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Figure 6. FGFR2 mutations in BBDS reduce osteoblast differentiation without altering the levels or transactivation potential of RUNX2. (A) Alkaline phosphatase
staining was increased in MC3T3-E1 preosteoblasts expressing FGFR2W T, whereas alkaline phosphatase staining was decreased in MC3T3-E1 preosteoblasts expres-
sing FGFR2M3'R and FGFR2Y#!P| compared with control after 6 days in osteoblast differentiation medium (n = 4). (B) Alizarin red staining was increased in
MC3T3-E1 preosteoblasts expressing FGFR2WT, whereas alizarin red staining in preosteoblasts expressing FGFR2M**'® and FGFR2Y**'P remained similar to
the control after 21 days in osteoblast differentiation medium (n = 4). (C) Following 6 days of differentiation, levels of Msx2 detected by qPCR relative to
B-actin were elevated at least 2.0-fold in MC3T3-El cells expressing FGFR2M**'R and FGFR2Y*#'P compared with those cells expressing FGFR2WYT (n = 3).
(D) While levels of RUNX2 transcript, detected by qPCR, were increased in BBDS compared with control, levels of RUNX2 protein, detected by western blot,
remained equivalent. (E) Levels of RUNX2 transcript, detected by qPCR, were increased in MC3T3-E1 preosteoblasts expressing FGFR2M**'® compared with
FGFR2™T; however, Runx2 protein levels, detected by Western blot, remained equivalent (2 = 3). (F) The Runx2 6XOSE2-luciferase reporter was equivalently
activated in MC3T3-E1 preosteoblasts expressing FGFR2VT and FGFR2M**'R (4 = 3 for each). Error bars represent SEM.

Fig. S3B) (Fig. 6F). Thus, the ability of RUNX2 to activate bone-
specific genes in the long bone and calvaria remained unaffected
by the FGFR2 mutations that cause BBDS.

Runx2 function is not restricted to activation of bone-specific
genes. Runx2 also promotes osteoblast differentiation by attenu-
ating preosteoblast cell proliferation through repression of
rDNA transcription (30). Correspondingly, expression of Runx2
with the mouse rDNA minigene reporter in MC3T3-E1 preosteo-
blasts reduced reporter activation by 42% compared with reporter
alone (Fig. 7A). Expression of FGFR2™ " with Runx2 resulted ina
3-fold activation of the rDNA reporter, whereas expression of
FGFR2M*'™® or FGFR2Y**'P with Runx2 further increased this
activation to over 7-fold. This suggests that the mutations in
FGFR?2 that cause BBDS enhance the ability of FGFR2 to
de-repress Runx2 at the rDNA promoter.

Runx2 interacts with Ubf1 at the UCE to inhibit rDNA transcrip-
tion (30). Since Fgfr2 occupies this same region and blocks Runx2-
mediated repression of the DN A minigene reporter, we examined
endogenous Runx2 occupancy at tDNA in MC3T3-E1 preosteo-
blasts expressing the BBDS mutations. ChIP-qPCR experiments
showed that expression of FGFR2™**'® and FGFR2Y**'P
reduced Runx2 occupancy 37 and 35%, respectively, compared
with FGFR2™" (Fig. 7B). Thus, the FGFR2 mutations in BBDS
limit Runx2 occupancy at rtDNA, possibly through competitive
interactions with Ubfl. To test whether this mechanism is

supported by findings in BBDS, we tested for changes in the nucle-
olar localization of RUNX2 in BBDS growth plate cells. Immuno-
fluorescence detected RUNX2 in the nuclear matrix and nucleoli
of control growth plate cells; however, in BBDS growth plate
cells, RUNX2 was absent from the nucleoli and strictly localized
to the nuclear matrix (Fig. 7C and D). Thus, increased nucleolar
activity of FGFR2 in BBDS leads to nucleolar exclusion of
RUNX2, elevated pre-rRNA expression, increased osteoprogeni-
tor cell proliferation and decreased osteoblast differentiation.

DISCUSSION

By investigating the pathophysiology of BBDS, we have
revealed a nucleolar role for FGFR2 in osteoprogenitor cells.
We show that the mutations in FGFR2 that cause BBDS
augment a normal function for FGFR2 in the nucleolus where
it interacts at the rtDNA promoter with FGF2 and UBFI to
promote transcription by limiting transcriptional repression by
RUNX2. The resultant increase in rRNA promotes proliferation
and reduces osteoblast differentiation in osteoprogenitor cells.
While previous gain- and loss-of-function studies have shown
that Fgfr2 promotes both proliferation and differentiation of osteo-
progenitor cells, our work demonstrates that these activities are
distinct and are controlled at the level of the subcellular

9T0Z ‘9T Jequieides uo A1seAIUN 3RS BlURA|ASULRH e /610°sfeuuno [p.ojxo By :dny wouy papeojumoq



Human Molecular Genetics, 2014, Vol. 23, No. 21 5667

A rDNA reporter in B Runx2 ChIP in
MC3T3-E1 preosteoblasts stable MC3T3-E1 preosteoblasts
* Kk *
8 - 35 r_
T B !
WT_
s T ok [ JFGFR2"-V5
EFGFR2veR-V5
_£°T 23 2sf M FGFR2Y"-V/5
2 .
2 £2 20 1
zRAr c 8
=3 * kK D o
8%, — 32 15
) g
= o
2F 1.0F
* %k
—
11 0.5
0 GFP  Runx2 Runx2+ Runx2+  Runx2+ 0.0 L !
FGFR2WT FGFR2"1R FGFR21%8'0 mrDNA4 mrDNA7

Control growth plate cells BBDS growth plate cells

FGF2
y

E QL
— F

_ Osteoprogenitor j {L
O/

cell /

Figure 7. FGFR2 limits nucleolar occupancy and activity of RUNX2 at DNA. (A) Activation of the IDNA minigene reporter, detected by qPCR, was reduced 42% in
MC3T3-E1 preosteoblasts expressing Runx2. On the other hand, activation of the rDNA minigene reporter was increased 3-fold in preosteoblasts co-expressing
Runx2 with FGFR2%T and over 7-fold in greosteoblasts co-expressing Runx2 with either FGFR2M*'R or FGFR2Y**'P (1 = 3). (B) ChIP-qPCR showed that
stable expression of FGFR2M*'R or FGFR2Y*8!P in MC3T3-E1 preosteoblasts reduced Runx2 occupancy at the UCE in the rDNA promoter by 37 and 35%, respect-
ively (detected by the mrDNA7 primer set), compared with those preosteoblasts expressing FGFR2™™ (n = 3). Error bars represent SEM. (C) Immunofluorescent
analysis showed that RUNX2 (red) is localized to the nucleus and nucleoli, as detected by B23 (green), in control growth plate cells. (D) Immunofluorescent analysis
showed RUNX2 (red), while localized to the nucleus, is absent from the nucleoli of BBDS growth plate cells. (E) Model for the dual role of FGFR2 signaling in osteo-
progenitor cells.
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localization of FGFR2. Two FGFR2 signaling routes, one at the
plasma membrane and one in the nucleolus, can partition activities
of RUNX2 to maintain a proper balance for osteoprogenitor cell
proliferation and differentiation (Fig. 7E). Canonical FGFR2 sig-
naling initiated at the plasma membrane promotes osteoblast dif-
ferentiation by increasing the RUNX2 expression, stabilization
and transcriptional activity at bone-specific genes (12,36,37).
On the other hand, we show that nucleolar FGFR2 signaling pro-
motes osteoprogenitor cell proliferation by opposing RUNX2,
which functions as a repressor of rDNA transcription. Thus, we
propose that BBDS is a consequence of an imbalance in canonic-
al and nucleolar FGFR2 signaling.

The disease-causing FGFR2 mutations in BBDS are the first
genetic changes in a FGFR that demonstrate a role for
nuclear FGF signaling during vertebrate development. Evidence
for nuclear FGF signaling emerged nearly two decades ago.
However, no genetic approach to date has fully delineated the
role of FGFRs in the nucleus. While nuclear Fgfr2 has been
observed during differentiation in vertebrate development
(39), this phenomenon has remained largely unstudied because
the mouse models used to study the function of Fgfi-2, which
include a variety of knock-outs and knock-ins, contain genetic
alterations that do not distinguish between the nuclear and mem-
brane functions of the receptor.

Our finding that nucleolar FGFR2 promotes rDNA transcrip-
tion in BBDS has implications for other congenital disorders.
FGFR?2 mutations are responsible for at least 10 distinct birth
defects, and it will be important to examine if altered nucleolar
activity of FGFR2 contributes to the skeletal abnormalities in
these disorders. We expect that increased osteoprogenitor cell
proliferation and differentiation caused by FGFR2 gain-of-func-
tion will be explained by increased FGFR2 signaling at the
plasma membrane and in the nucleolus. Conversely, we antici-
pate that reduced osteoprogenitor cell proliferation and differen-
tiation resulting from FGFR2 loss-of-function will be explained
by decreased FGFR2 signaling at both the plasma membrane and
in the nucleolus. Our findings will also shed light on a class of
birth defects with ribosome dysfunction known as ribosomopa-
thies. Ribosomes, as the protein-producing machines of the cell,
perform a ubiquitous and essential function in mRNA transla-
tion. Yet, unexpectedly, human disorders with ribosomal dys-
function, including Treacher Collins syndrome and Diamond
Blackfan Anemia, exhibit specific skeletal defects similar to
BBDS (40). Our discovery that FGFR2 regulates tDNA tran-
scription in preosteoblasts identifies new specificity in the up-
stream regulation of ribosome biogenesis during skeletal
development and can explain this phenotypic overlap.

Defining a role for FGFR2 in rDNA transcription will also
lend new insight into the pathogenesis and treatment of cancer.
Many of the FGFR2 germline mutations found in skeletal birth
defects are identical to somatic FGFR2 mutations seen in
cancer. Cancers of the endometrium, breast, lung, gastrointes-
tinal tract and kidney carry FGFR2-activating mutations found
in craniosynostosis disorders, including the p.Met391Arg in
BBDS (41). Such merging of germline and somatic genetics
strongly suggests that these diseases share a common etiology.
FGFR2's ability to regulate rDNA transcription could be this
molecular connection, as increased rDNA transcription induces
neoplastic transformation (42). Currently, inhibitors that non-
specifically target FGFRs are in clinical use to treat cancer, yet

because FGFR2 acts as both an oncogene and a tumor suppres-
sor, this approach may prove to be problematic (43). Our discov-
ery that FGFR2 has two distinct signaling routes could aid
development of safer cancer therapies that specifically target
the pro-proliferative role of FGFR2 in the nucleolus while avoid-
ing potentially dangerous side effects associated with the non-
selective FGFR inhibitors.

By showing the biological significance of nucleolar FGFR2
signaling in human development, our findings in BBDS help to
expand the paradigm for FGF signaling. Most signaling path-
ways regulate development by directing gene expression profiles
through pathway-specific transcription factors: the TGFf path-
ways rely on Smads, Wnt signaling uses TCF/LEF and the
Hedgehog pathway employs Gli. While a dedicated transcrip-
tion factor has not been identified for the FGF pathway, our
study shows that the pathway can instead control gene expression
by utilizing the nuclear FGFR2—-FGF2 complex. Together,
FGFR2 and FGF?2 exhibit the traits of a transcriptional regulator:
FGF2 has sequence-specific DNA-binding activity (44,45) and
FGFR2 modifies interacting proteins through its tyrosine kinase
activity. A fundamental shift in our view of the FGF pathway to
include a nuclear arm that directly regulates gene expression
can reveal the mechanisms underlying different cellular responses
to FGF signaling in tissues both within and outside the skeleton
and also lend new insight into the diseases that result from FGF
signaling dysfunction, such as in birth defects and cancer.

MATERIALS AND METHODS
Cell culture and transient transfections

HEK 293T cells and MC3T3-E1 cells were transiently trans-
fected using jetPrime (PolyPlus) or FuGene (Promega) accord-
ing to the manufacturer’s instructions. Human primary growth
plate cells and the surrounding periosteum were previously iso-
lated from the distal femurs of a BBDS patient (ISDR ID#
R07-401) and a normal stage-matched control (18). Mouse
primary calvarial preosteoblasts were isolated at postnatal Day
4 from Fgfir2™™ mice using an established procedure (46) and
transduced with either Ad5-CMV-Cre or Ad5-CMV-eGFP
control virus (Baylor College of Medicine) as previously
described (47). After 72 h, transduced cells were harvested and
assayed for recombination by genomic PCR using previously
described primer sets and protocol (6).

Immunofluorescence

Cells were seeded on chamber slides (Lab-Tek), fixed in 4% par-
aformaldehyde, permeabilized, blocked and incubated with
anti-Bek (FGFR2) (Santa Cruz, 1:200), anti-FGF2 (Santa
Cruz, 1:500), anti-B23 (Santa Cruz, 1:200), anti-UBF1 (Santa
Cruz, 1:400), anti-FLAG-M2 (Sigma, 1:2000) or anti-RUNX2
(Santa Cruz, 1:200) antibody overnight at 4°C. Primary anti-
bodies were detected using Alexa Fluor 568 conjugated goat
anti-rabbit and/or Alexa Fluor 488 conjugated goat anti-mouse
(Invitrogen) diluted 1:400 in 1% goat serum/PBS at room tem-
perature for 1 h. Coverslips were mounted on slides using Vec-
tashield with DAPI (Vector Laboratories), and confocal
images were taken on a Leica TCS-SP2 AOBS inverted confocal
microscope.

9T0Z ‘9T Jequieides uo A1seAIUN 3RS BlURA|ASULRH e /610°sfeuuno [p.ojxo By :dny wouy papeojumoq


http://hmg.oxfordjournals.org/

Cellular fractionation

For cytoplasmic and nuclear fractions, cells were processed
using the Thermo Scientific NE-PER Nuclear and Cytoplasmic
Extraction Kit according to the manufacturer’s instructions.
For nucleolar extracts, HEK 293T cells were transfected
with FGFR2VYT-V5-pcDNA3.1, FGFR2M**'R.y5.pcDNA3.1
or FGFR2Y**!'P_y5.pcDNA3.1 and fractionated using sucrose
gradient centrifugation (48). Isolated nucleoli were resuspended
in RIPA lysis buffer and analyzed by western blot.

Western blot analysis

RIPA protein extracts were normalized by microBCA (Pierce),
resolved on a 10% SDS—PAGE gel, transferred to a nitrocellu-
lose membrane and probed with anti-Bek (FGFR2/Fgfr2)
(Santa Cruz, 1:200), anti-FGF2 (Santa Cruz, 1:750), anti-B-actin
(Cell Signaling, 1:1000), anti-UBF1 (Santa Cruz, 1:500), anti-
RUNX2 (Santa Cruz, 1:1000), anti-a-tubulin (Cell Signaling,
1:10 000), anti-FLAG-M2 (Sigma, 1:5000) or anti-V5-E10 (Invi-
trogen, 1:5000) overnight at 4°C. Immunoreactivity was detected
using a Phototope-HRP western blot detection system according
to the manufacture’s instructions (Cell Signaling). The fold differ-
ence was calculated using values for band density calculated by
Imagel.

Quantitative PCR

RNA was isolated from tissue and cells using Trizol (Invitrogen)
or RNeasy Mini Kit (Qiagen), respectively. cDNA was synthe-
sized by reverse transcription (Qiagen), and qPCR was performed
using PerfeCTa SYBR Green FastMix (Quanta Biosciences) and
the primer sets as listed in Supplementary Material, Table S1. The
following TagMan primers (Applied Biosystems) were also used:
mouse Runx2 (Assay ID: mm00501584_m1*), mouse osteocalcin
(Assay ID: mm03413826_mH) and mouse actin (Assay ID:
mmO00455685_m1*).

Immunoprecipitation

Cells were transfected with either V5-tagged or FLAG-tagged
versions of the mutant and wild-type receptor, lysed in RIPA
buffer, and processed using the Dynabeads Protein G Immunopre-
cipitation Kit according to the manufacture’s instructions (Invi-
trogen) with the following antibodies: anti-V5-E10 (Santa
Cruz), anti-B23 (Santa Cruz), anti-importin-3 (Abcam) or IgG
control. Eluted protein G bead complexes were analyzed by
western blot.

Signaling experiments

Cells were transiently transfected with GFP-pcDNA3.1, FGFR2W -
pcDNA3.1, FGFR2M**'™®pcDNA3.1, FGFR2Y*'P_pcDNA3.1,
pCMV-FGFR2VT-FLAG, pCMV-NoLS-FGFR2V'-FLAG or
pCMV-FGF R2M3IR_EL AG. After24 h, cells were serum-starved,
stimulated with 100 ng/ml FGF2 with 10 pwg/ml Heparin for
10 min and lysed in RIPA buffer. Lysates were analyzed by
western blot probed with the following antibodies (Cell Signaling):
anti-p-ERK1,2 (1:1000), anti-ERK (1:1000), anti-p-p38 (1:1000),
anti-p38 (1:1000), anti-p-AKT (1:1000), and anti-AKT (1:1000),
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anti-p-PLCyl (1:1000), anti-PLCyl (1:1000), anti-p-STAT1
(1:1000), anti-STAT1 (1:1000), p-FRS2a (1:000), FRS2a (1:500)
and anti-a-tubulin (1:10 000). The fold difference was calculated
using values for band density calculated by Imagel.

Reporter assays

For 45S pre-rRNA reporter assays, MC3T3-E1 cells were
co-transfected with pMr1930-BH reporter plasmid (kind gift
from I. Grummt) and GFP-pcDNA3.1, FGFR2V -pcDNA3.1,
FGFR2M*'™®_pcDNA3.1, FGFR2™*®*'P_pcDNA3.1  and/or
pcDNA3.1-HA-Runx2 (kind gift from B. Frenkel). After 24 h,
reporter activation was detected by qPCR for pUC9 (29,30)
and mouse B-actin (Supplementary Material, Table S1). For
luciferase reporter assays, MC3T3-El cells were transiently
transfected with 6 XOSE2-luciferase reporter (kind gift from
G. Karsenty) and GFP-pcDNA3.I, FGFR2V"-pcDNA3.1 or
FGFR2M*™®_pcDNA3.1. After 24 h, lysates were mixed with
luciferase assay reagent (Promega) and read with a luminometer.

Cell proliferation analysis

MC3T3-E1 cells were seeded at 4 x 10* cells/well in 12-well
plates. After 24 h, cells were transiently transfected with
FGFR2VT-pcDNA3.1, FGFR2V**'"®_pcDNA3.1 or FGFR2Y*#!P-
pcDNA3.1. Cells were grown for 24 h, either left untreated or
treated for an additional 24 h with 300 nm CX-5461 (49), and
counted in duplicate using the TC10 Automated Cell Counter
(Bio-Rad).

Osteoblast differentiation assays

Doxycycline-inducible lentiviral vectors expressing V5-tagged
FGFR2VT, FGFR2M*'R or FGFR2Y?8!P (UCLA vector core)
were used to generate stably transduced MC3T3-E1 preosteo-
blasts. Preosteoblasts were cultured with 250 ng/ml doxycycline
and induced to differentiate with 50 wg/ml ascorbic acid and
10 mm B-glycerophosphate. After 6 days of growth, preosteo-
blasts were fixed and incubated with NBT/BCIP substrate solu-
tion to detect alkaline phosphatase or collected for qPCR
analysis as described. After 21 days of culture, cells were fixed
and stained with 2% alizarin red S pH 4.2 to detect mineralized
bone matrix.

Chromatin immunoprecipitation

ChIP was performed as previously described with slight modifi-
cations (Hitchler and Rice 2011). Briefly, cells were cross-
linked, nuclei isolated and sonicated to generate DNA fragments
of ~500 bp. Chromatin was diluted and 10% of the supernatant
was kept for input. The rest of the supernatant was pre-cleared
and incubated overnight with 5 pg anti-UBF1 (Santa Cruz),
anti-Bek (FGFR2/Fgfr2) (Santa Cruz), anti-FGF-2 (Santa
Cruz) or anti-V5-E10 (Santa Cruz) followed by a 4-h incuba-
tion with Protein G Dynabeads. Protein G bead complexes
were washed, protein-associated chromatin was eluted and
cross-linking reversed. DNA was then purified, precipitated
and quantified by qPCR using primers previously published
(Supplementary Material, Table S1). ChIP enrichment was
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determined as percentage of input and/or normalized to a nega-
tive control sequence in B-actin.

Statistical analysis

The Student’s #-test was used to test for significance in each set of
values, assuming equal variance. Mean values plus or minus
standard error are plotted. *P < 0.05, **P < 0.01, ***P < 0.001
and ****P < 0.0001.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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