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The K650E substitution in the fibroblast growth factor
receptor 3 (FGFR3) causes constitutive tyrosine kinase
activity of the receptor and is associated to the lethal
skeletal disorder, thanatophoric dysplasia type II
(TDII). The underlying mechanisms of how the activated
FGFR3 causes TDII remains to be elucidated. FGFR3 is
a transmembrane glycoprotein, which is synthesized
through three isoforms, with various degrees of N-gly-
cosylation. We have studied whether immature FGFR3
isoforms mediate the abnormal signaling in TDIIL. We
show that synthesis of TDII-FGFR3 presents two phos-
phorylated forms: the immature non-glycosylated 98-kDa
peptides and the intermediate 120-kDa glycomers. The
mature, fully glycosylated 130-kDa forms, detected in
wild type FGFR3, are not present in TDII. Endoglycosi-
dase H cleaves the sugars on TDII intermediates thus
indicating their intracellular localization in the endo-
plasmic reticulum. Accordingly, TDII-FGFR3-GFP co-lo-
calizes with calreticulin in the endoplasmic reticulum.
Furthermore, following TDII transfection, signal trans-
ducer and activator of transcription 1 (STAT1) is phos-
phorylated in the absence of FGFR3 ligand and brefel-
din A does not inhibit its activation. On the contrary, the
cell membrane-anchored FRS2« protein is not activated
in TDII cells. The opposite situation is observed in stable
TDII cell clones where, despite the presence of phospho-
rylated mature receptor, STAT1 is not activated
whereas FRS2«a is phosphorylated. We speculate that
the selection process favors cells defective in STAT1
activation through the 120-kDa TDII-FGFR3, thus allow-
ing growth of the TDII cell clones. Accordingly, apo-
ptosis is observed following TDII-FGFR3 transfection.
These observations highlight the importance of the
immature TDII-FGFR3 proteins as mediators of an ab-
normal signaling in TDII.

The fibroblast growth factor receptor (FGFR)! family of re-
ceptor tyrosine kinases mediates growth, differentiation, and
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cell migration in a wide range of cell types (1, 2). FGFR3 is one
of four distinct members of the FGFR family that serve as high
affinity receptors for more than 20 different fibroblast growth
factors (FGFs) (3). Binding with a specific ligand together with
heparan sulfate induces receptor dimerization, trans phospho-
rylation, and activation followed by receptor internalization
and down-regulation (4—6). This leads to the controlled activa-
tion of specific signal transduction pathways (7). In particular,
the membrane-linked docking proteins FRS2a and FRS2p
function as major mediators of signaling by FGF (8). Recently,
it has been shown that several human congenital skeletal dis-
orders result from point mutations in the FGFR3. Indeed,
mutations in different domains of FGFR3 are implicated in
several clinically related forms of short-stature with graded
severity including achondroplasia, hypochondroplasia, and the
neonatal lethal syndrome thanatophoric dysplasia (TD) (9).
TDII is one form of neonatal lethal dwarfism and results from
a lysine (K) to glutamate (E) substitution at position 650 (644
in mouse) of FGFR3 (10). The K650E mutation is located in the
activation loop of the kinase domain and is associated to strong,
ligand-independent constitutive receptor autophosphorylation
(11). In in vitro studies and in mice carrying the TDII mutation
it was shown that the signal transduction and activator of
transcription STAT1 is activated and translocated into the
nucleus (12). This, together with activation of the cell cycle
inhibitor p21™2 was proposed as the molecular mechanism
responsible for the TDII pathology (13). Furthermore, ligand-
independent activation of the STAT signaling pathway was
demonstrated in cultured TD cells and confirmed by immuno-
detection of activated STAT1 associated to apoptosis of chon-
drocytes in TD fetus (14, 15). However, the underlying mech-
anism of how the activated TDII-FGFR3 causes disrupted
proliferation and organization of the cartilaginous growth plate
of long bones in the TDII remains unclear.

In this study we have investigated whether additional means
by TDII mutation in FGFR3 could affect receptor signaling.
Biosynthesis of FGFR3 is characterized by three isoforms with
various degrees of N-glycosylation: a 98-kDa unglycosylated
native protein, a 120-kDa intermediate membrane-associated
glycoprotein, and a 130-kDa mature glycoprotein (16). In par-
ticular, we have questioned whether TDII-FGFR3 intermedi-
ates played a role in the signal transduction. We show herein
that the K644E mutation causes the immature phosphorylated
TDII-FGFR3 intermediate glycomers to activate STAT1 from
the ER. As far as we know, this is the first report of a tyrosine

GFP, green fluorescent protein; Tricine, N-[2-hydroxy-1,1-bis(hy-
droxymethyl)ethyllglycine; PARP, poly(ADP)ribose polymerase.
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Fic. 1. Biosynthesis of FGFR3. Cell lysates from KMS11 and
293wtFR3-HA cell lines were immunoprecipitated as indicated and
analyzed by Western blot with anti-FGFR3 (lanes 1-3) or anti-HA
(lanes 4—-6) antibodies. Bands I, II, and III correspond to the 98-, 120-,
and 130-kDa forms, respectively. Untreated (lanes I and 4) or treated
with Endo-H (lanes 2 and 5) or PNGase F (lanes 3 and 6) as indicated.
HA-tagged FGFR3 and endogenous FGFR3 from KMS11 cells show the
same protein profile.

kinase receptor that signals from within the cell in its imma-
ture form. We discuss that a novel intracellular signal trans-
duction pathway may be relevant in the pathogenesis of
FGFR3-mediated TDII.

MATERIALS AND METHODS

FGFR3 Constructs—Murine FGFR3 ¢DNA (17) was kindly provided
by C. Basilico. The cDNA was subcloned into pBSKII (Stratagene) and
the K644E (TDII) mutation was obtained by polymerase chain reaction
(PCR) using the following primers: 5'-GAGGAACAGCTCACCTGCA-3’
(mFR3F1), 5'-CATTTGTGGTCTCCTTGTAGTA-3' (mFR3644R), 5'-
TACTACAAGGAGACCACAAATG-3' (mFR3644F), and 5'-CAGGAAC-
AGCTCACCTGCA-3’ (mFR3R1). The 5’-half of the wild type mFR3 was
amplified with primers mFR3F1 and mFR3644R, whereas the 3’'-half of
the same ¢cDNA was amplified with primers mFR3644F and mFR3R1.
5" and 3" PCR products were then mixed and amplified again with
primers mFR3F1 and mFR3R1. After cleavage with BstEIl and BglII
enzymes the secondary PCR product was cloned into pBSKIImFR3 that
had been cleaved with the same two enzymes. The structure of the DNA
construct was confirmed by sequencing, and both the wild type and the
K644E mFGFR3 cDNAs were then subcloned into the expression vector
pRcCMV (Invitrogen). A double HA sequence was introduced in frame
at the 3’ end of both the wt and the TDII mutant mFR3 ¢cDNAs as now
described. A first PCR product was obtained by combining 5'-GAGGA-
ACAGCTCACCTGCA-3’' (mFR3F1) and 5'-GGGAGCGTAATCTGGAA-
CATCGTATGGGTACGTCCGAGGTCCCCCGTT-3' (mFR3HaR, con-
taining the first HA sequence and the half-site of a Smal restriction
enzyme sequence), and the obtained amplified DNA was digested with
BstEIL The second HA sequence was obtained by excising it from the
yeast vector pYX (R&D System) using Smal and Nhel. Both inserts
were purified and ligated to the pReCMVmFR3 digested with BstEIl
and Xbal. Positive clones were verified by sequencing analysis. Finally,
mFGFR3-GFP were obtained by subcloning the cDNAs into the vector
pEGFPNI1 (Clontech).

Cell Culture and Transfections—Cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum
(Euroclone), 2 mM L-glutamine, and penicillin/streptomycin. Transient
transfection of HEK293, NIH3T3 and Cos7 cells was performed with
FuGENE (Roche) according to manufacturer’s protocols. RCS cells were
transfected with calcium-phosphate technique. KMS11 cells (kindly
provided by A. Neri) were maintained in RPMI supplemented with 10%
fetal bovine serum. For stimulation with FGF9 (R&D), cells were se-
rum-deprived for 12 h, and then FGF9 was added for 10 min at 100
ng/ml in the presence of Heparin (Sigma).

Immunoprecipitation and Western Blot—Transfected cells were lysed
in radioimmune precipitation assay buffer buffer (50 mm Tris-HCI, pH
8.0, 150 mMm NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS) in the presence of a mixture of protease and phosphatase inhibi-
tors. Cell lysates were clarified by centrifugation and then subjected to
specific immunoprecipitation using the following antibodies: anti-HA
(Roche), anti-FGFR3 C-15, anti-STAT1 E-23, and anti-FRS2a H-91
(Santa Cruz). Immunocomplexes were collected with protein A-Sepha-
rose (Amersham Biosciences), washed three times with radioimmune
precipitation assay buffer, once with Tris-buffered saline buffer and
resuspended in 2X gel loading buffer. STAT1 and FRS2« proteins were
separated by 7.5% SDS-PAGE, whereas FGFR3 proteins were resolved
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Fic. 2. Biosynthesis of wt- versus TDII-FGFR3. Metabolic label-
ing of HEK293 cells transfected with wt-FGFR3 or the mutant TDII-
FGFR3. Cells were immunoprecipitated with anti-HA antibodies fol-
lowed by autoradiography. A, synthesis of wt-FGFR3. Three forms are
detected: form I is unglycosylated and forms II and III represent dif-
ferent sugar compositions. The form II is sensitive to Endo-H, whereas
form III is resistant to Endo-H. BFA inhibits formation of the mature
form III. Tunicamycin reduces to a unique unglycosylated 98 kDa form
1. B, synthesis of TDII-FGFR3. Two bands are detected: unglycosylated
form I and immature, Endo-H-sensitive form II. The mature form IIT is
undetected. BFA does not alter band pattern as for wt-FGFR3. C,
kinetic labeling of wt- and TDII-FGFR3. Cells are exposed to [**Slme-
thionine for different time intervals as indicated. At 90 min the mature
form III appears in wt-FGFR3. In TDII-FGFR3, the mature form III is
absent after 300 min labeling. The asterisk shows a low molecular
weight band recognized only by anti-carboxyl-terminal FGFR3 antibod-
ies. It probably belongs to a truncated form of the receptor (seen by
Western blot, not shown).

by 7% Tricine gels (18). Proteins were transferred onto polyvinylidene
difluoride membranes (ImmobilonP, Millipore), blocked with 5% milk in
Tris-buffered saline, pH 7.5, and incubated with desired antibodies.
Phosphorylated STAT1 proteins were detected by specific anti-phospho-
STAT1 antibodies (Cell Signaling), whereas phosphorylated FGFR3
proteins were revealed by anti-phosphotyrosine PY99 (Santa Cruz).
Phosphorylated FRS2a proteins were detected by anti-phospho-
tyrosine-RC20:HRPO antibodies (Transduction Lab).
Deglycosylation—Where indicated, immunoprecomplexes were re-
suspended in 50 mM sodium citrate, pH 5.5, containing 1% SDS and 1%
B-mercaptoethanol and boiled for 10 min. Endoglycosidase H (Endo-H)
was added directly to the recovered samples. Concerning the PNGase F
(New England Biolabs) reactions, samples were diluted 1:1 with 50 mm
sodium citrate, and 1% of Nonidet P-40 was added prior to adding the
enzyme. Both enzymatic reactions were carried out at 37 °C for 2 h.
Metabolic Labeling—Confluent cultures of HEK293 cells were
starved in methionine/cysteine-free Dulbecco’s modified Eagle’s me-
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Fic. 3. TDII-FGFR3 co-localizes with
calreticulin in the ER. Confocal micros-
copy analysis of HEK293 cells transfected
with wtFGFR3-GFP or TDIIFGFR3-GFP
molecules (green). Following transfection,
cells were fixed and incubated with calre-
ticulin antibodies that were revealed by
rhodamine-conjugated secondary anti-
bodies (red). Merge analysis (yellow)
showed co-localization of TDII-FGFR3
with calreticulin in the ER. Bar magnifi-
cation is indicated.

wtFR3-GFP
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witFGFR3-GFP

10 uM

TDIIFGFR3-GFP

TDII Mutation Hampers Maturation of FGFR3

GFP calreticulin merge

Fic. 4. FGFR3 with the TDII muta-
tion is not processed on the cell
membrane. Confocal microscopy analysis
of HEK293 cells transfected with wtF-
GFR3-GFP or TDIIFGFR3-GFP mole-
cules (green). At 48 h following transfec-
tion, cells were fixed and incubated with
fluorescent-conjugated cholera toxin B
peptides (red). Merge analysis showed the
presence of the wt-FGFR3 on the cell sur-
face. On the contrary, the TDIIFGFR3-
GFP molecules where not present on the
cell surface as indicated by arrows. Bar
magnification is indicated.

Colera tx GFP merge

dium medium (ICN) for one hour prior to labeling with 200 nCi/ml of
[**S]lmethionine/cysteine (Pro-mix, Amersham Biosciences). Where in-
dicated, cells were labeled in the presence of 5 ug/ml brefeldin A (BFA)
or 5 pg/ml tunicamycin.

Immunocytochemistry—Cells were grown on glass coverslips sur-
faced with 10 pg/ml of polylisine and transfected with wt and TDII
GFP-conjugated constructs for 24, 48, or 72 h. Cells were then rinsed
with phosphate-buffered saline and fixed with 4% paraformaldeide,
permeabilized with 0.4% of Triton X-100, and incubated with anti-
calreticulin antibodies diluted 1:100 for 1 h at room temperature. The
specific labeling was revealed by using secondary rhodamine-conju-
gated antibodies (Alexa 594, Molecular Probes). Cell membranes where
visualized with fluorescent conjugates cholera toxin B subunit from
Molecular Probes. To detect apoptosis, we used antibodies directed to
the cleaved p85-poly(ADP)ribose polymerase (PARP) (19) (Promega) at
1:100 dilution. Analyses were performed with confocal microscopy
(Zeiss).

RESULTS

Biosynthesis of wt-FGFR3—To study the biosynthesis of the
FGFR3, a double HA epitope-sequence was inserted at the 3’
end of murine wt-FGFR3 ¢cDNA. HEK293 cells were trans-
fected with wt-FGFR3 and several G418-resistant cell clones
were isolated. The FGFR3 biosynthetic pattern was studied
upon immunoprecipitation and Western blot with anti-HA an-
tibodies. Two specific bands of ~120 (II) and 130 (I1]) kDa, were
observed in the wt-FGFR3 (Fig. 1, lane 4) as detected by anti-
HA antibodies and according to what was previously described
(16). Enzymatic digestion with PNGase F caused the disap-

pearance of both 120 and 130 kDa species that were reduced to
an intense 98-kDa band, thus showing that the higher molec-
ular mass species are N-linked glycosylated isoforms (Fig. 1,
lane 6). Differently, Endo-H treatment resulted in the disap-
pearance only of the intermediate 120 kDa species, therefore
indicating their presence as high-mannose glycomers still re-
siding into the ER/cis-Golgi compartments (Fig. 1, lane 5). An
identical protein profile was detected for the endogenous
FGFR3 in the multiple myeloma KMS11 human cells that
present the G373C FGFR3 mutant (20) (Fig. 1, lanes 1-3).
Endogenous wt-FGFR3 from RCS chondrocytic cells presented
the same pattern (not shown). The identity of the FGFR3
protein profiles ruled out any interference by the HA epitope on
the normal processing of the FGFR3-HA protein.

Biosynthetic Pattern of TDII-FGFR3—A comparative analy-
sis between wt and mutated TDII-FGFR3 biosynthesis was
performed by transient transfection of the FGFR3 HA-tagged
molecules into HEK293 cells followed by metabolic labeling
with [>®SImethionine/cysteine. wt-FGFR3 exhibited the three
isoforms described above (Fig. 24, lane 2). Surprisingly, only
the 98-kDa and a predominant 120-kDa bands (I and II) were
detected in TDII (Fig. 2B, lane 2). To determine whether the
different pattern between wt and TDII receptors was ascribed
to an anomalous glycosylation or to uncompleted maturation of
the TDII receptor, analysis with specific enzymes and drugs
were performed. Because sugar composition of glycoprotein
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reflects their location in the secretory pathway (21), Endo-H
was considered as diagnostic for the position of the band II
intermediates. As already mentioned for wt-FGFR3, also the
120-kDa TDII proteins were Endo-H-sensitive, thus confirming
their nature as immature intermediates located within the
ER/cis-Golgi compartments (Fig. 2, A and B, lanes 3). We fur-
ther confirmed the location of the 120-kDa TDII-FGFR3 by
performing experiments with the fungal drug BFA, which en-
hances retrograde traffic from Golgi to ER (22). BFA inhibits
the formation of the mature form (II1) of wt-FGFR3 (Fig. 24,
lanes 4 and 5). In TDII, BFA does not affect the protein profile
thus confirming that the 120-kDa species reside in the ER (Fig.
2B, lanes 4 and 5). Inhibition of glycosylation by tunicamycin
blocks wt and TDII biosynthesis at the immature unglycosy-
lated band I (Fig. 2, A and B, lanes 6). We further investigated
the possibility that the predominance of the band II in TDII
was due to a peculiarity of the HEK293 cells. For this purpose,
transfection experiments were performed in NTH3T3 as well in
Cos7 cells. In both cell types, TDII-FGFR3 biosynthetic pattern
was characterized by the absence of the mature form and by
Endo-H-sensitive intermediate glycomers (not shown). In ad-
dition, considering that chondrocytes are the cells mostly af-
fected by FGFR3 mutation in the growth plate, we tested
whether TDII-FGFR3 showed the same biosynthetic pattern in
the RCS cells. As expected, only the 120-kDa form was ob-
served in RCS cells transfected with TDII-FGFR3 molecules
(not shown). A kinetic of [**S]methionine/cysteine incorpora-
tion was performed to test whether TDII-FGFR3 required a
longer time to be processed into the mature form. After 5 h of
labeling, the mature 130-kDa forms in TDII were still undetec-
ted, whereas the wt mature forms were clearly detected after
90 min of labeling (Fig. 2C). In addition, after 15 min of label-
ing, we consistently observed a comparable 1:1 ratio between
the 98 and the 120-kDa species in TDII (Fig. 2C). This suggests
a possible delay in the processing of the native isoforms into the
following maturation step, whereas, in the wt-FGFR3, the na-
tive forms were rapidly glycosylated (Fig. 2C).

Intracellular Localization of TDII Mutant Receptor—To vi-
sualize the localization of the TDII intermediates within the
cell, the GFP protein was fused at the C terminus of wt and
TDII receptors. 48 h after transfection, HEK293 cells were
fixed and stained with antibodies that recognize calreticulin,
which is the major calcium-binding protein found in the ER
(23). Merging analysis by confocal microscopy showed that
TDII-GFP co-localize with calreticulin in the ER (Fig. 3). The
same result was obtained when cells were analyzed at 72 h post
transfection (not shown). Furthermore, by staining the cells
with rhodamine-conjugated cholera toxin peptides, which spe-
cifically recognize membrane lipid raft, we were able to confirm
the absence of TDII-FGFR3 from the cell surface (Fig. 4). On
the contrary, the wt-FGFR3-GFP was clearly exposed on the
cell surface (Fig. 4).

STAT1 but Not FRS2«a Is Activated in the Presence of the
Intermediate TDII-phosphorylated Glycomers—As previously
reported (13), the human K650E mutation strongly activates
FGFR3, which, in turn, activates STAT1. We have investigated
whether the intracellular intermediate TDII receptor was
phosphorylated and, most importantly, whether STAT1 was
activated in cells transiently transfected with TDII-FGFR3.
For this purpose, cell lysates from HEK293 transfected with
the wt- or TDII-FGFR3 were first immunoprecipitated with
anti-HA and subsequently with anti-STAT1 antibodies. The
collected immunocomplexes were then analyzed by immuno-
blot with anti-phosphotyrosine and anti-phospho-STAT1 anti-
bodies. Interestingly, the immature 120-kDa TDII-FGFR3 gly-
comers were phosphorylated (Fig. 5A). Accordingly, STAT1 was
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Fic. 5. STAT1 is activated in the presence of phosphorylated
TDII-FGFR3 immature forms. A, wt-FGFR3 presents forms /I and
111, whereas TDII-FGFR3 shows only the intermediate forms II. Anti-
phosphotyrosine antibodies recognize the intermediate forms (II) in
TDII-FGFR3 but not of wt-FGFR3. B, cells transfected with TDII or
wt-FGFR3 or not transfected (mock) were immunoprecipitated with
anti-STAT1 antibodies. HeLa cells were stimulated with yIFN as pos-
itive control for STAT1 activation. As shown, STAT1 appeared phos-
phorylated only in TDII-FGFR3 but not in wt-FGFR3 cells. Antibodies
used for IP (immunoprecipitation) or WB (Western blot) are indicated.

phosphorylated in TDII but not in wt-FGFR3 cells (Fig. 5B). In
addition, when TDII cells were treated with BFA for 5 h,
STAT1 was still detected in its phosphorylated form, thus
confirming that such an activation occurred even if the traffic
out the ER was inhibited (not shown). Furthermore, we have
investigated whether the docking protein FRS2«, which is an-
chored on the cell membrane, could be activated by TDII inter-
mediates. We did not detect phosphorylated FRS2« in the TDII
cells (not shown).

STAT1 Activation Is Abrogated in Stable Cell Clones Selected
to Express TDII-FGFR3—We obtained stable TDII-FGFR3 cell
clones, although the number of the positive TDII colonies was
~50% less compared with the number of wt-FGFR3 selected
cell clones.

Analysis of FGFR3 showed that the 120-kDa intermediate
glycomers were highly represented in all TDII cell clones al-
though, to a lesser extent, the mature 130-kDa form was also
present (Fig. 6A4). Of note, in independent clones showing dif-
ferent levels of FGFR3 expression, the intermediate 120-kDa
forms were always favored. Both forms of the receptor were
constitutively phosphorylated. Interestingly, the phosphoryla-
tion level of 120 and 130 kDa bands were comparable in inten-
sity, suggesting a higher degree of phosphorylation of the ma-
ture forms versus the intermediates (Fig. 6A). Alternatively,
the phosphorylated 130-kDa mature proteins include endoge-
nous co-immunoprecipitated FGFR3. Remarkably, in all the
cell clones analyzed, we were unable to detect phosphorylated
STAT1 protein (Fig. 6B). To determine whether failure in
STAT1 activation was due to a cellular defect in the activation
of the STAT1 pathway, cells were stimulated with y interferon.
STAT1 was phosphorylated in wt and TDII clones as well as in
the parental cells treated with y interferon (Fig. 6C). We de-
duced that only the cells that had lost the ability to activate
STAT1 through the TDII mutant would be favorably selected to
become permissive for the TDII-FGFR3. This indicates that the
selection process favored cells defective of a specific factor(s)
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FiG. 6. Analysis of TDII proteins in
stable TDII-HEK293 cell clones. A, 1
both immature (II) and mature (III) spe-
cies were expressed in TDII stable cell
lines. Although the TDII intermediate
isoforms (II) were predominant, anti-
phosphotyrosine antibodies showed a
comparable degree of phosphorylation for
both II and III species (showed in the
three independent clones 1, 2, and 3). In
the wt stable cell lines species II and III
were equally represented and not phos-
phorylated. B, STAT1 was not phospho-
rylated in TDII-FGFR3 clones despite
phosphorylation of TDII receptors. C, C
v interferon induces phosphorylation of
STAT1 in TDII and wt clones, thus show-
ing the integrity of that pathway of acti-
vation. D, FRS2« is constitutively acti-
vated in the TDII but not in wt clones.

Antibodies used for IP (immunoprecipi-
tation) and WB (Western blot) are
indicated.

yIFN

linked to TDII-FGFR3 and playing a major role in mediating
STAT1 activation. The situation was different for FRS2« dock-
ing protein. Indeed, FRS2a was present as a constitutively
phosphorylated protein only in the TDII cell clones (Fig. 6D).
Finally, wt and TDII cell clones were treated with FGF9, a
specific ligand for FGFR3. This stimulation resulted in the
phosphorylation of FRS2« in the wt clones, whereas in TDII
the FRS2a remained unchanged in its constitutively phospho-
rylated form. Differently, FGF9 did not induce STAT1 phos-
phorylation in both wt and TDII cell clones (not shown).

Apoptosis in TDII-FGFR3 Cells—To determine whether
TDII-FGFR3 triggered apoptosis, cells were transfected with
the wt or the TDII-GFP receptor constructs. At 72 h cells were
fixed, incubated with antibodies that recognize only the cleaved
p85-PARP, followed by rhodamine-conjugated secondary anti-
bodies. As shown in Fig. 7, apoptosis was observed in ~40% of
TDII cells as measured by the number of cells showing double
fluorescence.

DISCUSSION

TDII mutation in FGFR3 strongly activates receptor signal-
ing, as measured by tyrosine kinase activity and induction of
cell proliferation in several cell lines (e.g. BaF3, NIH3T3) (24).
However, the TDII disease is characterized by disrupted pro-
liferation of chondrocytes in the growth plate, and ultimately
the clinical severity parallels the profound kinase activation of
the receptor (25). This paradox was reconciled by demonstrat-
ing that FGFR3 signaling can operate along two different path-
ways. One, the Ras-MAPK (mitogen-activated protein kinase)
pathway, leads to cell proliferation (26), whereas the other path-
way, operating through STAT1, induces cell cycle inhibition (27).
Therefore, we have reasoned that the intrinsic tyrosine kinase
activity of the TDII receptor, per se, was not sufficient to justify
the devastating effects observed in TDII. Our first approach in
this study was to determine whether biosynthesis of the TDII-
FGFR3 presented anomalies. For this purpose we have gener-
ated FGFR3 (mutant and wt) tagged with the HA epitope. This
allowed us to follow the biosynthesis of the receptor upon trans-
fection in HEK293 cells. At first we ruled out any interference by
HA in relation to both synthesis and activation of the FGFR3 by
comparing the biosynthetic pattern of wt-FGFR3-HA with endog-
enous FGFR3 from different cell lines.
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Fic. 7. Apoptosis in TDII-FGFR3-GFP cells. HEK293 cells were
transfected with wt or TDII-FGFR3-GFP molecules or GFP alone. 72 h
later cells were fixed and incubated with anti-p85-PARP antibodies as
indicators of apoptosis. Rhodamine-conjugated secondary antibodies
were used. Several fields were examined with confocal microscopy.
Green (GFP) and red (cleaved PARP) cells were counted, and only cells
with the double stain were considered apoptotic. The data showed here
represent three independent transfection experiments that gave simi-
lar results.

Interestingly, we observed that the K644E substitution ham-
pers the intermediate glycosylated 120 kDa forms to exit the
ER. This is based on the following observations: first, the ma-
ture 130-kDa form was not detected; second, the TDII 120-kDa
intermediates were sensitive to Endo-H, which is specific for
high-mannose sugars on glycoproteins resident in the ER/cis-
Golgi compartments. Indeed, Endo-H is considered as diagnos-
tic for the position of a glycoprotein in the secretory pathway.
The same results were obtained when TDII-FGFR3 was tran-
siently transfected into NIH3T3 or chondrocytic RCS cells,
thus confirming that accumulation of the immature TDII form
was due to a property of the mutated protein rather than to a
defect of HEK293 cell surveillance on protein synthesis. Fur-
thermore, the results indicate that the switch from a basic 644
lysine to the negatively charged glutamic acid, rather than the
tissue specificity, plays a pivotal role in the retention of TDII
receptor within the ER. In addition, the molecular weight of the
protein species and the profiles obtained with specific enzymes
do not indicate a defect in the glycosylation of TDII-FGFR3.
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Most importantly, we show that the immature 120-kDa
forms of TDII receptor were phosphorylated. Furthermore,
STAT1 was activated upon TDII transfection, and this coin-
cided with a certain level of apoptosis, in line with a previous
report (15). An important, yet unanswered, question is whether
TDII-FGFRS3 is retained in the ER in a monomeric or dimeric
form. Nonetheless, no traces of the endogenous mature 130-
kDa FGFR3 were observed after five hours of metabolic label-
ing followed by immunoprecipitation with anti-HA antibodies.
We can not exclude, however, the possibility that the endoge-
nous 120-kDa immature FGFR3 forms dimerize with TDII and
therefore are retained in the ER. However, it has been previ-
ously shown (28) that Xenopus FGFR2 with the corresponding
K652E mutation does not require dimerization for signaling.
Further evidence that confirms the signaling by TDII-FGFR3
from the ER was obtained with BFA. Indeed, by blocking the
traffic out of the ER, STAT1 was still activated upon
transfection.

A different situation was recorded in the stable TDII-FGFR3
cell clones in which both 120 and 130 kDa receptor forms were
present in their phosphorylated state. At present, we cannot
yet explain why the p130 form is present in stable TDII cell
clones, however, we can speculate on two possibilities. The first
one is that the defect in p130 processing may be bypassed, and
over time some mature forms accumulate in stable transfec-
tants. The second hypothesis, which is under study, is that a
factor, missing in the stable TDII clones, interacts with the
120-kDa receptor forms in the ER, thus inhibiting, somehow,
the regular TDII-FGFR3 processing. It remains to be deter-
mined whether STAT1 plays a direct role in such a mechanism.
Indeed, surprisingly, it was not detected in its active configu-
ration in stable TDII cells. The fact that STAT1 is activated
only by the immature TDII-FGFR3 but not upon stimulation of
stable clones with FGF9 supports the hypothesis that STAT1
plays a critical role in the TD (13, 15). In line with the above
observations are the data obtained with human KMS11 and
OPM-2 myeloma cells in which with a strong auto-phosphory-
lation of FGFR3, carrying the G373C and K650E mutations,
respectively, there is not correspondent STAT1 activation (29).
Treatment of stable TDII cell lines with the vy interferon
showed activation of STAT1, thus indicating that this activa-
tion cascade was not affected and that STAT1 itself has not lost
the ability to be phosphorylated. We hypothesize that the se-
lection process favored cells in which some critical protein(s)
involved in the FGFR3 signaling was missing, thus leaning
toward an oncogenic potential. To verify if a switch in the
signaling occurred in TDII clones, phosphorylation of FRS2«
protein was studied. Interestingly, we have not found phospho-
rylated FRS2a upon transfection of the TDII molecules. On the
contrary, we detected phosphorylation of FRS2a in all the
stable TDII cell clones analyzed. Considering that FRS2« is a
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myristylated protein, which is anchored on the cytoplasmic
membrane, the failure in its activation represents further evi-
dence that TDII-FGFR3 signals from the ER. Moreover, the
fact that FRS2« fails to be activated upon TDII transfection
indicates that the TDII receptor does not phosphorylate the
endogenous FGFR3.

In conclusion, we show that phosphorylation per se may not
be sufficient to explain the severity of the disease. Indeed, we
suggest that critical roles are played by phosphorylated imma-
ture receptor glycomers that can activate specific substrate(s)
from within the cell.

Acknowledgments—We thank Drs. C. Basilico, H. Suzuki, and C.
Laudanna for helpful discussion, R. Roncarati and G. Fumagalli for
advice on confocal analysis, and S. Ugolini for technical assistance. A
special thanks to Dr. D. Sessa for encouraging this research program.

REFERENCES

. Basilico, C., and Moscatelli, D. (1992) Adv. Cancer Res. 59, 115-165
. Szebenyi, G., and Fallon, J. F. (1999) Int. Rev. Cytol. 185, 45-106
Givol, D., and Yayon, A. (1992) FASEB J. 6, 3362-3369
. Ullrich, A., and Schlessinger, J. (1990) Cell 61, 203—212
Spivak-Kroizman, T., Lemmon, M. A., Dikic, I., Ladbury, J. E., Pinchasi, D.,
Huang, J., Jaye, M., Crumley, G., Schlessinger, J., and Lax, 1. (1994) Cell
79, 1015-1024
6. Mohammadi, M., Dikic, I., Sorokin, A., Burgess, W. H., Jaye, M., and
Schlessinger, J. (1996) Mol. Cell. Biol. 16, 977-989
7. Ornitz, D. M. (2000) Bio Essays 22, 108-112
8. Wong, A., Lamothe, B., Li, A, Schlessinger, J., and Lax, I. (2002) Proc. Natl.
Acad. Sci. U. S. A. 99, 6684-6689
9. Webster, M. K., and Donoghue, D. J (1997) Trends Genet. 13, 178182
10. Tavormina, P. L., Shiang, R., Thompson, L. M., Zhu, Y., Wilkin, D. J.,
Lachman, R. S., Wilcox, W. R., Rimoin, D. L., Chon, D. H., and Wasmuth,
J. J. (1995) Nat. Genet. 9, 321-328
11. Webster, M. K., D’Avis, P. Y., Robertson, S. C., and Donoghue, D. J. (1996) Mol.
Cell. Biol. 16, 40814087
12. Iwata, T., Chen, L., Li, C., Ovchinnikov, D. A., Behringer, R. R., Francomano,
C. A., and Deng, C. A (2000) Hum. Mol. Gen. 9, 1603-1613
13. Su, W-C. S., Kitagawa, M., Xue, N., Xie, B., Garofalo, S., Cho, J., Deng, C-X.,
Horton, W. A., and Fu, X-Y. (1997) Nature 386, 288—292
14. Li, C., Chen, L., Iwata, T., Kitagawa, M., Fu, X-Y., and Deng, C-X. (1999) Hum.
Mol. Genet. 8, 35—43
15. Legeai-Mallet, L., Benoist-Lasselin, C., Delezoide, A., Munnich, A., and
Bonaventure, J. (1998) /. Biol. Chem. 273, 13007-13014
16. Keegan, K., Meyer, S., and Hayman, M. J. (1991) Oncogene 6, 2229-2236
17. Ornitz, D. M., and Leder P. J. (1992) J. Biol. Chem. 267, 16305-16311
18. Schagger, H., and Von Jagow, G. (1987) Anal. Biochem. 166, 368—379
19. O’'Brien, M. A., Moravec, R. A., and Riss, T. L. (2001) BioTechniques 30,
886-891
20. Ronchetti, D., Greco, A., Compasso, S., Colombo, G., Dell’Era, P., Otsuki, T.,
Lombardi, L., and Neri, A. (2001) Oncogene 20, 3553—-3562
21. Tarentino, A., and Maley, F. (1974) J. Biol. Chem. 249, 811-817
22. Klausner, R. D., Donaldson, J. G., and Lippincott-Schwartz, J. (1992) J. Cell
Biol. 116, 1071-1080
23. Krause, K-H., and Michalak, M. (1997) Cell 88, 439—-443
24. Naski, M. C., Wang, Q., Xu, J., and Ornitz, D. M. (1996) Nature Genetic 13,
233-237
25. Sillence, D. O., Horton, W. A., and Rimoin, D. L. (1979) Am. J. Pathol. 96,
813-859
26. Chesi, M., Brents, L. A,, Ely, S. A, Bais, C., Robbiani, D. F., Mesri, E. A,,
Kuehl, W. M., and Bersagel, P. (2001) Blood 97, 729-736
27. Malika, S., Ambrosetti, D-C., Mansukhani, A., Gertner, R., Levy, D., and
Basilico, C. (1999) Genes & Development 13, 1361-1366
28. Neilson, K. M., and Freisel, R. (1996) J. Biol. Chem. 271, 25049-25057

TUR 0

8102 ‘v AInc uo 19nb Aq /6.10°9q - mavwy//:dny wioly papeo jumoq


http://www.jbc.org/

The Thanatophoric Dysplasia Type Il Mutation Hampers Complete M atur ation of
Fibroblast Growth Factor Receptor 3 (FGFR3), Which Activates Signal Transducer
and Activator of Transcription 1 (STAT1) from the Endoplasmic Reticulum
PatriciaM-J. Lievens and Elio Liboi

J. Biol. Chem. 2003, 278:17344-17349.
doi: 10.1074/jbc.M212710200 originally published online March 6, 2003

Access the most updated version of this article at doi: 10.1074/jbc.M212710200

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 28 references, 10 of which can be accessed free at
http://www.jbc.org/content/278/19/17344 full.html#ref-list-1

8102 ‘2 AInc uo 1sanb Aq /1o oq [ mmmy/:dny wody pepeojumoq


http://www.jbc.org/lookup/doi/10.1074/jbc.M212710200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;278/19/17344&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/278/19/17344
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=278/19/17344&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/278/19/17344
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/278/19/17344.full.html#ref-list-1
http://www.jbc.org/

