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Abstract
Our previous studies showed that basic fibroblast growth factor 2 (FGF2) null mice display markedly
reduced bone mass and bone formation. However, the mechanism by which FGF2 regulates bone
mass or bone formation is not fully defined. Activating transcription factor 4 (ATF4), one member
of activating transcription factor/cAMP response element binding family, is a transcription factor
required for osteoblast terminal differentiation. Here we investigate the ability of FGF2 to increase
expression of ATF4 in bone marrow stromal cells (BMSCs) and examine ATF4 expression in Fgf2
−/− BMSCs. We found that FGF2 stimulated ATF4 mRNA expression as early as 20 min and
increased ATF4 protein expression after three hours of treatment. BMSCs from Fgf2+/+ and Fgf2−/
− mice were cultured in osteogenesis medium. We observed reduced alkaline phosphatase staining,
decreased mineralized nodules and reduced osteocalcin expression, and reduced expression of ATF4
in Fgf2−/− BMSC cultures compared to Fgf2+/+ BMSCs. This study is the first demonstration that
ATF4 expression can be stimulated by FGF2 in osteoblasts and that ATF4 expression is significantly
reduced in differentiated Fgf2−/− BMSCs. These results suggest that impaired bone mass and bone
formation in Fgf2 null mice may be due in part to reduced ATF4 expression.
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Introduction
Fibroblast growth factor (FGF) 2 is one member of the FGF polypeptide family. It is expressed
in osteoblasts and stored in extracellular matrix [1]. In previous studies, we reported that FGF2
positively regulates bone formation and osteoblast differentiation. Disruption of the Fgf2 gene
results in significantly decreased bone mass and bone formation revealed by histomorphometry
and micro-CT in mice [2]. This phenotype may be due to the defect in osteoblast differentiation
as shown by decreased alkaline phosphatase (ALP) and von Kossa staining in cultured Fgf2−/
− BMSCs [2]. The decreased colony area can be partially rescued by exogenous FGF2
administration to Fgf2−/− BMSCs in vitro [2,3]. FGF2 also stimulates bone formation in vivo
[4,5]. These studies demonstrate that FGF2 is a positive regulator of bone formation. However,
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the specific genes controlled by FGF2 signaling that mediate osteoblast differentiation and
bone formation are not clear.

Differentiation of BMSCs into osteoblast is controlled by transcription factors, including
Runx2, Osterix, and ATF4 [6]. ATF4 is required for osteoblast terminal differentiation and for
maintaining mature osteoblast function including synthesizing collagen, the most abundant
extracellular protein of bones [7]. One of the transcriptional targets of ATF4 is osteocalcin
(OCN) [7], which is osteoblast specific and a marker for late-stage of osteoblast differentiation.
The binding site for ATF4 in the OCN promoter is osteoblast specific element 1 [7]. The
transcriptional activity of ATF4 requires phosphorylation. Decreased ATF4 phosphorylation
is correlated with decreased bone formation [7]. The transcriptional activity of ATF4 in
osteoblasts is further confirmed by ATF4 knock out mice. Atf4−/− mice display a dramatic
decrease in OCN expression together with severe reduction of bone mass and bone formation
[7]. In contrast, ATF4 overexpression increases OCN expression in osteoblasts [8,9]. These
studies demonstrate that ATF4 is a transcriptional activator required for osteoblast terminal
differentiation including OCN expression.

In this report, we provide evidence that exogenous FGF2 is able to simulate ATF4 mRNA and
protein expression rapidly in bone marrow stromal cells. Furthermore, we found that ATF4
mRNA and protein expression were greatly reduced in Fgf2−/− BMSCs compared to Fgf2+/
+ BMSCs. We also found that FGF2 induces ATF4 expression in Fgf2−/− BMSCs. These
studies indicate that impaired bone mass and bone formation in FGF2 null mice may due in
part to reduced ATF4 expression.

Materials and Methods
Animals

Development of Fgf2 null mice was previously described [10]. Mice were bred and housed in
the transgenic facility in the center for laboratory animal care at the University of Connecticut
Health Center. Three or eight months old mice were utilized. Mice were sacrificed by CO2
narcosis and cervical dislocation. The Animal Care and Use Committee of the University of
Connecticut Health Center approved animal protocols.

Bone marrow stromal cell cultures
Cells isolation was modified from previous methods [2]. Briefly, femurs and tibiae from male
Fgf2+/+ and Fgf2−/− mice were dissected free of adhering tissue. After removing both ends
of the bones, they were centrifuged briefly in eppendorf tubes. Then marrow cells were
collected with α-MEM (Gibco-BRL, Grand Island, New York, USA). Cells were plated at
10×106 cells/well in six-well plates in α-MEM containing 10% fetal bovine serum, penicillin
(100 U/ml) and streptomycin (50 μg/ml). For study of exogenous FGF2 stimulation of ATF4
expression, cells were half medium changed on day 3 and full medium changed on day 6 with
α-MEM without FBS, then serum deprived 14 hrs before adding exogenous FGF2. For study
of ATF4 expression in cultured BMSCs, cells were fed with α-MEM containing 10% FBS
every 3 days in the first 8 days; from day 9, cells were fed with osteogenesis medium (α-MEM,
10% FBS, 8 mM β-glycerophosphate, and 50 μg/ml ascorbic acid) every other day until day
17. Cells were fixed and stained for alkaline phosphatase (ALP) positive colonies using a kit
(Sigma Chemical, St. Louis, Missouri, USA). ALP stained dishes were re-stained with silver
nitrate using von Kossa method to determine mineralization. Colony area was quantified with
NIH Image (version 1.61; NIH, Bethesda, Maryland, USA).
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RNA isolation and quantitative real-time PCR analysis
RNA was extracted from cells with TRIzol reagent (Invitrogen, CA, USA) according to the
manufacture’s protocol. RNA (3 μg) was reverse transcribed using a commercial kit (Clontech,
CA, USA). Quantitative real-time PCR was carried out using the QuantiTect™ SYBR Green
PCR kit on a MyiQ™ instrument (Bio-Rad, Laboratories Inc Hercules, CA, USA). β-Actin or
GAPDH was used as an internal reference for each sample. Mouse specific primers used were
as follows: Atf4, 5′ –GAG CTT CCT GAA CAG CGA AGT G-3′ (forward), 5′-TGG CCA
CCT CCA GAT AGT CAT C-3′ (reverse); Ocn, 5′-TAG TGA ACA GAC TCC GGC GCT
A-3′ (forward), 5′-TGT AGG CGG TCT TCA AGC CAT-3′ (reverse); Gapdh, 5′-CAG TGC
CAG CCTCGT CCC GTA GA-3′ (forward), 5′-CTG CAA ATG GCA GCC CTGGTG AC-3′
(reverse), β – Actin, 5′-ATC TGG CAC CAC CCT TCT ACAA-3′ (forward), 5′-ATG GCT
GGG GTG TTG AAG GT-3′ (reverse).

Protein extraction and Western blot analysis
Whole cell extracts were harvested in RIPA buffer (Cell Signaling, Danvers, MA, USA).
Cytoplasmic and nuclear extraction was harvested in Buffer A and buffer B seperately. Buffer
A includes 10 mM Tris-HCl (pH 8.0), 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1X protease
inhibitor cock tail; Buffer B includes 20 mM Tris-HCl (pH 8.0), 0.4 M NaCl, 0.1 mM EGTA,
0.1 mM EDTA, 1X protease inhibitor cock tail. Total protein concentration was assayed with
BCA protein assay reagent (Pierce, IL, USA). After SDS-PAGE on 15% gels, resolved samples
were transferred onto a PVDF membrane (Bio Rad, CA, USA). Membranes were blocked for
1 h with 5% nonfat dry milk, and then incubated overnight at 4°C with anti-ATF4 (Santa Cruz,
CA, USA). Membranes were incubated with appropriate secondary antibody (Amersham
Bioscience) at room temperature for 45 min. Blots were developed with ECL plus reagents
(Amersham Bioscience). Finally, blots were reprobed with β-actin antibody (Sigma, MO,
USA) for normalization. Western blot bands were analyzed by NIH Image (version 1.61; NIH,
Bethesda, Maryland, USA).

Statistical analysis
Results were expressed as means ± S.E. Differences between groups were analyze using
student’s t test, and differences were considered significant at p values of less than 0.05.

Results
FGF2 stimulates ATF4 expression in Fgf2+/+ BMSCs

We examined the ability of FGF2 to increase ATF4 expression in BMSCs. We first assessed
the expression of ATF4 in FGF2 (0.1 nM) treated Fgf2+/+ BMSCs. We found that exogenous
FGF2 was able to increase ATF4 mRNA expression 2.5 folds as early as 20 min (Fig 1A).
Consistent with elevated mRNA expression, ATF4 protein expression was also increased after
three hours of treatment with exogenous FGF2 (0.1 nM) (Fig 1B). The increased ATF4 protein
expression was observed both in cytosolic and nuclear fractions.

FGF2 deficiency results in decreased ATF4 expression
To further study that FGF2 regulates ATF4 expression in BMSCs, we next examined bone
nodule formation and the expression level of ATF4 in differentiated BMSCs. BMSCs isolated
from Fgf2+/+ and Fgf2−/− mice were cultured in proliferation medium for nine days, then
cultured in differentiation medium for another eight days. After 17 days of culture, we assessed
the differentiation status of BMSCs by ALP staining and von Kossa staining as well as the
expression of genes important in osteoblast terminal differentiation. We found decreased ALP
staining and marked reduction of mineralized nodules in Fgf2−/− BMSCs (Fig 2A).
Mineralization area in Fgf2−/− cultures was also significantly reduced compared to Fgf2+/+
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cultures (Fig 2B), analyzed by NIH image software. The decreased ALP staining and
mineralization area suggest impaired differentiation and mineralization in Fgf2−/− BMSC
cultures. OCN is a hallmark of osteoblast terminal differentiation. Consistent with decreased
mineralization, we observed reduced OCN expression in Fgf2−/− BMSC cultures (Fig 2C).
Interestingly, we also found significantly decreased ATF4 mRNA (Fig 2D) as well as reduced
ATF4 protein expression (Fig 2E) in Fgf2−/− BMSC cultures compared to Fgf2+/+ BMSC
cultures.

FGF2 increases ATF4 expression in Fgf2−/− BMSCs
We next assessed whether exogenous FGF2 is able to induce ATF4 expression in Fgf2−/−
BMSCs. We observed increased ATF4 mRNA expression as early as 20 min after FGF2 (0.1
nM) treatment (Fig 3).

Discussion
In the present study, we found that exogenous FGF2 is able to rapidly stimulate transcription
factor ATF4 in Fgf2+/+ BMSCs. Furthermore, FGF2 deficiency resulted in greatly reduced
ATF4 expression in cultured BMSCs. We also observed that FGF2 is able to induce ATF4
mRNA expression in Fgf2−/− BMSCs. These results indicate that FGF2 positively regulates
ATF4 expression in osteoblasts.

ATF4 is a recently identified transcription factor for osteoblast terminal differentiation. ATF4
positively regulates OCN expression in osteoblasts. ATF4 knock out in mice results in dramatic
reduction of OCN expression in bone [7] while ATF4 overexpression increases OCN
expression [9]. Atf4−/− mice display greatly decreased bone mass and bone formation [7].
These studies demonstrate that ATF4 is essential for osteoblast differentiation and function.

Our previous studies showed that disruption of Fgf2 gene results in decreased differentiation
potential of BMSCs into osteoblasts [2]. The decreased differentiation ability of osteoblasts
lead to markedly reduced bone mass as well as bone formation in Fgf2 null mice. The
mechanism(s) by which that FGF2 positively regulates bone formation and bone mass is not
well understood. We now show that FGF2 could stimulate ATF4 expression rapidly in BMSCs
and that Fgf2−/− BMSCs display greatly reduced ATF4 expression. Therefore, we propose
that ATF4 is likely one of the novel downstream targets of FGF2 signaling in osteoblasts (Fig
4). The impaired bone mass and bone formation in Fgf2 null mice may be partially due to
reduced ATF4 expression.

Our finding that FGF2 is able to stimulate ATF4 expression is supported by other studies in
non-osteoblastic cells. A recent study showed that FGF2 induced ATF4 expression in vascular
smooth muscle cells [11]. However, in the same study FGF2 was not able to induce ATF4
expression in bovine aortic endothelial cells [11]. This phenomenon suggests that either FGF2
signaling response is unique to a particular cell type or regulation of ATF4 expression in various
cell types is different. Our results demonstrate for the first time increased ATF4 expression
induced by FGF2 in osteoblasts.

ATF4 is required for osteoblast terminal differentiation. Disruption of Atf4 gene did not alter
expression of Runx2 or Osterix, two other transcription factors required for differentiation of
bone marrow stromal cell into osteoblasts [7]. Consistent with an important role in terminal
osteoblast differentiation, disruption of Atf4 gene did not modulate α1(I) Collagen and other
genes that are expressed in the early stage of osteoblast differentiation [7]. In contrast,
expression of OCN, a gene characteristic of late stage of osteoblast differentiation was
dramatically reduced in the absence of Atf4 [7]. In accordance with the function of ATF4
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promoting osteoblast terminal differentiation, we observed reduced ATF4 expression and
dramatically decreased OCN expression in Fgf2−/− BMSCs.

As previously described, another critical transcription factor for osteoblast differentiation is
Runx2 [6]. Previous studies showed that FGF2 was able to induce expression of Runx2 [12–
14]. FGF2 was also able to promote Runx2 nuclear localization [15], a requirement for its
function as a transcription factor. Here, we report that FGF2 is able to induce expression of
ATF4 in BMSCs, another key transcription factor for osteoblast differentiation and function.
Moreover, FGF2 has been shown to increase osteoblast specific OCN gene expression in
osteoblasts [12–14]. Induction of OCN expression required interaction between ATF4 and
Runx2 in the OCN promoter region [9]. We previously reported reduced OCN expression,
reduced mineralization, and decreased expression of Runx2 in Fgf2−/− BMSCs compared to
Fgf2+/+ BMSCs [2,3]. Since we also found decreased ATF4 expression in Fgf2−/− BMSCs
in the present study, it is highly likely that disruption of Fgf2 gene leads to decreased expression
of transcription factors ATF4 and Runx2 and thus attenuated interaction between ATF4 and
Runx2, which result in reduced osteoblast differentiation, reduced mineralization and
decreased OCN expression.

To our knowledge, this study is the first demonstration that ATF4 expression can be stimulated
by FGF2 in osteoblasts and that ATF4 expression is significantly reduced in the absence of
endogenous FGF2 in BMSCs cultures. These results suggest that impaired bone mass and bone
formation in Fgf2 null mice may be due in part to reduced ATF4 expression.
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Figure 1.
FGF2 stimulates ATF4 expression in Fgf2+/+ BMSCs. Freshly isolated BMSCs were cultured
in αMEM 10% FBS for 6 ds, serum deprived 14 hrs, then (A) treated with 0.1 nM FGF2 or
vehicle at indicated times, followed by RNA extraction. ATF4 mRNA was quantified by
quantitative real time PCR, normalized to GAPDH. (B) BMSCs cultured as above were treated
with 0.1 nM FGF2 or vehicle for 3 hrs, followed by extraction of cytosolic and nuclear protein
fraction and Western Blots. Western blot Bands were analyzed by NIH Image. Two or three
independent experiments were conducted with similar results, and results of representative
experiments are shown.
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Figure 2.
FGF2 deficiency results in decreased ATF4 expression. Freshly isolated BMSCs were cultured
in αMEM/10% FBS for 9 ds, then in αMEM/10% FBS with 50μg/ul ascorbic acid and 8 mM
β-glycerophosphate for another 8 ds, followed by ALP, Von Kossa staining (A) and
quantification of total mineralization area (B) and RNA extraction for gene analysis for OCN
(C) and for ATF4 (D) by quantitative real-time PCR, normalized to β –actin, (E) whole cell
extracts for ATF4 protein analysis by Western Blots. Three independent experiments were
conducted with similar results, and result of a representative experiment is shown.
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Figure 3.
Exogenous FGF2 increases ATF4 expression in Fgf2−/− BMSCs. Freshly isolated BMSCs
were cultured in MEM 10% FBS for 6 ds, serum deprived 14 hrs, then treated with 0.1 nM
FGF2 or vehicle at indicated times, followed by RNA extraction. ATF4 mRNA was quantified
by quantitative PCR, normalized to GAPDH. Two independent experiments were conducted
with similar results, and result of a representative experiment is shown.
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Figure 4.
Schematic model – FGF2 elevates ATF4 expression in osteoblasts. FGF2 increases expression
of ATF4, which promotes osteoblast terminal differentiation and regulates osteoblast specific
gene including OCN expression.
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