic domain of wild-type or constitutively active
(K650E) human FGFR3 fused to the LexA DNA-binding
domain in the pBTM116 plasmid. These were used to screen
a human chondrocyte cDNA library, expressed as fusions to
the Gal4 activation domain in pACT2 (BD Biosciences Clon-
tech, Palo Alto, CA). Transformants were selected for 3–4
days at 308C on medium containing 6.7% yeast nitrogen
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base (BD Biosciences, Franklin Lakes, NJ), 2% glucose, 2%
bacto agar (BD Biosciences) and complete amino acids (all
from Sigma, St Louis, MO) except histidine, leucine and
tryptophan. The resulting colonies were subjected to colony
filter lift assay and tested for b-galactosidase activity accord-
ing to previously published protocol (79).

Cell culture and FGF2 treatment

HeLa cells were cultured in DMEM (Invitrogen) sup-
plemented with 10% FBS. Human MM cell lines that do not
express (IM-9, RPMI-08226), express wild-type (NCI-H929,
LP-1 or express mutant [OPM-2 (K650E), KMS-11
(Y373C), KMS-18 (G384D)] FGFR3 were obtained from
American Type Tissue Culture [ATCC; Manassas, VA
(IM-9, NCI-H929)], German Collection of Microorganisms
and Cell Cultures [DSMZ; Braunschweig, Germany
(RPMI-8226, OPM-2, LP-1)], Dr Guido Tricot (OPM-2 and
KMS-11) and Dr P. Leif Bergsagel (KMS-18). MM cells
were maintained in RPMI 1640 media supplemented with
10% fetal bovine serum (both from Invitrogen, Carlsbad,
CA). For FGF2 treatment, cells were serum-starved 4 h in
RPMI 1640 without supplement. Following serum starvation,
FGF2 was added to a final concentration of 10 ng/ml for the
times indicated. Experiments were performed in triplicate.

Transfections

Transient transfection of HeLa cells was achieved using Lipo-
fectamine 2000 (Invitrogen). Cells were plated at 50% conflu-
ence in six-well plates with fresh growth medium, and the
following day, washed twice with serum-free medium then
incubated with 10 mg DNA in Optimem medium (Invitrogen).
After 4 h at 378C, complete growth medium was added. The
following day, cells were harvested for immunoprecipitation
and immunoblot analysis. Transfection of MM cells with
siRNA was performed using the Nucleofector system
(Amaxa Biosystems, Germany). Following the manufacturer’s
procedure, 5 � 106 cells were suspended in 100 ml Solution V
containing 10 mg siRNA and pulsed once under program T-16
(KMS-18) or program O-10 (KMS-11). Cells were sub-
sequently cultured in 5 ml complete growth medium and
48 h later treated with FGF2 as described earlier.

RT–PCR

Total RNA was isolated from 1 � 107 MM cells using the
RNeasy midi kit (Qiagen, Valencia, CA). One microgram
total RNA was used for cDNA synthesis, primed with the
gene-specific primer 50-GAGATTCATTCCGGTAGTGG-30

which recognizes all three isoforms of the PIK3R1 gene
(p85a, p55a and p50a) and carried out using the Superscript
II RT Kit (Invitrogen). Isoform-specific expression was deter-
mined by PCR using the primer above coupled with one of the
following, as published (80): 50-CCGTTGAAATGCATAACC
TGC-30 (p50a), 50-ATTGTGGCACAGACTTGATG-30

(p55a), 50-ATTCTCAGCAGCCAGCTCTG-30 (p85a) or
50-ACTACTGTAGCCAACAACGG-30 (all isoforms). All
primer pairs were intron-spanning and a no RT control was
included. PCR was performed for 25 cycles as follows: dena-

turation at 948C for 25 s, annealing at a primer-specific temp-
erature for 35 s and extension at 728C for 30 s.

Immunoprecipitation and immunoblot analysis

Cells were washed briefly with cold PBS containing 0.5 mM

sodium orthovanadate and lysed in cold lysis buffer
[50 mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM MgCl2,
1 mM EGTA, 10% glycerol, 1% Triton X-100 and protease
inhibitors (10 mg/ml leupeptin, 10 mg/ml aprotinin, 1 mM

PMSF and 0.5 mM sodium orthovanadate)] (81). Cell debris
was removed by centrifugation and protein concentration
determined using the Bradford colorimetric assay (Bio-Rad,
Hercules, CA). Equal amounts of total protein were boiled
5 min in SDS sample buffer then resolved on a 10% polyacryl-
amide gel, transferred to nitrocellulose and probed with anti-
body as indicated. For immunoprecipitation, 200–500 mg
total protein was pre-cleared 1 h with protein G PLUS-agarose
(Santa Cruz) in 500 ml immunoprecipitation buffer [50 mM

HEPES (pH 7.5), 50 mM NaCl, 10% glycerol, 1% Triton
X-100 and protease inhibitors as indicated for the lysis
buffer] (81). Antibody was added and following an overnight
incubation at 48C, immunocomplexes were recovered by incu-
bation with protein G PLUS-agarose. The beads were washed
three times with immunoprecipitation buffer, resuspended in
SDS sample buffer and processed as earlier for total cell
lysate. Quantitation of western blots was performed using
NIH Scion Image.
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