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Erk1/2 Signaling Is Required for
Tgf-�2–Induced Suture Closure
Lynne A. Opperman,* Claudia R. Fernandez, Sarah So, and Joseph T. Rawlins

Transforming growth factors � (Tgf-�s) act by means of Smad signaling pathways and may also interact
with the mitogen-activated protein kinase pathway. The hypothesis was tested that Erk1/2 signaling is
required for Tgf-�2–induced suture closure, by culturing embryonic mouse calvariae in the presence of
Tgf-�2 with or without Erk1/2 inhibitor PD98059 (PD). Suture widths were measured daily, and
microdissected sutures and bones were homogenized and protein analyzed by Western blots. Tgf-�2 induced
narrowing of the sutures after 72 hr, an effect inhibited by treatment with PD. Erk1/2 and Egf but not
Smad2/3 protein expression was up-regulated by Tgf-�2 calvarial tissues at 72 hr. PD inhibited endogenous
and Tgf-�2–stimulated Erk1/2 protein as well as Tgf-�2–stimulated Egf, but increased Smad2/3 protein
expression. In tissues harvested 0, 15, and 30 min after exposure to Tgf-�2, Erk1/2 phosphorylation was
up-regulated after 15 min, an effect abrogated by the simultaneous addition of PD. In summary, Tgf-�2
stimulated Erk1/2 phosphorylation and induced Egf and Erk1/2 expression, associated with suture closure
after 72 hr. Blocking Erk1/2 activity with PD inhibited these effects but increased Smad2/3 expression. We
postulate that Tgf-�2 regulates suture closure directly by means of phosphorylation of Erk1/2 and indirectly
by up-regulating Erk1/2, a substrate for Fgf receptor signaling required for Fgf induction of premature
suture obliteration. Developmental Dynamics 235:1292–1299, 2006. © 2005 Wiley-Liss, Inc.
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INTRODUCTION

Several growth factor signaling path-
ways are implicated in the development
and maintenance of craniofacial su-
tures. Of these, mutations in the genes
for several factors, their receptors, or
downstream signaling molecules have
been implicated in craniosynostosis, or
the premature obliteration of sutures.
The first identified mutations were in
genes for transcription factors MSX2
and TWIST (Jabs et al., 1993, 1994;
Liu et al., 1994, 1995; el Ghouzzi et
al., 1997; Howard et al., 1997). Muta-
tions in genes for fibroblast growth
factor receptor (FGFR) and transform-
ing growth factor � (TGF-�) receptor II

(T�R-II) have also been associated with
craniosynostotic disorders (Muenke et
al., 1994; Wilkie et al., 1995; Bellus et
al., 1996; Loeys et al., 2005).

Intracellular signaling pathways
downstream of Fgf and Tgf-� recep-
tors have not been well studied in
craniofacial suture development and
maintenance. Fgf2 treatment has
been shown to induce premature su-
ture closure (Kim et al., 1998, 2003;
Ignelzi et al., 2003), and the map ki-
nase Erk1/2 signaling pathway was
required for Fgf-stimulated suture
closure (Kim et al., 2003). In both in
vitro and in vivo experiments, Tgf-�3
rescued sutures from obliteration,

whereas Tgf-�2 induced suture oblit-
eration (Opperman et al., 2000, 2002;
Chong et al., 2003; Moursi et al.,
2003). Tgf-�2 and Tgf-�3 use the
serine/threonine kinase Smad2/
Smad3 signaling pathway (Centrella
et al., 1996; Massague and Wotton,
2000). Smad3 signaling is reported to
be central in regulating the mucosal
immune response, whereas Smad2
signaling is central in craniofacial de-
velopment (Weinstein et al., 2000). If
Smads have differential roles for reg-
ulating tissue responses to Tgf-� sig-
naling, then it is possible that other
signaling pathways are required to
regulate differential responses to Tgf-
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�1, Tgf-�2, and Tgf-�3 by the same
tissues.

There is now substantial evidence
that Tgf-� family members—both
Tgf-�s and bone morphogenetic pro-
teins (Bmps)—signal by means of ty-
rosine kinase mitogen-activated pro-
tein kinase (MAPK) pathways. This
signaling can occur in both Smad-de-
pendent and Smad-independent ways.
For Smad-dependent signaling,
Smads can be either upstream or
downstream of the MAPK pathways.
For example, (Yue et al., 1999) showed
that Tgf-�1 phosphorylated Smad1 by
signaling by means of the Ras/Mek
pathway, whereas Tgf-�1 activation of
Atf2 was dependent upon Smad4 acti-
vation of p38 (Simeone et al., 2001).
Furthermore, Erk and p38 differen-
tially regulate Bmp2-mediated and
Tgf-�1–mediated osteoblast function
in a Smad4-dependent manner (Lai
and Cheng, 2002). In Smad-indepen-
dent signaling, Tgf-� activated Jnk
signaling by means of a Rho-depen-
dent pathway to activate AP-1 (Engel
et al., 1999), c-Jun, and Atf-2 function
(Hocevar et al., 1999; Rousse et al.,
2001), and mobilization of the actin
cytoskeleton (Edlund et al., 2002).
This Smad-independent signaling was
pathway specific, as Bmp2-induced
apoptosis was protein kinase C–de-
pendent but protein kinase A-, p38-,
and Erk/Mek-independent (Hay et al.,
2001).

Smad2 but not Smad3 is required
for early craniofacial development
(Weinstein et al., 2000); however, the
signaling pathways required for
Tgf-�2 regulation of later events such
as suture development and growth is
unclear. Alterations in T�R-II signal-
ing induced by gene mutations have
been associated with cranial suture
defects, and several pathways could
be responsible for transducing the sig-
nal initiated by Tgf-�2 binding to this
receptor. Erk1/2 signaling is critical
for normal expression of the osteoblast
phenotype (Lai and Cheng, 2002). The
Erk1/2 pathway is downstream to
growth factor signaling such as Egf
and Fgf and is critical for Fgf2-stimu-
lated premature cranial suture clo-
sure, as blocking Erk1/2 phosphoryla-
tion prevents Fgf2-induced suture
closure (Kim et al., 2003). It was hy-
pothesized, therefore, that Tgf-�2–in-
duced suture closure occurred by

means of an Erk1/2-dependent signal-
ing pathway. In this study, using a
calvarial explant assay, it was demon-
strated that Tgf-�2 both phosphory-
lated Erk1/2 and up-regulated Erk1/2
protein expression. Blocking Erk1/2
signaling prevented Tgf-�2–induced
suture closure, inhibited Erk1/2 pro-
tein expression, and induced Smad2/3
expression. Based on these findings, a
model for Tgf-�2 responsive signaling
pathways responsible for Tgf-� regu-
lation of suture patency is proposed.

RESULTS

Erk Inhibitor PD98059 (PD)
Prevents Tgf-�2–Induced
Suture Closure

To test whether Tgf-�2 induced su-
ture closure is dependent on Erk1/2
signaling, fetal day 17.5 (E17.5)
mouse calvariae were cultured in a
well-established explant model sys-
tem (Opperman et al., 1995, 1999,
2000; Kim et al., 1998, 2003), with

Tgf-�2 and PD, an inhibitor of Erk1/2
activity. Calvariae were photographed
during culture (Fig. 1), and the widths
of the posterior frontal sutures (PFS)
measured (Fig. 2). In control cultures
with no Tgf-�2 or PD added, widely
patent sutures could be seen at both 0
and 72 hr (Fig. 1A,B). In the presence
of Tgf-�2 (Fig. 1C,D), the suture at 72
hr appeared narrowed compared with
sutures seen at 0 hr, and this finding
was confirmed by digital measure-
ments of the suture width (Fig. 2).
When PD was added with Tgf-�2 to
the cultures, the PD inhibited narrow-
ing of the sutures induced by Tgf-�2
(Fig. 1E,F); PD without Tgf-�2 had
little effect on suture width (Fig.
1G,H), as did dimethyl sulfoxide
(DMSO) used as a carrier for PD (not
shown).

Measurements of suture widths
showed that all sutures gradually nar-
rowed over time in culture (Fig. 2).
Control sutures in culture medium
alone narrowed by 22% of the original

Fig. 1. Digital photographs taken of representative fetal day 17.5 (E17.5) mouse calvariae in
serum-free culture medium. A,B: Control calvariae cultured in medium alone. C,D: Calvariae
cultured with 3 ng/ml transforming growth factor � 2 (Tgf-�2) added to the culture medium.
E,F: Calvariae cultured with 3 ng/ml Tgf-�2 plus 50 �M PD98059 added to the culture medium.
G,H: Calvariae cultured with 50 �M PD98059 added to the culture medium. The black line indicates
the position across the posterior frontal suture (PFS), at which daily measurements were taken. f,
frontal bone; p, parietal bone.
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width. The addition of Tgf-�2 induced
sutures to narrow by 49% of their orig-
inal widths, which was similar to the
46% narrowing noted with Tgf-�2 and
DMSO. The addition of PD with
Tgf-�2 reversed Tgf-�2–induced su-
ture closure, with sutures narrowing
by 17%, comparable to control su-
tures. The addition of PD alone to su-
tures resulted in sutures narrowed by
33%.

Tgf-�2 Induced
Phosphorylation of Erk1/2
but Not p38 and Up-
Regulated Erk1/2 Protein
Synthesis

Blocking Erk1/2 activity with PD
blocked Tgf-�2–induced suture clo-
sure; therefore, the effect of Tgf-�2 on
Erk1/2 phosphorylation and protein
synthesis was examined. The E17.5
mouse calvariae were treated with
Tgf-�2 in the presence and absence of
PD, and the calvariae were harvested
after 0, 15, and 30 min exposure to
Tgf-�2, or after 3 days in culture.
Bones and sutures were separated by
microdissection, and Western blotting
was performed for Erk1/2 activity
(phosphorylated Erk1/2; Erk1/2-P)
and for Erk1/2 protein expression.
Control calvarial bones did not up-reg-
ulate Erk1/2-P up to 30 min in cul-
ture, whereas control calvarial su-
tures showed a transient up-
regulation of Erk1/2-P after 15 min in
culture (Fig. 3A,B). Both calvarial
bones and sutures showed greater
than threefold up-regulation of Erk1/

2-P 15 min after treatment with Tgf-
�2, and Erk1/2-P was sustained up to
30 min in culture after Tgf-�2 treat-
ment. All Erk1/2-P was blocked when
PD was added to cultured calvariae
(not shown). In contrast to Erk1/2
phosphorylation, no p38 phosphoryla-
tion was noted in response to Tgf-�2
stimulation (not shown).

After 72 hr in culture, control cal-
varial bones and sutures expressed
Erk1/2 protein; this expression was
reduced in bones and sutures when
PD was added to calvarial cultures
(Fig. 3C,D). When calvariae were cul-
tured for 72 hr in the presence of Tgf-
�2, Erk1/2 expression was up-regu-
lated 2- and 2.5-fold in sutures and
bones, respectively. PD abrogated
Tgf-�2 up-regulation of Erk1/2 in both
bone and sutures. No detectable Erk1/
2-P was present in either control or
Tgf-�2–treated calvarial bones and
sutures after 72 hr in culture (not
shown).

Fgf2 Phosphorylation of
Erk1/2 Is Accelerated by Tgf-
�2 Treatment

Calvarial bones and sutures continu-
ously treated with Tgf-�2 for 72 hr do
not continue to phosphorylate Erk1/
2-P. Therefore, calvariae were treated
for 72 hr with Tgf-�2 and then stimu-
lated with Fgf2, and calvariae were
harvested at 0, 15, and 30 min. Cal-
varial bones and sutures were micro-
dissected and analyzed using Western
blots for Erk1/2-P. In control cultures,
calvarial sutures had transient up-

regulation of Erk1/2-P after 15 min,
whereas calvarial bones up-regulated
Erk1/2-P 30 min after exposure to
Fgf2 (Fig. 4A,B). PD completely
blocked Erk1/2-P in sutures but did
not completely down-regulate phos-
phorylation in bone samples. In cul-
tures exposed to Tgf-�2 for 72 hr be-
fore Fgf2 administration, both
calvarial bones and sutures showed
up-regulation of Erk1/2-P immedi-
ately after exposure to Fgf2. This up-
regulation was sustained at elevated
levels up to 30 min in sutures, but
declined over time in bones (Fig. 4B).
PD blocked Tgf-�2–up-regulated
Erk1/2-P expression similar to that
seen in control cultures.

PD and Tgf-�2 Act
Synergistically to Increase
Smad2/3 but Not Egf Protein
Synthesis

The effect of Tgf-�2 and Erk1/2 on
Smad2/3 expression was examined.
After 3 days in culture, control calvar-
ial bones and sutures expressed
Smad2/3 (Fig. 5A,B). When Erk1/2 ac-
tivity was blocked, Smad2/3 expres-
sion was up-regulated 10-fold in con-
trol calvarial bones, but not in
sutures. Tgf-�2 increased Smad2/3 ex-
pression 2-fold in calvarial bones and
1.5-fold in calvarial sutures (Fig. 5B).
Blocking Erk1/2 expression potenti-
ated a 12-fold increase in Smad2/3 ex-
pression in calvarial bones and a
2-fold increase in sutures compared
with untreated controls.

In contrast to Smad2/3 protein ex-
pression, Egf expression in control cal-
varial bones was higher than the ex-
pression seen in sutures, and Egf
expression in both bones and sutures
was unaffected by adding PD to cul-
tures (Fig. 5C,D). Egf expression in
calvarial bones was unaffected by
Tgf-�2 treatment; however, Egf in su-
tures was up-regulated twofold.
Blocking Erk1/2-P with PD resulted in
almost 50% reduction of Egf expres-
sion in bones treated with Tgf-�2, and
abrogated the Tgf-�2–stimulated in-
crease in Egf expression by sutures.

DISCUSSION

The Erk1/2 signaling pathway is one
of many signaling pathways critical
for Fgf receptor-mediated signaling.

Fig. 2. Graph showing means and standard deviations of posterior frontal suture (PFS) measure-
ments taken at various times throughout culture. Note the gradual narrowing of all sutures with
time. Sutures cultured with 3 ng/ml transforming growth factor � 2(Tgf-�2, spotted black columns)
show markedly greater narrowing than control sutures (lighter columns), or sutures cultured with
Tgf-�2 plus PD98059 (PD, black column). Addition of dimethyl sulfoxide (DMSO) used as a carrier
for PD had no effect on suture width (barred columns).
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Because Fgf receptor-mediated signal-
ing has been associated with multiple
craniosynostotic syndromes, it was
possible that the Erk1/2 signaling
pathway regulates Fgf receptor-medi-
ated signaling during induced suture
closure. Erk1/2 activity is a critical
regulator of Fgf2 signaling during su-
ture closure, as blocking Erk1/2-P ab-
rogated the effect of Fgf2 on suture
closure (Kim et al., 2003). Tgf-�2 also
induced premature suture closure
both in vitro and in vivo (Opperman et
al., 2000; Moursi et al., 2003); Mooney
et al., manuscript submitted for pub-
lication). The present study showed

that Erk1/2-P was also required for
Tgf-�2 regulation of suture patency,
suggesting that signaling by means of
Erk1/2 is required for the induction of
suture closure. Tgf-�2–induced suture
closure by means of Erk1/2-P may oc-
cur as a secondary event, perhaps in
response to Tgf-�2–induced protein
synthesis of Fgf-related signaling mol-
ecules. However, Tgf-�2 induced phos-
phorylation of Erk1/2, supporting the
theory that signaling by means of
Erk1/2-P was required for Tgf-�2 reg-
ulation of suture closure. Whereas
Tgf-�2 phosphorylation of Erk1/2 may
require prior phosphorylation of

Smad2/3, this was not a necessary
event, as Sowa et al. (2002) showed
that Tgf-� activation of Erk1/2 was
independent of Smad phosphorylation
and that Smads have antagonistic ef-
fects to Erk1/2 activity stimulated by
Tgf-�.

Of interest, control calvarial su-
tures showed transient up-regulation
of Erk1/2-P in culture, although con-
trol calvarial bones did not. Erk1/2-P
up-regulation in Tgf-�2 treated su-
tures and bones occurred at a similar
time after stimulation to control su-
tures; however, in Tgf-�2–treated tis-
sues Erk1/2-P was sustained. Up-reg-
ulation of Erk1/2-P in control cultures
was unexpected, because calvariae
were cultured in serum-free condi-
tions. Because the DMEM culture me-
dium was supplemented with several
factors, including glutamine, insulin,
selenium, and transferrin, the culture
medium itself or one or more of these
molecules may have been responsible
for transient stimulation of Erk1/2-P.
Up-regulation of Erk1/2-P by the cul-
ture conditions could have been re-
sponsible for the gradual narrowing of
control sutures in culture; however, it
was not sufficient to induce suture clo-
sure comparable to Tgf-�2 exposure.
Similar gradual narrowing of control
sutures was seen in other culture ex-
periments (Kim et al., 2003). Suture
narrowing could have been due to su-
tural cells behaving like fibroblastic
cells, which contract in culture me-
dium, a process that is Erk1/2-depen-
dent (Langholz et al., 1997; Hirano et
al., 2002). No transient up-regulation
of p38 phosphorylation was noted in
control cultures, and no phosphoryla-
tion of p38 by Tgf-�2 was detected in
either calvarial bones or sutures, indi-
cating that Erk1/2 phosphorylation in
response to Tgf-�2 treatment was spe-
cific.

After Tgf-�2 treatment for 72 hr,
sutures narrowed substantially com-
pared with controls. Calvarial bones
and sutures up-regulated Erk1/2 pro-
tein expression, which was blocked if
Erk1/2 phosphorylation was inhib-
ited. This finding provides evidence
that several events in addition to su-
tural width were regulated by Tgf-�2
by means of Erk1/2-P. Of interest,
Tgf-�2 had little effect on Smad2/3
protein expression, but when Erk1/2
phosphorylation was blocked, Smad2/3

Fig. 3. A–D: Representative Western blots (A,C) and accompanying densitometry (B,D) of fetal
day 17.5 (E17.5) mouse calvarial sutures and bones. A: Western blot with primary antibodies to
phosphorylated Erk1/2 (Erk1/2-P). Note transient expression of Erk1/2-P at 15 min in control
sutures and sustained up-regulation of Erk1/2-P in transforming growth factor � 2 (Tgf-�2)–treated
sutures and bones. The plus sign indicates positive control for Erk1/2-P. B: Densitometry of
Western blot shown in A. C: Western blot with primary antibodies to Erk1/2. Note up-regulation of
Erk1/2 expression in response to Tgf-�2 treatment and down-regulation of Erk1/2 after blocking
with PD. D: Densitometry of Western blot shown in (C).
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expression in bone was increased, an
effect synergized by the addition of
Tgf-�2. No effect of blocking Erk1/2
was noted in control sutures, although
a combination of Tgf-�2 treatment
and blocking Erk1/2 resulted in in-
creased Smad2/3 expression. In con-
trast, Egf expression was elevated in
control bones compared with sutures
and was increased in sutures after
Tgf-�2 treatment. However, this in-
crease in Egf in response to Tgf-�2
was abrogated if Erk1/2 phosphoryla-
tion was inhibited. These differences
in Smad2/3 and Egf expression be-
tween bones and sutures may speak to
the relative differences in the differen-
tiated states of suture tissues com-
pared with bone.

Erk1/2-P activity inhibited Tgf-�2–
induced Smad2/3 expression, and
Tgf-�2 increased Smad2/3 expression
by means of an Erk1/2-P–independent
mechanism. This process could occur
by means of a mechanism described by
Lo et al. (2001). These researchers
showed that Egf phosphorylated a

Smad2 corepressor transcription fac-
tor called Tgif by means of an Erk1/2-
P–dependent pathway, and that Tgif-P
formed a complex with Smad2-P in
response to Tgf-�1 treatment. This
finding leads to the prediction that
Egf or other molecules signaling by
means of Erk1/2-P (such as Fgfs)
could inhibit Smad2/3 protein expres-
sion by means of an Erk1/2-P signal-
ing mechanism. In this manner, mol-
ecules signaling by means of Erk1/2
can indirectly regulate Tgf-� Smad
signaling pathways. Because Egf was
elevated in bones but not sutures, it is
possible that Erk1/2 signaling after
Egf stimulation was responsible for
inhibiting Smad2/3 expression in
bones.

Tgf-�2 was shown to up-regulate
Erk1/2 protein expression in calvarial
tissues after 3 days in culture. Fur-
thermore, pretreating calvarial tis-
sues with Tgf-�2 before stimulation
with Fgf2 accelerated Fgf2 phosphor-
ylation of Erk1/2. These data support
the idea that molecules such as Fgf2

that signal by means of Erk1/2 could
be responsible for the inhibition of
Smad2/3 protein expression seen in
response to Erk1/2 signaling (Fig. 6)
and could be partly responsible for
Tgf-�2–induced suture closure, which
occurs in a manner similar to Fgf2-
induced suture closure described by
Kim et al. (2003). Egf also uses Erk1/
2-P as one of its primary signaling
pathways, and blocks Smad1 phos-
phorylation by means of an Erk1/2-P–
dependent mechanism, resulting in
less Smad1 translocation to the nu-
cleus (Kretzschmar et al., 1997). Egf
is, therefore, a further candidate mol-
ecule for signaling by means of Erk1/
2-P to inhibit Tgf-�2–induced Smad2/3
expression and possibly exacerbate
Erk1/2-induced suture closure.

Because Erk1/2-P activity inhibited
Smad2/3 protein expression, it is pos-
sible that Erk1/2 and Smad2/3 have
counter-regulatory effects on cell ac-
tivity. In support of this theory, other
investigators have shown that Tgf-�1
inhibited alkaline phosphatase (ALP)

Fig. 4. A: Representative Western blot for Erk1/2-P in fetal day 17.5 (E17.5) mouse calvarial sutures and bones pretreated with transforming growth
factor �2 (Tgf-�2) for 72 hr before stimulation with fibroblast growth factor 2 (Fgf2). Note transient Fgf2-induced expression of Erk1/2 in sutures and
later up-regulation of Erk1/2-P in bones in control cultures not pretreated with Tgf-�2. Note rapid and sustained up-regulation of Erk1/2-P after
stimulation with Fgf2, in cultures pretreated with Tgf-�2. Note inhibition of Erk1/2-P in sutures and bones with PD added to the culture medium.
B: Densitometry of Western blot shown in A.
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activity by means of Erk1/2-P and
that Tgf-�1 up-regulated ALP by
means of Smad3-P (Sowa et al., 2002).
Similarly, it was demonstrated that a
counter-regulatory function of Erk1/2
and Smads operated in the inhibition
of ALP activity by Bmp2 (Nakayama
et al., 2003). Combining current find-
ings with the demonstration of
counter-regulatory effects of Erk1/2
and Smad signaling by Sowa et al.
(2002) and Nakayama et al. (2003), a
model is proposed that incorporates
Erk1/2-P signaling mediating Tgf-�2–

induced suture closure by up-regulat-
ing Erk1/2, and inhibiting Smad2/3
protein expression (Fig. 6). Up-regula-
tion of Erk1/2 protein also provided
increased substrate for signaling by
means of Fgfr, a known pathway for
inducing premature suture closure
(Muenke et al., 1994; Wilkie et al.,
1995; Bellus et al., 1996; Kim et al.,
2003). This increase in Erk1/2 protein
expression was demonstrated in cal-
varial tissues pretreated with Tgf-�2,
and these tissues had greater and
more sustained Erk1/2 phosphoryla-

tion in response to Fgf2 than tissues
not treated with Tgf-�2.

If Smad2/3 expression is inhibited
by Erk1/2-P, this inhibition would de-
crease one of the substrate molecules
important for signaling by Tgf-�3, a
factor known to rescue sutures from
obliteration (Opperman et al., 1999,
2000, 2002; Chong et al., 2003).
Hence, Tgf-�3 is hypothesized to res-
cue sutures from obliteration through
Smad-mediated signaling, using this
pathway to decrease expression of
molecules involved in the Erk1/2 sig-
naling pathway. Precedent for the use
of alternate signaling pathways by
Tgf-�1, Tgf-�2, and Tgf-�3 in regulat-
ing morphogenetic processes is dem-
onstrated by Potchinsky et al. (1997)
who showed that, in contrast to Tgf-
�2, Tgf-�1 and Tgf-�3 do not phos-
phorylate Erk1/2. Ongoing experi-
ments are being done to determine
whether Tgf-�2 activates the Rac-me-
diated Jnk1/2 pathway and to deter-
mine which molecules upstream of
Erk1/2 (e.g., Ras, Raf) are responsible
for Tgf-�2 activation of Erk1/2. Exper-
iments looking at the effect of non-
Smad pathways—specifically Erk1/2
and p38—on Tgf-�3 regulation of su-
ture patency are also under way.

It is increasingly evident that sev-
eral growth factor signaling pathways
previously thought to be discrete
pathways interact extensively with
one another in the regulation of com-
plex tissue interactions, such as dural
regulation of cranial suture develop-
ment. It is, therefore, hypothesized
that common intracellular signaling
pathways are the shared link in
growth factor regulation of these pro-
cesses. This linkage would explain the
similar phenotypic outcomes induced
by different growth factors.

EXPERIMENTAL
PROCEDURES

Animals and Calvarial
Culture
Pregnant female mice were obtained
from Harlan (Indianapolis, IN) and
housed in the Texas A&M University
System HSC, Baylor College of Den-
tistry animal facilities under the
guidelines dictated by NIH and
IACUC. Female mice were killed on
day 17.5 of pregnancy (vaginal plug

Fig. 5. A–D: Representative Western blots and densitometry of Smad2/3 (A,B) and Egf (C,D) in
fetal day 17.5 (E17.5) mouse calvarial sutures and bones treated with and without transforming
growth factor � 2 (Tgf-�2) and PD98059 (PD). A: Note increased Smad2/3 expression in bone when
Erk1/2-P is blocked with PD, and how Tgf-�2 provides an additive effect to that of PD. Note also
that Smad2/3 expression in sutures is up-regulated after treatment with both Tgf-�2 and PD.
B: Densitometry of gel shown in A. C: Note higher levels of Egf in bone compared with suture in
control cultures. Egf expression in sutures becomes similar to levels in bone after treatment with
Tgf-�2. Addition of PD has no effect on Egf expression in control tissues but decreases Egf
expression in bones and sutures exposed to Tgf-�2. D: Densitometry of Western blot shown in C.
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date � day 0.5) by inhalation overdose
of Isofluorane anesthetic (Baxter,
Grand Prairie, TX), and embryos were
placed on ice, decapitated, and cal-
variae dissected and placed in tissue
culture in 400 �l of serum-free me-
dium as previously described (Opper-
man et al., 1995). Calvariae were cul-
tured in the presence of 0 and 3 ng/ml
Tgf-�2 (R&D Systems, Minneapolis,
MN), and in the presence of 0 and 50
�M PD98059 (PD, Calbiochem, La
Jolla, CA). These concentrations pre-
viously were determined to be func-
tional (Chu et al., 2000; Opperman et
al., 2000). Calvariae were photo-
graphed daily using a digital camera
mounted on a dissecting microscope,
and the width of the PFS was mea-
sured using Metamorph software
(Universal Imaging Corp., West Ches-
ter, PA). Each experiment was re-
peated twice.

In a second set of experiments, cal-
variae were pretreated with 0 (con-
trol) and 3 (experimental) ng/ml
Tgf-�2 for 72 hr, and then stimulated
with 3 ng/ml Fgf2. Tissues were har-
vested immediately (0 min), 15 min,
and 30 min after addition of Fgf2 and
prepared for Western blotting as de-
scribed below.

Western Blotting

Calvariae were harvested at 0 min, 15
min, 30 min, and 72 hr in culture,
with three to six calvariae per time
point. Sutures were microdissected
from bones, and tissues from three
calvariae were homogenized in phos-
phate buffered saline (PBS) contain-
ing 1 �g/ml protease inhibitor cocktail
and 1 �l/ml phosphatase inhibitor
(Sigma, St. Louis, MO). Protein con-
centrations were calculated, and 10
�g/ml protein was loaded onto com-
mercially available 12% Tris-glycine
gels (Invitrogen, Carlsbad, CA); gels
were run for 2.5 hr at 100 volts on a
XCell Sure-Lock apparatus (Invitro-
gen), before blotting onto polyvinyli-
dene difluoride Immobilon-P mem-
branes (Millipore, Bedford, MA) using
a semi-dry blotter (Buchler Instru-
ments, Wrightsville, PA).

Nitrocellulose blots were immedi-
ately placed into blocking solution
(GenoTechnology, Inc., St. Louis, MO)
overnight, after which primary anti-
bodies—phospho-Erk1/2 and phos-

pho-p38 (Cell Signaling Technologies,
Beverly, MA), Smad2/3 and Egf (R&D
Systems, Minneapolis, MN), and
Erk1/2 (Santa Cruz Technologies,
Santa Cruz, CA)—were added for 24
hr at 1:100. Primary antibodies were
then washed off in three times 7-min
washes with TTBS (1 mM Tris buff-
ered saline [TBS] plus 20% Tween)
before the addition of secondary anti-
bodies—peroxidase-conjugated goat
anti rabbit (1:500, Bio-Rad, Hercules,
CA) for Erk1/2 and phospho-Erk1/2,
and rabbit anti goat (1:1,000; Jackson
ImmunoResearch, West Grove, PA)
for Smad2/3 and Egf for 2.5 hr. Sec-
ondary antibodies were washed off
with three times 7-min washes with
TTBS, and the color reaction was de-
veloped using a Vector diaminobenzi-
dine staining kit (Vector Laboratories,
Inc., Burlingame, CA).

Blots were allowed to air-dry before
digitizing, and densitometry was per-
formed using Scion Image (Scion Cor-

poration, Frederick, MD). Western
blots are notoriously variable, so den-
sitometry was used for descriptive
purposes only, and no statistical anal-
yses were done.

ACKNOWLEDGMENTS
The authors thank Vanessa Hoot and
Shannon Kramer for their technical
help with perfecting the gel electro-
phoresis and Western blotting tech-
niques. The expert help of Dr. Kathy
Svoboda in discussions concerning re-
agents used for examining the Erk sig-
naling pathway and critical reading of
the manuscript is much appreciated.

REFERENCES

Bellus GA, Gaudenz K, Zackai EH, Clarke
LA, Szabo J, Francomano CA, Muenke M.
1996. Identical mutations in three differ-
ent fibroblast growth factor receptor genes
in autosomal dominant craniosynostosis
syndromes. Nat Genet 14:174–176.

Fig. 6. Diagram of a model showing cell signaling pathways regulating suture patency. Question mark
indicates unidentified signaling molecules involved in a pathway identified by experimental data. Solid
lines indicate known signaling events. Dashed lines indicate predicted signaling events based on the
model. For clarity, molecules upstream and downstream of Erk1/2 and Smad2 have not been included
in the model. Nuclear events shown in this model are for expression or inhibition of Erk1/2, Egf, and
Smad2 proteins. Phosphorylation events are shown in response to growth factor receptor binding.

1298 OPPERMAN ET AL.



Centrella M, Ji C, Casinghino S, McCarthy
TL. 1996. Rapid flux in transforming
growth factor-beta receptors on bone
cells. J Biol Chem 271:18616–18622.

Chong S, Mitchell R, Moursi AM, Winnard
P, Wolfgang Losken H, Bradley J, Ozer-
dem OR, Azari K, Acarturk O, Opper-
man LA, Siegel MI, Mooney MP. 2003.
Rescue of coronal suture fusion using
transforming growth factor-beta 3 (Tgf-
beta3) in rabbits with delayed-onset cra-
niosynostosis. Anat Rec 274:962–971.

Chu CL, Reenstra WR, Orlow DL, Svoboda
KK. 2000. Erk and PI-3 kinase are nec-
essary for collagen binding and actin re-
organization in corneal epithelia. Invest
Ophthalmol Vis Sci 41:3374–3382.

Edlund S, Landstrom M, Heldin CH, Aspen-
strom P. 2002. TGF-beta-induced mobil-
isation of the actin cytoskeleton requires
signalling by the small GTPases Cdc42
and RhoA. Mol Biol Cell 13:902–914.

El Ghouzzi V, Le Merrer M, Perrin-
Schmitt F, Lajeunie E, Benit P, Renier
D, Bourgeois P, Bolcato-Bellemin AL,
Munnich A, Bonaventure J. 1997. Muta-
tions of the TWIST gene in the Saethre-
Chotzen syndrome. Nat Genet 15:42–46.

Engel ME, McDonnell MA, Law BK, Moses
HL. 1999. Interdependent SMAD and
JNK signaling in transforming growth
factor-beta-mediated transcription. J Biol
Chem 274:37413–37420.

Hay E, Lemonnier J, Fromigue O, Marie
PJ. 2001. Bone morphogenetic protein-2
promotes osteoblast apoptosis through a
Smad-independent, protein kinase C-de-
pendent signaling pathway. J Biol Chem
276:29028–29036.

Hirano S, Rees RS, Gilmont RR. 2002.
MAP kinase pathways involving hsp27
regulate fibroblast-mediated wound con-
traction. J Surg Res 102:77–84.

Hocevar BA, Brown TL, Howe PH. 1999.
TGF-beta induces fibronectin synthesis
through a c-Jun N-terminal kinase-de-
pendent, Smad4-independent pathway.
EMBO J 18:1345–1356.

Howard TD, Paznekas WA, Green ED,
Chiang LC, Ma N, Ortiz de Luna RI,
Garcia Delgado C, Gonzalez-Ramos M,
Kline AD, Jabs EW. 1997. Mutations in
TWIST, a basic helix-loop-helix tran-
scription factor, in Saethre-Chotzen syn-
drome. Nat Genet 15:36–41.

Ignelzi MA Jr, Wang W, Young AT, Carinci
F, Bodo M, Tosi L, Francioso F, Evange-
listi R, Pezzetti F, Scapoli L, Martinelli
M, Baroni T, Stabellini G, Carinci P, Bel-
lucci C, Lilli C, Volinia S. 2003. Fibro-
blast growth factors lead to increased
Msx2 expression and fusion in calvarial
sutures: expression profiles of craniosyn-
ostosis-derived fibroblasts. J Bone Miner
Res 18:751–759.

Jabs EW, Muller U, Li X, Ma L, Luo W,
Haworth IS, Klisak I, Sparkes R, War-
man ML, Mulliken JB, et al. 1993. A
mutation in the homeodomain of the hu-
man MSX2 gene in a family affected with
autosomal dominant craniosynostosis.
Cell 75:443–450.

Jabs EW, Li X, Scott AF, Meyers G, Chen W,
Eccles M, Mao JI, Charnas LR, Jackson

CE, Jaye M. 1994. Jackson-Weiss and
Crouzon syndromes are allelic with muta-
tions in fibroblast growth factor receptor 2
[published erratum appears in Nat Genet
1995;9:451]. Nat Genet 8:275–279.

Kim HJ, Rice DP, Kettunen PJ, Thesleff I.
1998. FGF-, BMP- and Shh-mediated
signalling pathways in the regulation of
cranial suture morphogenesis and cal-
varial bone development. Development
125:1241–1251.

Kim HJ, Lee MH, Park HS, Park MH, Lee
SW, Kim SY, Choi JY, Shin HI, Ryoo
HM. 2003. Erk pathway and activator
protein 1 play crucial roles in FGF2-
stimulated premature cranial suture clo-
sure. Dev Dyn 227:335–346.

Kretzschmar M, Doody J, Massague J. 1997.
Opposing BMP and EGF signalling path-
ways converge on the TGF-beta family me-
diator Smad1. Nature 389:618–622.

Lai CF, Cheng SL. 2002. Signal transduc-
tions induced by bone morphogenetic
protein-2 and transforming growth fac-
tor-beta in normal human osteoblastic
cells. J Biol Chem 277:15514–15522.

Langholz O, Roeckel D, Petersohn D, Broer-
mann E, Eckes B, Krieg T. 1997. Cell–
matrix interactions induce tyrosine phos-
phorylation of MAP kinases ERK1 and
ERK2 and PLCgamma-1 in two-dimen-
sional and three-dimensional cultures of
human fibroblasts. Exp Cell Res 235:22–27.

Liu YH, Ma L, Wu LY, Luo W, Kundu R,
Sangiorgi F, Snead ML, Maxson R. 1994.
Regulation of the Msx2 homeobox gene
during mouse embryogenesis: a trans-
gene with 439 bp of 5� flanking sequence
is expressed exclusively in the apical ec-
todermal ridge of the developing limb.
Mech Dev 48:187–197.

Liu YH, Kundu R, Wu L, Luo W, Ignelzi
MA Jr, Snead ML, Maxson RE Jr. 1995.
Premature suture closure and ectopic
cranial bone in mice expressing Msx2
transgenes in the developing skull. Proc
Natl Acad Sci U S A 92:6137–6141.

Lo RS, Wotton D, Massague J. 2001. Epi-
dermal growth factor signaling via Ras
controls the Smad transcriptional co-re-
pressor TGIF. EMBO J 20:128–136.

Loeys BL, Chen J, Neptune ER, Judge DP,
Podowski M, Holm T, Meyers J, Leitch
CC, Katsanis N, Sharifi N, Xu FL, Myers
LA, Spevak PJ, Cameron DE, De Backer
J, Hellemans J, Chen Y, Davis EC, Webb
CL, Kress W, Coucke P, Rifkin DB, De
Paepe AM, Dietz HC. 2005. A syndrome
of altered cardiovascular, craniofacial,
neurocognitive and skeletal development
caused by mutations in TGFBR1 or TG-
FBR2. Nat Genet 37:275–281.

Massague J, Wotton D. 2000. Transcrip-
tional control by the Tgf-B/Smad signal-
ing system. EMBO J 19:1745–1754.

Moursi AM, Winnard PL, Fryer D, Mooney
MP. 2003. Delivery of transforming
growth factor-beta2-perturbing antibody
in a collagen vehicle inhibits cranial su-
ture fusion in calvarial organ culture.
Cleft Palate Craniofac J 40:225–232.

Muenke M, Schell U, Hehr A, Robin NH,
Losken HW, Schinzel A, Pulleyn LJ, Rut-
land P, Reardon W, Malcolm S, et al. 1994.

A common mutation in the fibroblast
growth factor receptor 1 gene in Pfeiffer
syndrome. Nat Genet 8:269–274.

Nakayama K, Tamura Y, Suzawa M,
Harada S, Fukumoto S, Kato M, Miya-
zono K, Rodan GA, Takeuchi Y, Fujita T.
2003. Receptor tyrosine kinases inhibit
bone morphogenetic protein-Smad re-
sponsive promoter activity and differen-
tiation of murine MC3T3–E1 osteoblast-
like cells. J Bone Miner Res 18:827–835.

Opperman LA, Passarelli RW, Morgan EP,
Reintjes M, Ogle RC. 1995. Cranial su-
tures require tissue interactions with dura
mater to resist osseous obliteration in
vitro. J Bone Miner Res 10:1978–1987.

Opperman LA, Chhabra A, Cho RW, Ogle
RC. 1999. Cranial suture obliteration is
induced by removal of transforming
growth factor (TGF)-beta 3 activity and
prevented by removal of TGF-beta 2 ac-
tivity from fetal rat calvaria in vitro. J
Craniofac Genet Dev Biol 19:164–173.

Opperman LA, Adab K, Gakunga PT. 2000.
TGF-B2 and TGF-B3 regulate fetal rat
cranial suture morphogenesis by regu-
lating rates of cell proliferation and apo-
ptosis. Dev Dyn 219:237–247.

Opperman LA, Moursi A, Sayne JR, Win-
tergerst AM. 2002. Transforming growth
factor-beta 3 (Tgf-�3) in a collagen gel de-
lays fusion of the rat posterior interfrontal
suture in vivo. Anat Rec 267:120–130.

Potchinsky MB, Weston WM, Lloyd MR,
Greene RM. 1997. TGF-beta signaling in
murine embryonic palate cells involves
phosphorylation of the CREB transcrip-
tion factor. Exp Cell Res 231:96–103.

Rousse S, Lallemand F, Montarras D, Pin-
cet C, Mazars A, Prunier C, Atfi A,
Dubois C. 2001. Transforming growth
factor-beta inhibition of insulin-like
growth factor binding protein-5 synthe-
sis in skeletal muscle cells involves a
c-Jun N-terminal kinase-dependent
pathway. J Biol Chem 276:46961–46967.

Simeone DM, Zhang L, Graziano K, Nicke
B, Pham T, Schaefer C, Logsdon CD.
2001. Smad4 mediates activation of mi-
togen-activated protein kinases by TGF-
beta in pancreatic acinar cells. Am J
Physiol Cell Physiol 281:C311–C319.

Sowa H, Kaji H, Yamaguchi T, Sugimoto T,
Chihara K. 2002. Activations of ERK1/2
and JNK by transforming growth factor
beta negatively regulate Smad3-induced
alkaline phosphatase activity and miner-
alization in mouse osteoblastic cells.
J Biol Chem 277:36024–36031.

Weinstein M, Yang X, Deng C. 2000. Func-
tions of mammalian Smad genes as revealed
by targeted gene disruption in mice. Cyto-
kine Growth Factor Rev 11:49–58.

Wilkie AO, Slaney SF, Oldridge M, Poole
MD, Ashworth GJ, Hockley AD, Hay-
ward RD, David DJ, Pulleyn LJ, Rutland
P, et al. 1995. Apert syndrome results
from localized mutations of FGFR2 and
is allelic with Crouzon syndrome. Nat
Genet 9:165–172.

Yue J, Frey RS, Mulder KM. 1999. Cross-
talk between the Smad1 and Ras/MEK
signaling pathways for TGFbeta. Onco-
gene 18:2033–2037.

TGF-�2, ERK1/2 AND CRANIAL SUTURE PATENCY 1299


