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Regulation of protein synthesis plays a vital role in posttranscrip-
tional modulation of gene expression. Translational control most
commonly targets the initiation of protein synthesis: loading 40S
ribosome complexes onto mRNA and AUG start codon recognition.
This step is initiated by eukaryotic initiation factor 4E (eIF4E) (the
m7GTP cap-binding protein), whose binding to eIF4G (a scaffolding
subunit) and eIF4A (an ATP-dependent RNA helicase) leads to assem-
bly of active eIF4F complex. The ability of eIF4E to recognize the cap
is prevented by its binding to eIF4E binding protein (4E-BP), which
thereby inhibits cap-dependent translation by sequestering eIF4E.
The 4E-BP activity is, in turn, inhibited by mTORC1 [mTOR (the mech-
anistic target of rapamycin) complex 1] mediated phosphorylation.
Here, we define a previously unidentified mechanism of mTOR-in-
dependent 4E-BP1 regulation that is used by chondrocytes upon FGF
signaling. Chondrocytes are responsible for the formation of the
skeleton long bones. Unlike the majority of cell types where FGF
signaling triggers proliferation, chondrocytes respond to FGF with
inhibition. We establish that FGF specifically suppresses protein syn-
thesis in chondrocytes, but not in any other cells of mesenchymal
origin. Furthermore, 4E-BP1 repressor activity is necessary not only
for suppression of protein synthesis, but also for FGF-induced cell-
cycle arrest. Importantly, FGF-induced changes in the 4E-BP1 activity
observed in cell culture are likewise detected in vivo and reflect the
action of FGF signaling on downstream targets during bone devel-
opment. Thus, our findings demonstrate that FGF signaling differen-
tially impacts protein synthesis through either stimulation or
repression, in a cell-type–dependent manner, with 4E-BP1 being a
key player.
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Regulation of translation allows rapid and reversible adjust-
ments of mRNA translation in response to various physio-

logical and pathological conditions (1). The rate-limiting step in
protein synthesis is initiation, during which the small ribosomal
subunit, bound to several translation initiation factors and initiator
MettRNA, is recruited to mRNA. Ribosomal loading onto mRNAs
is mediated by eukaryotic initiation factor 4F (eIF4F), eIF4A, and
eIF4B. By binding to the cap structure of mRNAs, eIF4F positions
the ribosomal preinitiation complex onto the 5′ end of mRNA and
facilitates scanning toward the 5′ proximal AUG codon. One of the
key mechanisms controlling protein synthesis involves modulating
the activity of the m7GTP cap-binding protein eIF4E by a family
of eIF4E binding proteins (4E-BPs). The ability of 4E-BPs to
sequester eIF4E from eIF4F complexes depends on their phos-
phorylation status (2). Hypophosphorylated 4E-BP binds eIF4E to
repress cap-dependent mRNA translation, whereas phosphoryla-
tion results in its release from eIF4E, which can then form func-
tional eIF4F complexes. Phosphorylation of 4E-BP is mediated
by the serine/threonine kinase mTOR (the mechanistic target of
rapamycin), which is activated by nutrients and numerous growth
factors, including fibroblast growth factors (FGFs) (3).
FGFs are critical regulators of many developmental processes,

including bone development. Long bones and vertebrae are
formed through endochondral ossification, a process that requires

the proliferation and differentiation of chondrocytes (4). Chon-
drocyte homeostasis is regulated by a number of signaling molecules
and transcription factors, and genetic studies identified FGF
signaling as a crucial player in these processes (5). FGF molecules
signal by activating FGF Receptors (FGFRs), and several FGFR
mutations have been linked to autosomal, dominant bone
morphogenetic disorders (6). Importantly, all of these mutations
are “gain of function” mutations, resulting in excessive FGF
signaling. It has been well established that the major effect of
FGF signaling in chondrocytes is growth inhibition (7, 8), an
effect which is in striking contrast to a universal proliferative
response seen in nearly all cell types. We previously identified
several downstream effectors of FGF signaling in chondrocytes
at the transcriptional level (9). However, the effect of FGF
signaling on protein synthesis has never been studied, and the
mechanism of this unique chondrocyte-specific response remains
to be elucidated.
Here, we investigated the impact of FGF signaling on protein

synthesis in chondrocytes, where it causes growth inhibition.
Unexpectedly, we report for the first time to our knowledge that
FGF signaling can inhibit protein synthesis. This unique re-
sponse is acquired de novo during chondrogenesis because
mesenchymal stem cells (MSC) from which chondrocytes derive
do not respond in a similar manner. FGF-induced inhibition of
protein synthesis requires the activity of 4E-BP1, the canonical
inhibitor of cap-dependent mRNA translation. We suggest a
previously unidentified mechanism of 4E-BP1 activation that is
implemented in the presence of active mTORC1 (mTOR com-
plex 1). This mechanism would allow for selective and rapid
adjustments in the activity of mTOR targets in response to ex-
tracellular cues such as FGF signaling.

Significance

Translational control is a key component of gene regulation;
therefore, it is important to understand alterations to the trans-
lational machinery that occur during development. We identified
a unique mTOR (the mechanistic target of rapamycin)-independent
mechanism of 4E-BP (a repressor of cap-dependent translation)
regulation that is utilized by chondrocytes in response to FGF sig-
naling. It is well established that FGF signaling leads to inhibition of
chondrocyte proliferation, and is crucial for bone development. We
found that FGF specifically suppresses protein synthesis in chon-
drocytes by activating 4E-BP. Importantly, FGF-induced changes in
the translation apparatus observed in cell culture are similarly de-
tected in vivo, and reflect the action of FGF signaling on down-
stream targets during bone development.
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Results
FGF Signaling Down-Regulates Protein Synthesis in Chondrocytes.We
first analyzed the effect of FGF on protein synthesis in chondrocytes
using Rat ChondroSarcoma (RCS) cells. These cells exhibit most
properties of proliferating chondrocytes, including FGF response,
and allow genetic manipulations that cannot be performed in pri-
mary chondrocytes, whose life span in culture is limited. The
changes in total protein synthesis in FGF-treated and untreated
cells were measured after pulse-labeling with 35S Met/Cys mix. In
parallel, we monitored FGF-induced changes in the cell cycle by
FACScan analysis. Two additional cell lines with FGF proliferative
response were included: OB1 cells (immortalized osteoblasts) (10)
and C3H10T1/2 cells that are functionally similar to MSC (11) and
are able to differentiate into multiple lineages. Relative S-phase
levels of OB1 and C3H10T1/2 cells were increased following FGF
treatment (1.5-fold and threefold, respectively, at 24 h), whereas
proliferation of RCS cells was inhibited (Fig. S1A). The rate of total
protein synthesis in OB1 cells was virtually unaffected and slightly
up-regulated in C3H10T1/2 cells (1.3-fold). Importantly, FGF sup-
pressed the rate of protein synthesis in RCS cells by 70–75% after
24 h treatment (Fig. 1A). We observed a similar decline (60%) in
primary chondrocytes isolated from neonatal rat pups (Fig. 1B) and
in the chondrocytes obtained using high-density micromass cultures
derived from prechondrogenic limb bud mesenchyme from E12.5
embryos (Fig. 1C). These mesenchyme cultures form multiple
condensations in which both chondrocyte differentiation and pro-
liferation take place (12). Therefore, this response is not restricted
to immortalized cells but is also observed in other models of
proliferating chondrocytes. Interestingly, despite these striking
differences, FGF similarly induced ERK1/2 activation in RCS,
micromass, and OB1 cells (Fig. S1 B and C). This implies that ca-
nonically induced FGF-signaling pathways likely have chondrocyte-
specific targets responsible for the inhibitory response. To further
support this hypothesis, we induced differentiation of C3H10T1/2

cells into osteoblasts, chondrocytes, and adipocytes (Fig. S1D) (13,
14). After 11 d in differentiation media the cells were treated with
FGF and total protein synthesis was analyzed. As shown in Fig. 1D,
FGF treatment inhibited protein synthesis only in the cells com-
mitted to the chondrocyte lineage, supporting our hypothesis that
FGF-induced down-regulation of protein synthesis is chondrocyte-
specific and likely acquired during chondrocyte differentiation.

FGF Signaling in Chondrocytes Activates 4E-BP1. To elucidate the
mechanism of this chondrocyte-specific effect of FGF on protein
synthesis we analyzed overall abundance and phosphorylation status
of 4E-BP1, the repressor of cap-dependent translation. There are
four well-described 4E-BP phosphorylation sites: Thr37 and Thr46
are phosphorylated first, followed by Thr70 and Ser65. mTORC1
complexes, comprised of mTOR kinase, Raptor, and GβL, medi-
ate 4E-BP inactivation (15). Differentially phosphorylated
4E-BP isoforms can be separated on high-density SDS PAGE
according to their phosphorylation marks with the uppermost
band representing fully phosphorylated, Ser65 positive, in-
capable of eIF4E binding, 4E-BP. As shown in Fig. 2A,
dephosphorylated 4E-BP1 was detected as early as after 4 h of
FGF treatment, and the protein was completely dephosphory-
lated by 16 h. Accordantly, Ser65 phosphorylation declined sig-
nificantly at 4 h of treatment and was not detectable after 8 h.
The 4E-BP dephosphorylation was induced in a similar manner
in primary and micromass chondrocytes treated with FGF
(Fig. 2A).
Endochondral bone formation is driven by changes in the growth

plate, where proliferative chondrocytes differentiate into hyper-
trophic, directing the formation of mineralized matrix. It is pro-
posed that FGF signaling induces not only growth arrest in
chondrocytes but also some aspects of differentiation (16). FGFR3
is primarily expressed in proliferating chondrocytes, where it reg-
ulates proliferation and the transition to terminal (hypertrophic)
differentiation, with no protein detected in hypertrophic cells (17).
This implies that FGF-treated cells would represent more differ-
entiated chondrocytes compared with untreated ones. We there-
fore examined the distribution of 4E-BP1 (Ser65) in the growth
plate of newborn mice by immunohistochemistry (IHC). The hy-
pertrophic region is defined by enlarged cells, whereas the pro-
liferative chondrocytes are smaller in size (Fig. 2B). The majority of
chondrocytes in the proliferative zone (80%) were Ser65 positive,
whereas the hypertrophic region had fewer positive cells (15%). At
the same time most of the cells in both regions were stained pos-
itive for 4E-BP1. This demonstrates that FGF-induced changes in
the 4E-BP1 phosphorylation observed in cell culture are detected
in vivo and reflect the action of FGF signaling on downstream
targets during the endochondral ossification. Next we determined
whether FGF-induced dephosphorylation of 4E-BP1 is similar in
chondrocytes that are within developing bones that have normal
cartilage architecture. For this purpose, we used organ culture of
metatarsal bone rudiments (18). The proliferating chondrocytes
responded to FGF with inhibition, as confirmed by BrdU in-
corporation (Fig. 2C), and the amount of S65 positive cells also
declined with FGF treatment (Fig. 2C).
A functionally important reduction in 4E-BP phosphorylation

should result in accumulation of 4E-BP/eIF4E complexes. We
therefore immunoprecipitated eIF4E from FGF-treated and
untreated lysates using eIF4E agarose-conjugated antibodies and
analyzed proteins associated with eIF4E (Fig. 2D). In agreement
with the kinetics of 4E-BP1 dephosphorylation, significantly
more 4E-BP1 was detected in IPs after 4 h of FGF treatment.
Accordingly, levels of eIF4G and eIF4A bound to eIF4E grad-
ually decreased. These data, to our knowledge, provide the first
evidence that 4E-BP activation contributes to FGF-induced in-
hibition of protein synthesis.

The 4E-BP Activation Precedes Down-Regulation of mTOR Kinase
Activity. It is well established that mTOR kinase phosphory-
lates 4E-BP on Thr37 and Thr46 (2). However, phosphorylation
of Ser65 and Thr70, residues that determine the ability of 4E-BP

Fig. 1. Regulation of protein synthesis by FGF signaling in chondrocytes. (A–
C) Indicated cells were treated with FGF1, and protein synthesis activity was
measured by S35-Met/Cys incorporation. Relative levels of radioactivity in-
corporated are compared with untreated cells. Lysates were normalized to
the amount of total protein. The data are representative of three in-
dependent experiments, error bars represent mean ± SD, and P value is in-
dicated when significant. (D) C3H10T1/2 cells were differentiated into
chondrocytes (C), adipocytes (A), and osteoblasts (O). After 11 d in differ-
entiation medium, cells were treated with FGF1, and protein synthesis ac-
tivity was measured as described above.
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to bind eIF4E, has also been attributed to different enzymes
depending on the cell type (19, 20). We therefore confirmed that
mTOR plays a role in maintaining the hyperphosphorylated status
of 4E-BP1 in chondrocytes using the specific mTOR inhibitors
rapamycin and Ku-63794. Rapamycin inhibits mTORC1 com-
plexes, and Ku-63794 inhibits both mTORC1 and mTORC2. The
latter is comprised of mTOR kinase, Rictor, SIN1, and GβL and
has distinct biological substrates compared with mTORC1 (21). Both
inhibitors increased the proportion of dephosphorylated 4E-BP,
confirming that mTOR kinase is responsible for inactivating
4E-BP in unchallenged chondrocytes (Fig. 3A). To investigate how
mTOR activity is modulated by FGF signaling, phosphorylation of
mTOR Ser2448 and 2481 was monitored because mTOR activation
is accompanied by phosphorylation of these residues (3). Surpris-
ingly, as shown in Fig. 3B, phospho-S2481 mTOR was elevated at
2 h and started to decline only after 16 h. These kinetics mirrored
the kinetics of p70S6K phosphorylation, a direct mTORC1 sub-
strate and an accepted readout of activated mTORC1 (Fig. 3B).
Importantly, distribution of phosphorylated p70S6K in the growth
plate of newborn mice correlated with FGF treatment (Fig. 3C).
Paradoxically, an increase in mTOR activity coincided with 4E-BP1
dephosphorylation (Fig. 3B). This, however, was not the case when
OB1 cells were treated with FGF. Whereas phosphorylation of
p70S6K was identical for both cell types at 16 h, 4E-BP1 was
dephosphorylated in RCS cells but not in OB1 cells, where
4E-BP1(S65) was detected up to 24 h (Fig. S2B). The reason for
this discrepancy might be a selective mTORC1 inhibition toward
4E-BP1. We therefore examined whether FGF induced any
changes in the abundance/activity of known components and
effectors of the mTOR pathway. No changes were detected in
the expression of Raptor, Rictor, DEPTOR, and GβL upon
FGF treatment or in their binding to mTOR (Fig. S2A). We
also did not find any evidence that known negative regulators of
mTOR, PRAS40 (22), and TSC2 (tuberous sclerosis 2) (23)
might cause any inhibition of mTOR in chondrocytes (Fig. S2
A, C, and D). Moreover, the level of mTOR activity in FGF-
treated RCS and OB1 cells was comparable up to 16 h, despite
prominent difference in 4E-BP1 phosphorylation (Fig. 3B).
We next performed an in vitro mTOR kinase assay using

recombinant 4E-BP1 and observed that 4E-BP1 was robustly
phosphorylated at authentic sites in untreated lysates or lysates
that had been treated for 8 h (Fig. 3D). This activity was inhibited
in the presence of Ku63794, indicating that it is mTOR-specific.
Lysates from the cells treated with FGF for 16 and 24 h did not
exhibit significant kinase activity. Therefore, delayed decline in
mTORC1 activity cannot account for 4E-BP1 activation at the
early time points of FGF treatment. One possible explanation
could be that 4E-BP1 activity is controlled by FGF-activated
protein phosphatase. It has been reported that 4E-BP1 phos-
phorylation is sensitive to Calyculin, a chemical inhibitor of PP2A
(24); we therefore examined whether PP2A plays a role in FGF-
induced 4E-BP dephosphorylation. PP2A activity can be blocked
by small T-antigen (ST) of SV40 virus, which forms a stable
complex with PP2A (25). As shown in Fig. S3, following trans-
duction with an adenovirus (Ad) vector, the majority of the cells
expressed either GFP or SV40 ST, which was also detected by WB
(Fig. 4A). Expression of SV40ST inhibited 4E-BP1 activation in
FGF-treated cells, whereas expression of GFP had no effect on
kinetics of 4E-BP1 dephosphorylation. Accordingly, the cells
transduced with ST-expressing virus continued to cycle upon FGF
treatment, and the protein synthesis level was decreased only by
15% compared with 75% in GFP-Ad transduced cells (Fig. 4B).
These data indicate that PP2A (or PP2A-like phosphatase) might
play a role in FGF-induced 4E-BP1 activation.
We next treated cells with FGF in the presence of either ac-

tinomycin D (transcription inhibitor) or cycloheximide (inhibitor
of protein synthesis) to test whether dephosphorylation of 4E-BP1
requires de novo protein and/or RNA (Fig. 4C). Both treatments
abolished the ability of FGF to activate 4E-BP1, meaning that
4E-BP1 dephosphorylation requires both RNA and protein synthesis.

Fig. 2. FGF signaling activates 4E-BP1 in chondrocytes. (A) RCS, primary
chondrocytes, and micromass cultures were treated with FGF1. Five micro-
grams of total protein were analyzed by SDS/PAGE followed by immuno-
blotting. The upper bands correspond to inactive 4E-BP1 incapable of
binding eIF4E. (B) Ten-micron sections of paraformaldehyde (PFA)-fixed tis-
sue from the growth plate of tibia of newborn mice were stained with 4E-
BP1(Ser65) and 4E-BP1 antibodies. The proliferating (P) and hypertrophic (H)
regions are indicated by arrows. Quantification was carried out by counting
the number of positively stained cells in six fields for each cell type in three
different slides. (C) Metatarsal bone rudiments were isolated from E15.5
embryos and cultivated in vitro for 24 or 48 h with or without FGF1. BrdU
was added during the last 6 h of FGF treatment. After fixation, rudiments
were analyzed for immunodetection of BrdU, 4E-BP1(S65), and 4E-BP1.
Staining with Alcian blue confirmed the presence of cartilage-specific sulfate
proteoglycans in the extracellular matrix, and the reserve (R), proliferating
(P), and hypertrophic (H) zones are shown. Representative pictures of
immunostaining in the proliferating zone are shown. Quantification of
staining was carried out by counting the number of positively highly stained
cells in four fields for three different rudiments. (D) FGF signaling stimulates
association of 4E-BP1 with eIF4E. Extracts from FGF-treated RCS cells were
incubated with agarose-conjugated eIF4E antibody. As a reference, 5% of
the immunoprecipitated (IP) whole-cell lysate (“Input”) was loaded.
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FGF-Induced 4E-BP1 Activation Is Crucial for Mediating Growth Arrest
in Chondrocytes. The most abundant out of three 4E-BP isoforms
is generally considered to be 4E-BP1; however, isoform levels
have not been previously characterized in chondrocytes. We
therefore determined the expression of each isoform by RT-
qPCR. We demonstrated that 4E-BP1 mRNA level in RCS cells
and primary chondrocytes is threefold higher than 4E-BP2 and
about 1000-fold higher than 4E-BP3 (Fig. 5A and Table S1). As
mRNA levels of 4E-BP1 and 4E-BP2 were comparable, we ex-
amined their protein levels. FLAG-tagged 4E-BP1 (26) and 4E-
BP2 were transiently overexpressed in RCS cells at comparable
levels as evaluated by FLAG antibodies (Fig. S3A). Using iso-
form-specific antibodies for the same samples we estimated that
4E-BP1 expression is at least 10-fold higher than 4E-BP2 ex-
pression. Kinetics of 4E-BP2 and 4E-BP1dephosphorylation
were identical upon FGF treatment (inputs in Fig. 5B), and

4E-BP(S65) IPs were recognized by 4E-BP2 antibodies when pre-
sent (Fig. S4), indicating that both isoforms are activated in a
similar manner. Accordingly, 4E-BP2 was able to sequester
eIF4E upon FGF treatment; however, the portion of 4E-BP1/
eIF4E complexes was considerably higher compared with 4E-
BP2/eIF4E complexes (Fig. 5B). Therefore, to determine whether
4E-BP activation contributes to FGF-induced growth arrest in
chondrocytes, we knocked down only 4E-BP1 in RCS cells using a
shRNA (Fig. 5C). Although FGF treatment decreased the frac-
tion of BrdU positive cells in cultures expressing a nonsilencing
(ns) scrambled shRNA from 40% to 4%, knockdown of 4E-BP1
by shRNA effectively antagonized FGF-induced growth inhibition
(Fig. S5A). Similar results were obtained when total protein syn-
thesis was analyzed. In the cells overexpressing 4E-BP1 shRNA
the level of protein synthesis was barely affected by FGF treat-
ment (Fig. 5D), whereas control shRNA cells exhibited a 75%
decline. These data demonstrate that 4E-BP1 plays an important
role in inhibiting both protein synthesis and cell-cycle progression
in response to FGF treatment.
We also evaluated eIF4F complex formation in 4E-BP1 shRNA

cells treated with FGF. A significant amount of 4E-BP1 was bound
to eIF4E in control cells, and eIF4G was not detectable (Fig. S5B).
However, eIF4G was readily detected in eIF4E IPs from 4E-BP1
shRNA cells, and the amount of bound 4E-BP1 was significantly
lower compared with control cells (Fig. S5B). These data demon-
strate that proper remodeling of eIF4F complexes is crucial for
mediating FGF-induced down-regulation of total protein synthesis.
To support this hypothesis further we transiently overexpressed
either wild-type 4E-BP1 or a Δ4E 4E-BP1 mutant [protein with a
deleted binding site for eIF4E (15)]. Overexpression of wt4E-BP1
restored the original chondrocyte-specific inhibitory FGF response
(Fig. 5E). In contrast, translation rate was not significantly affected
when the mutant form was overexpressed (Fig. 5E). These exper-
iments clearly indicate that binding of 4E-BP1 to eIF4E is vital for
mediating the chondrocyte-specific inhibitory FGF response and,
to our knowledge, provide the first evidence that this response is
mediated by activation of translational repressor 4E-BP1, which
leads to remodeling of eIF4F complexes.

Discussion
Down-Regulation of Protein Synthesis by FGF is Chondrocyte-Specific.
FGF-induced growth arrest in chondrocytes is a unique response,
which has been well documented in the past two decades (5, 7, 18,
27); however, it was not known whether translational control plays
any role in this unique case of FGF signaling. This is of particular
interest, as it is well established that growth factors stimulate
translation through the AKT/mTOR pathway. Here we show that
FGF signaling can also inhibit protein synthesis, and this inhibition
is an integral part of overall growth arrest. We demonstrated that
this phenomenon is lineage-specific, as MSC acquired this ability
only during differentiation into chondrocytes. Interestingly, we did
not observe FGF-induced down-regulation of protein synthesis at
later times, when the majority of chondrocytes become hypertro-
phic. This is consistent with known FGFR3 expression in vivo, as
FGFR3 is mainly expressed in the proliferative zone and not in
hypertrophic chondrocytes, making the FGF-inhibitory response a
unique feature of proliferative chondrocytes. Suppression of protein

Fig. 4. The 4E-BP1 activation requires SV40ST sensi-
tive phosphatase activity. (A) RCS cells were trans-
duced with adenoviruses expressing GFP or SV40 ST
following FGF treatment. Ten micrograms of total
protein were used for WB. (B) Protein synthesis
was measured by S35-Met/Cys incorporation. Rela-
tive levels of radioactivity incorporated are com-
pared with untreated cells. The data are representative
of three independent experiments. (C ) De novo
RNA and protein are needed for FGF-induced
4E-BP1 activation in chondrocytes. RCS cells were pretreated either with cycloheximide (CHX) 10 μg/mL or with actinomycin D (1 μg/mL) following FGF1
treatment. Ten micrograms of total protein were used for WB.

Fig. 3. The 4E-BP1 activation precedes down-regulation of mTOR kinase ac-
tivity. (A) WB of total cell lysates from RCS cells treated with Rapamycin (Rap) or
Ku-63794. DMSO was used as a vehicle. (B) RCS and OB1 cells were treated with
FGF1. Twenty micrograms of total protein was analyzed by WB. (C) Ten-micron
sections of PFA-fixed tissue from the growth plate of tibia of newborn mice
were analyzed by IHC using indicated antibodies. The proliferating (P) and
hypertrophic (H) regions are indicated by arrows. Quantification was carried out
by counting the number of positively stained proliferating and hypertrophic
cells in six separate fields for each cell type. (D) In vitro mTOR kinase assay was
done as described in SI Materials and Methods. The lysates were analyzed by
immunoblotting using indicated antibodies.
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synthesis by FGF observed in RCS cells likely reflects differences
in the rate of protein synthesis between proliferative and hyper-
trophic chondrocytes in vivo, which one can expect to be sub-
stantial, as proliferative chondrocytes are a driving force of bone
longitudinal growth.

A Novel Role of 4E-BP1 in Mediating FGF Inhibitory Growth Response.
Paradoxically, we found that upon FGF treatment, kinetics of
mTOR and 4E-BP1 activities do not correlate, and despite high
levels of mTOR activity detected in cells, 4E-BP1 phosphoryla-
tion status is not maintained. FGF-induced dephosphorylation of
Ser65 was consistently detected in all experimental systems, in-
cluding micromass and organ cultures, indicating that our in vitro
data are relevant to the situation in vivo and likely reflect the
effect of FGF signaling on the downstream targets during the
process of endochondral ossification. mTORC1 complexes have
been recently implicated in chondrogenesis (28). In this elegant
work the authors used the Prx-Cre system to delete mTOR or
Raptor at the mesenchymal progenitor stage and demonstrated
that embryonic skeletal growth was significantly diminished with
delays in chondrocyte hypertrophy. They concluded that mTORC1
mostly affects protein synthesis; however, extracellular signals re-
sponsible for dynamic regulation of mTORC1 activity at different
stages of chondrogenesis are unknown. It is possible that FGF

signaling might play an active role in the dynamics of mTOR ac-
tivity during chondrogenesis. This would also be in line with
reports demonstrating a role of the PI3K pathway in hyper-
trophic chondrocyte differentiation (29).
Here, for the first time to our knowledge we determined that

4E-BP1 is the major 4E-BP isoform in chondrocytes. Impor-
tantly, FGF-induced down-regulation of protein synthesis re-
quires its function, as it is sensitive to the levels of 4E-BP1
expression. This clearly indicates that ceasing the activity of the
translational machinery in chondrocytes is not just a simple
consequence of FGF-induced changes on a transcriptional level,
but an important component of a well-orchestrated cellular re-
sponse, which was attained during chondrogenesis. At this point
it is not clear why the 4E-BP1/4E-BP2 double knockout mouse
model does not exhibit any apparent bone phenotype (30). Al-
though we did not observe any compensatory up-regulation of
the other 4E-BP isoforms in the cells overexpressing 4E-BP1
shRNA after 2–3 wk selection, the situation in the whole or-
ganism is more complicated, and it would be interesting to use
lineage-specific inducible knockout mouse models to validate the
role of 4E-BP isoforms in vivo. This approach looks particularly
promising, as adipogenesis—which, like chondrogenesis, is a
property of the mesenchyme—is jeopardized in 4E-BP1/4E-BP2
double knockout mice (30).
Most importantly, we demonstrated that 4E-BP1 activation

precedes suppression of total protein synthesis. It is possible
that 4E-BP1 activation at earlier times of FGF treatment is
directed to a subset of specific mRNAs whose requirement for
eIF4F complexes is particularly high, whereas the effective
protein synthesis remains indispensable for cells as they are
about to enlarge and differentiate into hypertrophic chon-
drocytes. The subsets of mRNAs referred to as “eIF4E-sensi-
tive” and characterized by long, highly structured 5′UTR have
been described previously in other systems (31). This scenario
implies that proliferative chondrocytes can use two different
modes of protein synthesis repression: one for defined subsets
of mRNAs and the other one on a global basis. It would be
important to determine which mRNAs are enriched on polysomes
at different times of FGF treatment to completely visualize the
changes induced by FGF signaling to the chondrocyte translational
landscape.
According to our data, activation of 4E-BP1 is a crucial step in

mediating FGF-induced repression of protein synthesis and
growth inhibition; however, it is currently unclear how 4E-BP1 is
initially activated, especially as its dephosphorylation begins when
the level of mTOR activity is comparable with that in untreated
cells. It is possible that counteractive phosphatase activity is pre-
sent in FGF-treated chondrocytes to activate 4E-BP1 in the
presence of active mTOR. Most of the evidence points to PP2A as
an activator of 4E-BP; however, a direct interaction between
4E-BP and PP2A failed to be detected experimentally (32). Sim-
ilarly, we could not detect such an interaction in FGF-treated
chondrocytes. Although this interaction might be transient and
challenging to detect, there is a possibility that an alternate—
perhaps PP2A family phosphatase—is responsible for 4E-BP1
dephosphorylation. It was reported that PPM1G (protein phos-
phatase, Mg2+/Mn2+ dependent, 1G) dephosphorylates 4E-BP
under normal growth conditions (33); however, in our hands,
4E-BP1 phosphorylation status was sensitive to 5nM okadaic acid
(OA) (Fig. S6) and overexpression of SV40ST, suggesting that a
member of PP2A family phosphatases could be either directly or
indirectly responsible for the 4E-BP1 dephosphorylation in chon-
drocytes. The well-documented role of PP2A in the modulation
of activity of several key players of AKT/mTOR pathway, in-
cluding AKT itself (34–36), complicates the interpretation of
these data, and more experiments are needed to understand the
precise mechanism of 4E-BP dephosphorylation.
Here, for the first time to our knowledge we demonstrated the

capacity of FGF signaling to induce and to inhibit protein syn-
thesis in a cell-type–specific manner. Furthermore, 4E-BP1 re-
pressor activity is necessary to suppress protein synthesis and

Fig. 5. The 4E-BP1 activity is crucial for mediating growth arrest in chon-
drocytes. (A) Relative levels of 4E-BP1-3 mRNAs in chondrocytes were de-
termined by qRT-PCR. The 18S was used as a normalization control. (B) FGF
signaling stimulates 4E-BP1/eIF4E and 4E-BP2/eIF4E complex formation. RCS
cells were treated with FGF1, and protein extracts were incubated with
agarose-conjugated eIF4E antibody. Five times more (5X) of the IPs were
loaded to visualize 4E-BP2 in eIF4E IPs compared with the 4E-BP1 detection.
The asterisk denotes an unspecific band caused by a protein marker. 5X and
1X eIF4A and eIF4E are the same exposure. (C–E) RCS cells were infected with
either 4E-BP1 or nonsilencing (ns) shRNAs. (C) Relative levels of 4E-BP1-3
mRNAs in sh4E-BP1 cells compared with the control cells. Five micrograms of
total protein were analyzed by WB. (D) Protein synthesis was measured by
S35-Met/Cys incorporation. The data are representative of three independent
experiments, and error bars represent mean ± SD. (E) Overexpression of
wt4E-BP1 but not a 4E-BP1 mutant deficient in eIF4E binding (ΔE4E-BP) re-
stores FGF response in the cells with low levels of 4E-BP1 (4E-BP1 shRNA
cells). Five micrograms of total protein were analyzed by WB to validate
protein expression. Protein synthesis was measured by S35-Met/Cys in-
corporation. The data are representative of three independent experiments.
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cell-cycle progression in FGF-treated chondrocytes. Importantly,
FGF-induced changes in the 4E-BP1 activity observed in cell
culture are also detected in vivo and reflect the action of FGF
signaling on downstream targets during bone development.

Materials and Methods
Reagents and Antibodies. All chemicals were from Sigma-Aldrich (unless
otherwise stated). The following antibodies were used: 4E-BP1, phospho-4E-
BP1 (S65), phospho-4E-BP1 (T70), ERK1/2, phospho-ERK1/2 (T202, Y204),
eIF4G, eIF4E, eIF4AI, mTOR, phospho-mTOR (S2481), phospho-mTOR (S2448),
rpS6, phospho-rpS6(S235/236), phospho-TSC2 (T1462), TSC2, and DEPTOR
(Cell Signaling); α-tubulin (clone B-5-1-2), actin, GFP (Sigma); agarose-con-
jugated eIF4E, St SV40 (Santa Cruz Biotechnology).

Cell Culture, ex Vivo Culture, S35-Methionine Incorporation, and FACS Analysis.
Rat chondrosarcoma (RCS), OB1, and C3H10T1/2 cells weremaintained in culture
in DMEM supplemented with 10% (vol/vol) FBS. Cells were treated with
fibroblast growth factor as previously described (9). Cells were labeled with
110 μCi of [35S]Met/Cys (Perkin-Elmer) for 30 min, and lysates were prepared as
previously described (9). The 35S incorporation was determined by trichloro-
acetic acid precipitation. Differentiation of C3H10T1/2 cells is described in SI
Materials and Methods. Chondrocytes from the ribs of newborn rats were
isolated as previously described (9) and treated with FGF after 48 h in culture.
Flow cytometry was performed as previously described and analyzed using
ModFit LT software (Verity Software House). Micromass and organ cultures
are described in SI Materials and Methods. The study was approved by the
Institutional Animal Use and Care Committees of New York University
Langone Medical Center.

Immunoprecipitation and in Vitro Kinase Assay. Protein lysates were prepared
in modified RIPA buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl, 10 mM KCl, 1%
Nonidet P-40, 1mM EDTA) in the presence of phosphatase and protease in-
hibitor mixtures. Protein lysates (0.35 mg) were incubated with agarose-con-
jugated eIF4E antibody overnight at 4 °C. The immune complexes were washed
three times with 1 mL of RIPA buffer, and 50% of immunoprecipitates was
resolved on SDS/PAGE. Agarose-conjugated mouse IgG was used as negative
control. mTOR kinase assay is described in SI Materials and Methods.

Immunohistochemistry and immunofluorescence analysis were performed
according to the manufactures protocols with slight modifications that are
described in SI Materials and Methods.

Expression Vectors, Cloning, Lentivirus Production, and siRNA Transfection. To
obtain 4E-BP1–depleted cells, primers targeting 4E-BP1 coding region (nt
382–404) were cloned into lentiviral vector pLKO.1 between AgeI and EcoRI
sites according to the Addgene protocol. siRNAs were purchased from
Sigma. The start sites of the targeted sequences were the following—
DEPTOR1:1282, DEPTOR2:1421, TSC2-1:1090, and TSC2-2:2275. Transfec-
tions were performed using Lipofectamine RNAi Max according to the
manufacturer’s protocol. MISSION siRNA Universal Negative Control #1
(Sigma) was used as a negative control. 4E-BP2-FLAG vector was obtained
by inserting PCR fragment from cDNA in pCMV6-Entry (Origen) into
pUNO-mcs vector (InvivoGen) between BamHI and NheI.
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