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Sustained ERK1/2 but not STAT1 or 3 activation is
required for thanatophoric dysplasia phenotypes in
PC12 cells
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Mutations in fibroblast growth factor receptor 3 (FGFR3) cause the most common genetic form of short-
limbed dwarfism, achondroplasia (ACH), as well as neonatal lethal forms, thanatophoric dysplasia (TD) |
and Il. The causative mutations induce graded levels of constitutive activation of the receptor that corre-
spond to the severity of the disorder, resulting in premature entry into hypertrophic differentiation and
reduced proliferation of chondrocytes in developing cartilage. Although FGFR3 promotes growth in most tis-
sues, it is a negative regulator of endochondral bone growth. Several signaling pathways have been impli-
cated in these skeletal disorders including the Ras/MEK/ERK pathway and the JAK/STAT, the latter in the
most severe phenotypes, however their functional relevance remains incompletely understood. Using
PC12 cell lines stably expressing inducible mutant receptors containing the TDIl mutation, K650E, sustained
activation of ERK1/2 and activation of STAT1 and STAT3, but not STATS5, is observed in the absence of
ligand. This activation leads to neurite outgrowth, a phenotypic readout of constitutive receptor activity,
and sustained ERK1/2 activity is required for this ligand-independent differentiation. To assess the functional
relevance of STAT activation induced by the mutant receptor, STATs were specifically downregulated using
RNA-interference. Silencing of STAT1 or 3 independently or in combination had no significant effect on
ligand-independent neurite outgrowth, ERK1/2 activation or p21WAF/C!P1 protein levels. These results sup-
port a model in which sustained activation of ERK1/2 is a key regulator of the increased transition to hyper-
trophic differentiation of the growth plate, whereas activation of STATs 1 and 3 is not required.

INTRODUCTION

Activating mutations in the fibroblast growth factor receptor
(FGFR) 3 gene cause several skeletal dysplasias, including
achondroplasia (ACH), the most common form of human
short-limb dwarfism (1,2), hypochondroplasia, a milder form
of dwarfism (3) and thanatophoric dysplasia (TD) types I
and II, which are neonatal lethal forms of dwarfism (4,5).
The FGFR family members (FGFR1-4) are receptor tyrosine
kinases that function in a broad spectrum of developmental
and regenerative processes and are key regulators of skeletal
growth and differentiation. Fibroblast growth factors (FGFs),

which now number over 20, act as ligands for FGFR signaling
(reviewed in 6) and generally also require heparin or a
heparin-like substance to form a stable ligand/receptor
complex (7,8). The complexity of the system is further ampli-
fied through alternative RNA splicing of the receptors leading
to altered ligand specificity.

Endochondral ossification, in which bone replaces pre-exist-
ing cartilage, is the predominant mechanism of longitudinal
bone growth (9). During this process, bones grow longer at
the epiphyseal growth plates, where chondrocytes progress
through a series of differentiation stages. Various signaling
molecules including FGFs have been shown to regulate and
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coordinate this complex process (10—13). Expression of the
activated FGFR3 mutants in mice reproduces features of the
dwarf phenotype of these skeletal diseases (12,14—19),
whereas lack of FGFR3 in mice causes skeletal overgrowth,
indicating that FGFR3 signaling negatively regulates endo-
chondral bone growth (20,21).

Despite recent advances in understanding the roles of FGFs
and FGFRs in skeletal development, the intracellular signals
that mediate these actions are still not fully defined. FGFs
have been shown to activate multiple signaling proteins,
including STATs, the MAPKs p38 and ERK1/2, phospho-
lipase Cvy, protein kinase C, Src, phosphatidylinositol
3-kinase (PI3K) and AKT (5,22-30). Both ACH and TD
mutations cause graded constitutive activation of the receptor,
as evidenced by ligand-independent receptor tyrosine phospho-
rylation and downstream cellular effects, the extent of
which correlate with the severity of the phenotype (31-35).
Among these, STATI1 activation by mutant FGFR3 is pro-
posed to be involved in the TD phenotypes based on its
nuclear localization, indicative of activation, phosphorylation.
Increased expression of the cell-cycle inhibitor p21"VAFYCIP!
(22,24,36,37), which can be induced by STATI activation,
in cartilage of mouse model and human TD tissue
(14,22,37) observed. Further, the TD mutation appears to
hamper complete maturation of FGFR3, leading to activation
of STAT1 from the endoplasmic reticulum (33,38,39).

In addition to STAT activation, the MEK/ERK (ERK1/2)
signaling pathway is activated in a constitutive manner in
the presence of FGFR3 mutations that cause TD (30,33,37).
Recent studies suggest that although FGF stimulation of
normal FGFR3 activates a spectrum of signal transduction
molecules traditionally involved in FGFR signaling, the
prolonged activation of ERK may be a critical event for
growth arrest and premature differentiation in chondrocytes
(23,40,41). ERK1/2 activation is important for both cell pro-
liferation and differentiation, and the strength or duration of
this signal is suggested to determine the cellular outcome.

Here, we investigate the functional significance of STAT1
and 3 on the activation of signaling and neurite outgrowth in
PC12 cells that, like dividing chondrocytes, must enter a
growth arrest/differentiation pathway. Using the FGFR3"¢*°F
mutation that causes a neonatal lethal form of dwarfism, TD
type 11, as a model to understand the milder and potentially
treatable ACH. Chemical inhibition of ERK1/2 and acute
knockdown of STATs confirm the key role of sustained
ERK1/2 activation in the manifestation of ligand-independent
phenotypes while demonstrating that STAT activation is not
required for premature entry into the differentiation pathway.

RESULTS

Gene expression profiling of PFR3X65F expressing cells
suggests constitutive activation of signaling pathways and
shows p21 induction

Through multiple lines of research, knowledge regarding the
signaling networks and signaling molecules activated by
ligand stimulation of FGFRs has emerged (6,42). However,
the question remains as to whether constitutive activation of
FGFR3, such as that observed with TD activating mutations,

stimulates the activity of novel pathways or whether known
pathways are simply activated in the absence of ligand. That
is, are qualitative or quantitative differences are observed?
To investigate signaling pathways activated by FGFR3
mutations through an analysis of altered expression of down-
stream transcriptional targets, we performed gene expression
profiling of stably transfected inducible PC12 cells expressing
a chimeric receptor (PFR3) consisting of the extracellular
domain of human platelet derived growth factor receptor
(PDGFR) and the transmembrane and intracellular domains
of human FGFR3 (33). To our knowledge, no other inducible
cell lines expressing the mutant receptor have been described.
Cells expressing wild-type receptor under the control of a zinc
inducible metallothionein (MT) promoter (PFR3), produce
neurites only after the addition of the ligand platelet derived
growth factor (PDGF) in the presence of Zn>*, which
induces expression of the stably transfected gene. In contrast,
cells expressing a chimeric receptor containing the K650E
mutation under the control of a MT promoter (PFR3%%3%F)
grow neurites in the presence of inducer (i.e. Zn*") alone,
indicating ligand-independent activation of this receptor
(33). Exogenous addition of PDGF further enhanced the
length of neurites in these cells, suggesting that the mutant
receptors remain ligand-responsive.

Rat Affymetrix GeneChips were performed on induced
PFR3"%% versus induced PFR3 cells and comparison ana-
lyses were generated (see Suls)plementary Material). One of
the upregulated genes, p21"C!P1 induced 1.7-fold, was
confirmed by both northern (1.4-fold) and western blot ana-
lyses gFi . 1). This gene was of particular interest as
p2 1 VAFVEIPL dnduction triggers cell growth arrest and is a
downstream target of STAT1 and ERK1/2 signaling, impli-
cated in FGFR3-mediated skeletal dysplasias. Indeed,
expression changes of the majority of the altered genes are
consistent with activation of ERK and/or STAT signaling,
including genes such as egrl, p21" /"I and MAP kinase
phosphatase 1 (MKP-1). Several induced genes are also in
common with those identified by gene expression profiling
in the presence of FGF in rat chondrosarcoma (RCS) cells, a
chondrocyte cell line that primarily expresses the FGFR3
form of the FGF receptor types (43). Therefore, gene
expression profiling of ligand-independent signaling is most
consistent with an enhancement of normal FGFR3 signaling
that can occur in the presence of ligand, as opposed to the acti-
vation of novel signaling pathways.

K650E
R3

ERK1/2 phosphorylation is sustained in PF cell

lines

Sustained ERK activation, as opposed to transient activation,
is an inherent aspect of differentiation (neurite outgrowth) in
PC12 cells (reviewed in 44). Gene expression profiling and
published studies suggest that ERK and STAT signaling
may contribute to altered cell cycle regulation and ligand-
independent neurite outgrowth mediated by the K650E
mutation. We have previously shown that upon ligand
binding, both PFR3 and PFR3"%° activate ERK1/2 and
that PFR3%°°F can do so in a ligand-independent manner
(33). Here, we find that the mutant form (K650E) of the recep-
tor produces a highly sustained ERK1/2 activation even after
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Figure 1. p21VAFVCIPl shows increased expression in PFR3%®°F relative to
PFR3 cells. (A) Northern blot analysis of RNA from mutant and wild-type
cells induced for 24 h and probed with p21"VAFC™P1 cDNA. Membrane was
stripped and reprobed with EFla as a loading control. (B) Western blot ana-
lyses of protein lysates from cells (A) probed with an anti-p21VAFVCIP! angj-
body. Equal loading was confirmed by stripping the blot and reprobing with
anti-actin antibody (data not shown). For a description see Materials and
Methods.

1 h of PDGF treatment, whereas in wild-type expressing
cells, ERK1/2 activity decreases by 1 h post-PDGF addition
(Fig. 2A). Using anti-phospho-ERK1/2 western blots of
PFR3X%% cell lysates, phosphorylation and activation of
ERKI1 and ERK2 is present in the mutant cell at low levels
even before the addition of inducer, suggesting some leakiness
within the system. However, neurite outgrowth, a phenotypic
readout for productive receptor activity, is only observed
upon synthesis of new receptor following induction. Therefore
mutant FGFR3 activates ERK1/2 in a ligand-independent
manner and maintains this activation over longer periods of
time when treated with ligand than does the wild-type
receptor.

ERK1/2 is specifically required for manifestation of
constitutive receptor activity

In order to determine the functional relevance of ERK
activity in the ligand-independent activation of PFR3X6%F,
chemical inhibition of ERK with U0126 (45), a selective
inhibitor of the MEK1/2 kinases responsible for phosphoryl-
ation of ERK (46,47) was performed (Fig. 2B). A dose
response curve of the inhibitor between 1 and 30 uMm U0126
was performed on PFR3%%%F cell lines treated with inducer
in the presence or absence of PDGF (30 ng/ml). In PFR3%®3%F
expressing cells, ~28% of induced cells and 60% of cells
induced and treated with PDGF for 15 min showed neurite
outgrowth. At 30 pm UO0126, an 80% inhibition of this
neurite outgrowth was observed in mutant cells after either
induction or in the presence of PDGF (Fig. 2B). As no
ligand-independent neurite outgrowth was observed in the
presence of the wild-type PFR3 receptor, the inhibitor had
no effect (data not shown). FGFR3 levels were not affected
by U0126 by western blot analysis (data not shown). In
order to confirm that U0126 was acting through inhibition of
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ERK1/2 phosphorylation, parallel cultures treated under the
same conditions were used for western blot analysis and
phosphorylation of ERK1/2 was found to be inhibited by
>90% in the presence of 20 wm U0126 (Fig. 2C). The require-
ment for ERK1/2 activation and the effect of the MEK
inhibitors are specific to the mutant phenotype as neither
differential tyrosine phosphorylation of MAPK p38 was
observed (Fig. 2A) nor did chemical inhibition of p38 activity
by SB202190 (48) have any effect upon neurite outgrowth
(data not shown). Therefore, these results support the involve-
ment of ERK signaling pathway activation in the li%(and-
independent neurite outgrowth phenotype in PFR3%®’F
pathway.

STATI1 and 3 are activated in a ligand-independent
manner in PFR3%¥%% mutant expressing cells

On the basis of numerous reports in the literature that STAT1
activation is associated with mutant FGFR3 phenotypes and
on our gene expression proﬁling results showing increased
p2 1 WVAFVCIPL Hovels in PFR3%F expressing PC12 cells,
STAT1 phosphorylation was first tested in 293 and PCI12
cells transiently expressing either the full length FGFR3 or
FGFR3%%°" as well as chimeric PFR3 and PFR3"®% to
verify the intrinsic capability of these constructs to activate
the STAT! pathway. In both transient assays (data not
shown) and subsequent assays in the MT-inducible PCI12
cells (Fig. 3A), only in the presence of the K650E mutation
is STATI tyrosine phosphorylation of a 91 kDa (p91) form
observed. An 84 kDa (p84) form of STATI is generated by
alternative splicing and can be phosphorylated on the same
single tyrosine residue as the longer form; however, this
splice form has no known activity (49). No differential phos-
phorylation of the STATI1 serine residue was observed
(Fig. 3B). In addition to STAT1 phosphorylation, ligand-inde-
pendent tyrosine and to some extent serine phosphorylation of
STATS3 is observed in PFR3%%% expressing cells (Fig. 3C
and data not shown). In contrast, no corresponding differential
phosphorylation of STATS was found relative to STATS
protein levels (Fig. 3D). A report by Lievens and Liboi (38)
showed STATI activation in transient transfection of 293
cells with FGFR3%%%; however, in cells stably transfected
with FGFR3%%°°F the ability to activate STAT1 was lost.
For this reason, an inducible system was used here because
high levels of constitutive receptor activity can lead to ter-
minal differentiation and therefore prevent antibiotic selection
of relevant cell types expressing adequate receptor levels.

Inhibition of STAT1 and 3 by acute knockdown (siRNA)
does not alter ligand-independent K650E associated
phenotypes or signaling

Inhibitor studies suggest that ERK activation is likely involved
in the effects of constitutive activation of FGFR3%%%F In
order to test the implication of STAT activation, a JAK2
inhibitor (AG490) which should inhibit upstream of STATI1
if STAT activation is mediated by the JAK—STAT pathway,
was tested for its effect upon neurite outgrowth. This inhibitor
shows effects directly opposite to that expected, e.g. an
increase in neurite outgrowth was observed. However, this
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Figure 2. ERK1/2 activation is critical for ligand-independent neurite outgrowth phenotype in PFR3%%*°F cells. (A) Sustained ERK1/2 activation in PFR3X¢*F
cells. Cells were induced for 24 h followed by treatment with PDGF for the indicated times and described in Materials and Methods. In the PFR3 cell, activated
ERK1/2 (i.e. p-ERK1/2) decreases over the 1 h treatment with ligand while in PFR3%¢°F p_ERK1/2 levels remain high. A low level of ligand-independent ERK
activation is observed in PFR3%%%F cells (see Z) as well as a low level of p-ERK1/2 even before induction due to some leakiness of the MT promoter (see faint
bands in C). ImagelJ (version 1.33U) was used to measure the intensity of each band [numbers displayed below each corresponding band are the fold changes
from the C lane (uninduced cells)]. The blot was stripped and reprobed with anti-PDGFR antibody to show equal loading between the lanes. The two bands
correspond to the p130 and p170 forms of the receptor. In the bottom panels, blots were probed with anti-p-p38 antibody and stripped and reprobed with antibody
against total p38. No difference in activated p38 was observed between PFR3 and PFR3%%3%E {ines. C, uninduced cells; Z, induced cells; Ps—Py,, induced cells
with a 5—60 min treatment with PDGF. (B) Neurite outgrowth inhibition in PFR3%%*%F cells after treatment with the MEK1 inhibitor U0126. PFR3"®*°F cells
were plated and the following day cells were induced for 4—5 h. The media was changed to low serum media with inhibitor and without inducer for >40 h.
PDGF was added for the last 15 min of the inhibitor treatment. Percentage of cells with neurites in PFR3X%% cells is shown. Z, induced; P, PDGF;
numbers in parenthesis refer to the concentration of U0126 added in micromolar or d for DMSO control added at an amount equivalent to added U0126
volume. Bars represent the mean + SE (*, P < 0.001, paired #-test). Experiments were performed in duplicate at least three times. A representative experiment
is shown. (C) Western blots showing inhibition of ERK1/2 activation by U0126. Experiments were performed as described in (B) except the inhibitor treatment
was only 20 h. Blot was stripped and reprobed with antibody against total ERK1/2. C, uninduced cells; Z, induced; P, PDGF addition. For the subscripts: 0,
nothing added; d, DMSO added (see before); i, 20 um U0126.

inhibitor has been reported to have effects other than upon
JAK/STAT signaling (50). Because of the lack of specificity
inherent in AG490 treatment, genetic approaches to determine
the functional relevance of STATI activation were performed.
Transient transfection of dominant negative stat1 (provided by
Y. Wu) was first used to suppress STAT1 activation and no

effect upon neurite outgrowth or ERK phosphorylation was
observed (data not shown). To inhibit STATI1 activity in a
highly specific manner, interfering RNAs (siRNAs) were
used to silence STATI activity through a reduction of
STAT1 protein levels. Several siRNAs were tested and
Dharmacon siRNAs found to silence the most effectively
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Figure 3. STATI and 3 activities are ligand-independent in PFR3X%°F cells.

(A) Western blot with anti-phosopho-Tyr’’STAT1 antibody. The p91 and p84
bands are two isoforms of the STATI protein. In the PFR3%¢°F cells, the p91
form of STAT!1 becomes phosphorylated (even in the absence of induction),
whereas in PFR3 cells, even the addition of PDGF does not lead to detectable
phosphorylation of the p91. Interferon (IFN)-y treated PFR3%®F cells are
used as a control for tyrosine phosphorylation and activation of STAT1. Iden-
tical results are obtained for PFR3 expressing lines. Activation by (IFN)-vy is
greater than that observed for ligand-independent activation of PFR3. C, unin-
duced cells; Z, induced for 22 h; P, induced with the addition of PDGF for the
final 30 min. LB, NP-40 lysis buffer; ns, non-specific band. (B) Time course of
phospho-Ser’?’STAT] activation following PDGF addition. No difference in
serine phosphorylation of STAT1 was observed between PFR3%®°F and
PFR3 cells. C, uninduced cells; Z, induced for 22 h; P, induced with the
addition of PDGF for indicated times (subscript). (C) Phospho-
Tyr’®>STAT3. STAT3 becomes tyrosine phosphorylated even in the absence
of inducer in PFR3%*°F but not in PFR3 cells. A total of 50 g protein was
loaded per lane. (D) Phospho-Tyr(’MSTATS. No activated STATS5 was
detected in the PFR3%°F and PFR3 cells. +and — lanes are EGF treated
and untreated human A431 cells (Cell Signaling Technology), respectively
(controls). For (C and D) labels are the same as in (A). For (A-D) lower
panels show blots that were stripped and reprobed with antibodies detecting
total STAT1 (A and B), STAT3 (C) and STATS (D).

with the highest specificity as assessed by western analysis of
STATI, STAT3 and STATSb protein and noting that STAT1
is specifically reduced. Silencing of STAT1 was observed as
early as 48 h post-transfection and persisted up to 96 h post-
transfection (Fig. 4A).

When STAT1 silencing was tested for effects upon
PFR3%%%_mediated ligand-independent neuritogenesis, no
effect on ligand-independent neurite outgrowth was observed
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in PFR3%%%F expressing cells transfected with rat STATI
siRNA at 1 and 2 days post-induction. In addition to neurite
out%N owth, expression of a putative STATI target, e.g.

AFI/CIPI , and activation of signaling pathways implicated
1n the growth arrest phenotype, e.g. ERK1/2, were assessed in
the presence of STAT! siRNA. No alteration in either
phospho ERK1/2 or p21 WAFVCIPT yrotein levels was observed
in STATI siRNA transfected PFR3%%°F cells (Fig. 4B).

To determine whether STAT3 activation is critical to
ligand-independent neurite outgrowth as was reported by
Hart et al. (31), siRNAs for STAT3 were also developed
and tested. As with STATI siRNA, STAT3 was specifically
silenced; however, no corresponding alteration in neurite out-
growth (described subsequently) or ERK1/2 phosphorylation
was observed (Fig. 4C). Finally, to determine whether
STATI1 and 3 are compensating for the reduction of the
other, thereby masking any effects upon p21WAFVCIPL o
phospho-ERK1/2, siRNAs to both STAT1 and STAT3 were
co-transfected and evaluated. We did not see a combined
effect of STATI143 inhibition on neurite outgrowth
(Table 1) (ANOVA single factor among no siRNA, STATI1
siRNA, STAT3 siRNA and STATI1+43 siRNA, P =0.52).
Figure 4D shows that STAT1 and 3 levels are drastically
reduced, whereas no effects upon phospho-ERKI1/2 or
p21WAF”CIPl levels are observed. Similar results were
obtained when STAT activity was inhibited when a dominant
negative stat3 was transfected (provided by Y. Wu) singly
or in combination with dominant negative statl (data not
shown).

DISCUSSION

Using PC12 cells, we have characterized the effects of a stably
transfected and inducible chimeric PDGFR—FGFR3 contain-
ing a mutation that causes neonatal lethal TD. We show that
the expression of this mutation causes sustained activation
of the ERK pathway, required for the ligand-independent
differentiation observed upon expression of the K650E
containing FGFR3 receptor. We also provide evidence that
ligand-independent activation of the receptor causes STAT1
and STAT3 but not STATS activation. STAT1 and/or 3
activation is not required, however, for FGFR3 mutant
induced neurite outgrowth, ERK activation or p21WAFVCIP1
induction as evidenced by silencing of STAT1 and/or STAT3.

FGFR3 is expressed in proliferating and prehypertrophic
chondrocytes of developing cartilage. Chondrocytes first pro-
liferate, then exit the cell cycle, transit to early hypertrophy
and undergo hypertrophic differentiation. Both proliferation
and complete hypertrophy are inhibited by skeletal dysplasia
mutations in FGFR3, whereas the transition to or initiation
of early hypertrophy (differentiation) are premature
(30,42,51). FGFR3 signaling is unique in both PCI12 cells
and chondrocytes in that both cell types are called upon to
cease dividing and differentiate upon activation by FGFs:
into neurites in PC12 cells and into hypertrophic chondrocytes
in chondrocyte. As no chondrocyte line exists that inducibly
expresses the mutant FGFR3 receptor, it has been difficult
to assess the immediate effects of this mutation and evaluate
the functional significance of ERK and STAT signaling
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Figure 4. Silencing of STAT1 and STAT3 has no effect on the activation of ERK or p21WAFVCIP! protein levels in PFR3¢F cells. (A) Time and concentration
dependence of STAT1 siRNA treatment. Cells were transfected with 0, 100 or 200 nm STAT1 siRNA and harvested at 48, 72 and 96 h post-transfection. Western
blot analysis was performed with the indicated antibodies. (B) STAT1 siRNA. Cells without Lipofectamine 2000 (no LF), with Lipofectamine 2000 (LF) or with
100 nm STAT1 siRNA were incubated for 16—18 h and the media was changed to fresh complete media. Two days post-transfection cells were induced (+) or
left uninduced (—) for an additional 24 h. Shown are western blots with the indicated antibodies. To rule out the possibility that the transfection reagent Lipo-
fectamine 2000 (LF) might affect the outcome of our ex‘Beriment, PFR3X5%E ¢ell lysates were incubated with and without LF and no effect with LF on the
protein level of the STATI, p-ERK1/2, ERK1/2 or p21WAFVCIP1 a5 observed. (C) STAT3 siRNA. Experiments were performed as described in (B) except
using 100 nm STAT3 siRNA. Shown are western blots with the indicated antibodies. (D) STAT1+43 siRNAs. Experiments were performed as described in
(B). A concentration of 100 nm was used for each siRNA separately or in combination. Shown are western blots with the indicated antibodies.

upon hypertrophic differentiation through biochemical
manipulations in cells. Wild-type RCS chondrocytes, which
primarily express the type 3 form of the FGFRs, can be
induced to undergo growth arrest upon the addition of FGF2
and the ERK signaling pathway appears to be essential for
this growth arrest (40), similar to the results presented here
showing that ERK phosphorylation is required for the mani-
festation of ligand-independent initiation of differentiation
and ligand-dependent neurite outgrowth. Although signal
transduction pathways in chondrocytes may not be completely
modeled in PC12 cells, each cell type is influenced by FGFR3
signaling in a similar manner and parallel molecular events,
such as ERK and STAT activation and p2l induction,
occurs in each cell type upon expression of the mutant
FGFR3 receptor. Although molecular mechanisms will ulti-
mately have to be resolved in chondrocytes, PC12 cells
allow one to examine molecular processes triggered by
normal and mutant receptors on a comparative basis and
effects upon premature initiation of differentiation in PC12

cells can be reasonably extrapolated to signaling activities
that result in premature initiation of differentiation of the
growth plate in mouse models and human cartilage.

Following the identification of FGFR3 as the genetic locus
for ACH, a number of studies were carried out to examine the
effects of the several identified mutations upon the signaling
responses of this receptor (31-35). These adopted a number
of approaches and paradigms and lead to the general con-
clusion that the ACH subgroup of skeletal dysplasias was
due to gain of function mutations that resulted in graded
constitutive activation of the receptor, corresponding to the
severity of the mutant phenotype (52). Expression of the
activated FGFR3 mutants in mice reproduces many features
of the dwarf phenotype of the human skeletal disorders,
whereas lack of FGFR3 in mice causes skeletal overgrowth
(12,14—19). FGFR3, thus, appears to be a negative regulator
of chondrocyte proliferation and accelerates the transition to
hypertrophy while inhibiting complete hypertrophic differen-
tiation (20,41,43,53,54).



Table 1. Silencing of STAT1 and STAT3 does not modify ligand-independent
neurite outgrowth of PFR3%%3%E cells

Condition Mean + SD (%)
No siRNA 558+ 6.3
STAT]1 siRNA 683 + 1.5
STAT3 siRNA 537 +09.1
STAT1+3 siRNA 59.7 £ 22.4

Cells were transfected with STAT1 or STAT3 siRNAs singly or
STAT1+3 siRNAs in combination (100 nm) and compared with lipofec-
tamine control. The cells were examined for the presence of neurites 24 h
post-induction as described in Materials and Methods. Responsive cells
were defined as those bearing neurites at least two cell diameters in
length. This shows mean percentage of transfected cells with neurites +
standard deviation (SD). Three microscopic fields were examined. An
eGFP-N1 plasmid was co-transfected with the siRNAs to mark the trans-
fected cells. Using single factor ANOVA statistical analysis, no signifi-
cant differences were observed among the groups (P = 0.52).

Similar to FGFR3 activating mutations, overexpression of
FGF2 in transgenic mice leads to a type of dwarfism (55)
which is improved when these mice were crossed with
STAT1 knockout mice (56). FGF1 treatment of murine bone
rudiment cultures results in decreased chondrocyte prolifer-
ation, but this effect is not observed in STATI1 knockout
mice g25 . However, treatment of limb explants from
p21 WVAFVCIPL 1nockout mice with FGF2 only partially cor-
rected the shortening seen in controls (57), suggesting this is
only one of several possible targets. Although it is known
that p21WAFVCIPL is 3 STAT target gene, neither STATI nor
3 activation is responsible for induction of p21WAFV/CIP!
expression in the PC12 cells, even though these STATSs are
phosphorylated. Among the possible mechanisms that may
lead to increased p21VAFVCIP! Jevels, ERK activation itself
may be responsible for this induction (58,59); the precise
mechanism is under further investigation. Recently, Legeai-
Mallet et al. (24) showed that in tibial cartilage from ACH
and TD fetuses obtained at autopsy, overexpression of
FGFR3, STATI, STATS and p21 AFTCIPI correlates with
phenotypic severity and defective chondrocyte differentiation
in FGFR3-related chondrodysplasias. The authors conclude
that defective differentiation of chondrocytes in human
patients is likely to be the major cause of reduced bone
growth in FGFR3-related skeletal dysplasias. Activation of
STATS3 has been assessed to date only in 293T cells expres-
sing TD-like derivatives of FGFR3 (31). The importance of
STAT!1 in the pathophysiology of FGFR3 mutations has
recently been challenged. Although genetic evidence has
identified STAT1 as a mediator of the FGF-induced growth
arrest of chondrocytes both in vitro and in vivo, the mecha-
nism by which STATI1 participates in this process is still
unclear and may not require that it functions as a transcrip-
tional regulator or that its role is specific to a particular
aspect of pathology.

In PC12 cells, Wu et al. (60) showed that although STAT3
and to a lesser extent STAT1 is phosphorylated upon stimu-
lation with FGF2, this apparent activation is not sufficient or
required for neurite outgrowth in native PC12 cells. In
addition, data from Raucci et al. (23) show that interferon-vy,
a potent inducer of STATI transcriptional activation, does
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rowth arrest in RCS cells. Neither STAT1 nor
knockout mice (61) have dwarfism, but the
STAT1 knockout mice have an expanded proliferative zone
and show accelerated growth, ending up normal in length
(56). Murakami et al. (30) recently showed that although
loss of STAT! restored the reduced chondrocyte proliferation
in mice expressing an ACH mutant of FGFR3, it did not
rescue the reduced hypertrophic zone, the delay in the for-
mation of secondary ossification centers, and the ACH-like
phenotype. The authors suggested a model in which FGFR3
signaling inhibits bone growth by inhibiting chondrocyte
differentiation through the ERK pathway and by inhibiting
chondrocyte proliferation through STATI.

In accordance with our observations that sustained ERK
activity is critical for ligand-independent phenotypes,
expression of a constitutively active mutant of MEK1 in chon-
drocytes of FGFR3-deficient mice inhibited skeletal over-
growth (30), strongly suggesting that the regulation of bone
growth by FGFR3 is mediated at least in part by the MEK/
ERK pathway. In addition, inhibition of the MAPK pathway
through the treatment of ACH mice with C-type natriuretic
peptide prevented the shortening of achondroplastic bones,
while having no effect on the STAT1 pathway (41). Taken
together, these results suggest that the effects of the MAPK
pathway on growth-plate chondrocytes are independent of
STATI, arguing against crosstalk between the two pathways
that may influence phenotypic outcomes.

While STAT1 does not appear to influence the reduced
hypertrophic zone or other phenotypes in ACH mice (30),
the functional role of STAT1 has not been previously assessed
in TD-expressing cells nor has the role of STAT3 in any
mutant FGFR3 system. In this report, we systematically
tested the requirement for both STATI1 and 3 activities
singly and in combination using specific siRNAs in a system
that models the differentiation component of FGFR3 signal-
ing. The ligand-independent activation of FGFR3 in the pre-
sence of a constitutive activating mutation is a complex
event that requires the intervention of several proteins.
Although we cannot rule out that STATs are having effects
on these cells that we are not measuring, the events attributed
to the activation of the STAT pathway in chondrocytes do not
appear to be required for the phenotypic readouts assessed
here. Among the signaling pathways downstream of FGFR3,
sustained ERK activation plays an essential role in PC12
cell differentiation. STAT1 and 3 activities, previously
thought to be potential modulators of p21 induction and pre-
mature growth arrest or initiation of differentiation that can
occur in the absence of ligand, are not required.

not induce
2 1 WAFL/CIP

MATERIALS AND METHODS
Propagation of PC12 cell lines

Construction of chimeric receptors containing PFR3 (wild-
type) or PFR3KO50E (mutant) receptors under the control of
the bovine MT promoter in pMT-CB6+ and generation of
inducible PC12 (rat pheochromocytoma) cell lines have been
described previously (33). Three clones were selected for
both the wild-type and mutant lines which had similar receptor
expression levels and receptor numbers per cell (determined
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independently by COR Therapeutics, San Francisco, CA,
USA). Cells were maintained in T-150 tissue culture flasks
in complete medium [DMEM (Invitrogen), 5% platelet-poor
plasma horse serum (PPPHS) (Sigma), 2.5% plasma-derived
fetal bovine serum (Cocalbiologicals)] at 37°C, 5% CO,. For
experiments, cells were plated on collagen coated plates at
5 x 10° cells per well (for six-well plates) and expression of
chimeric receptors was induced by changing media to low
serum media (DMEM, 1% PPPHS) and addition of 80 um
Zn*" (zinc sulfate) as indicated. Where indicated, human
PDGF-BB ligand (PDGF, Austral Biologicals) was added at
30 ng/ml for the indicated times. All experiments were per-
formed at least three times.

RNA sample preparation and microarrays

For gene expression profiling studies three clones of each line
(described earlier), PFR3 or PFR3%%*°F cells were plated in
150 mm plates and the following day induced for 24 h. Total
RNA was isolated separately for each clone using Trizol
Reagent according to the manufacturer (Invitrogen). RNA
was quantitated spectrophotometrically and integrity tested
by capillary electrophoresis (Agilent 2100 Bioanalyzer).
Equal amounts of RNA from each clone of mutant and
wild-type lines were pooled and a total of 25 g total RNA
was used to generate target cRNAs for hybridization to
Affymetrix Rat Genome U34A oligonculeotide arrays (UCI
DNA Array Core Facility). Three separate cell growths were
done for each clone and cRNAs were synthesized from
the pooled RNAs separately and triplicate GeneChips were
performed. Gene expression profiling is described in
Supplementary Material.

Northern blot analysis

For northern blot analysis, total RNA was isolated from
cells grown on 150 mm plates using Qiagen RNeasy Midi
Kit. RNA was formaldehyde denatured as previously
described and 50 pg of total RNA was used per lane (62).
Hybridization and wash conditions were as described by Clon-
tech Laboratories (Catalog no. PR63271) and blots were
hybridized for 18—24 h at 42°C. Signals were detected by
exposing to a phosphor screen, scanning with a Molecular
Dynamics Phosphorimager and bands were quantitated
using ImageQuant software. The p21VAFVCIP1 hrobe was gen-
erated by an EcoRI/HindIll restriction digest of pCRWO0.8
(kindly provided by Dr Bert Vogelstein, John Hopkins Univer-
sity School of Medicine). Other probes were generated by
RT-PCR and sequence verified. The primers were aldehyde
dehydrogenase [TAGATGATGTGATCAAGAGAGCAAA]
(forward) and [ATTCCCAAATAATTACAGACCAACA]
(reverse) (GenBank accession no. AF001898); Cyclin D2
[CTTCAGCAGGACGAGGAAGT] (forward) and [CTTCTC
ATTTCTGATTCCTTCTTGG] (reverse) (GenBank accession
no. L09752); Early growth responsel (egrl) [ACTAGAAC
ATCAAGTTGGCTGAAAA] (forward) and [TTGTTTAA
GCAAACACAAGTACGAA] (reverse) (GenBank accession
no. NM_012551) and EFla [GACTTCATCAAGAACAT
GAT] (forward) and [GTGCCAATGCCGCCAAT] (reverse)
(GenBank accession no. X13661). Probes were labeled by

random priming using the method of Feinberg and Vogelstein
(63). Blots were stripped and reprobed with EFla to normal-
ize for variations in loading.

Antibodies and inhibitors

The followiné% antibodies were used: phospho-Tyr’*>STATS3,
phospho-Tyr®**STATS, phospho-p38, p38, phospho-ERK1/2
and ERKI1/2 were from Cell Signalin%
phospho-Ser’?” STAT1 and phosopho-Tyr’*'STATI1 from
Upstate Technology. STATI1, STAT3, STATS5b and
p21WAFVCIPL were from Santa Cruz Biotechnology and
PDGFR was from Austral Biologicals. For the inhibitor
studies: U0126 (Cell Signaling Technology), SB202190 and
AG490 (Calbiochem) inhibitors were resuspended in DMSO.

Technology,

Harvesting cells, immunoprecipitation and western blot
analysis

Cells were routinely harvested by placing plates on ice, aspir-
ating media and direct lysis using NP-40 lysis buffer (50 mm
Hepes, pH 7.8, 0.5% Nonidet P-40, 100 mm sodium fluoride,
10 mM sodium pyrophosphate, 0.5 mm sodium orthovanadate,
10 wg/ml each of aprotinin and leupeptin and 1 mMm phenyl-
methylsulfonyl fluoride). Lysates were centrifuged at
14 000g, 4°C and the supernatants were frozen at —80°C.
For western blot analysis, 20 pg soluble protein was loaded
per lane (unless otherwise indicated) onto 10% SDS—PAGE.
For phospho-STAT1 immunoprecipitation, cells were har-
vested as described previously, pellets were lysed with NP-
40 lysis buffer and 1 mg protein was incubated with 3 g
anti-STAT1 antibody at 4°C overnight followed by 1 h incu-
bation with protein A-Agarose (Santa Cruz Biotechnology).
Immunoprecipitates were washed 3x in NP-40 lysis buffer
and 1x with 20 mm Tris—HCI, pH 7.3. Image] (Version
1.33U), a public domain Java image processing program
inspired by NIH Image was used to measure the intensity of
each band and fold changes calculated from these data.

Neurite outgrowth assay

For neurite outgrowth assays, PC12 cells were plated in six-
well plates at a low density of 1 x 10° cells/well. After 16—
24 h, cells were rinsed with PBS and changed to low serum
media with inducer for 1 day followed by treatment with
PDGF for 5—60 min. Cells were examined for the presence
of neurites 24 or 48 h post-induction. Responsive cells were
defined as those bearing neurites at least two cell diameters
in length.

siRNA assay

siRNAs were designed by Dharmacon (Lafayette, CA, USA).
Dharmacon SMARTpool uses an algorithm to combine four or
more SMART selected siRNA duplexes in a single pool.
PFR3%%%°F cells were plated in six-well plates and the follow-
ing day transfected with 100 nm Dharmacon SMARTpool
siRNA and 160 ng pEGFP-N1 vector (to monitor transfection
efficiency, BD Biosciences) using Lipofectamine 2000
(Invitrogen). Two days later the media was changed and



cells were induced in low serum for 1 day (i.e. 3 days post--
transfection) prior to harvesting. Neurite outgrowth assays
were performed at 1 day post-induction. For time courses
and concentration titration experiments, uninduced cells
were transfected with 0, 100 and 200 nm STAT1 siRNA and
cells were harvested at 48, 72 and 96 h post-transfection.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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