Timing of Egf Treatment Differentially
Affects Tgf-p2 Induced Cranial
Suture Closure
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Premature suture obliteration results in an inability of cranial
and facial bones to grow, with craniofacial dysmorphology
requiring surgical correction as a consequence. Understanding
signaling pathways associated with suture morphogenesis
might enable non-invasive treatment of patients with fused
sutures. Tgf-p2 induces premature suture fusion associated with
increased cell proliferation both in vitro and in vivo. Tgf-p2 and
Egf signal transduction pathways use some signaling proteins
in common to regulate proliferation and differentiation, leading
to speculation that these two pathways converge to regulate
normal suture development. It was therefore hypothesized that
Egf could induce suture fusion, and that Tgf-p2-induced suture
closure occurred via an Egf-dependent pathway. A well-
established fetal calvarial organ culture system was used to
expose developing E19.5 fetal rat coronal sutures to Egf, Tgf-$2
and SC-120, a blocker of Egf receptor activity. Co-culture
experiments examined the effect of Egf on Tgf-p2-induced
suture closure when Egf was given either prior to or after Tgf-
p2 treatment. Histomorphometric measurement of suture width
was done on sagittal sections through coronal sutures
harvested after 5 days in culture. Western blotting using
phospho-antibodies against Egf receptors was used to confirm
Egf receptor activity. Suture width increased with increasing
concentrations of Egf, demonstrating that Egf-induced cell
activity alone was not sufficient to cause premature suture
obliteration. Egf administered prior to Tgf-p2 treatment rescued
sutures from Tgf-p2-induced suture obliteration, demonstrating
that pre-exposure of cells to this powerful mitogen prevented
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their response to signals induced by Tgf-p2. However, Egf added
after Tgf-p2 treatment had no effect on Tgf-p2-induced suture
closure. Blocking Egf activity after Tgf-p2 treatment rescued
sutures from Tgf-f2-induced obliteration, indicating that Tgf-p2
required Egf activity to induce suture obliteration. Appropriate
timing of signal generation by Egf and Tgf-p2 is critical for
normal suture development and maintenance of suture patency.
Exp Biol Med 233:1518-1526, 2008

Key words: craniosynostosis; cranial sutures; Tgf-g2; Egf;
intramembranous bone growth

Introduction

Cranial sutures have been increasingly studied as the
major intramembranous bone growth sites of the cranial
vault (1). During normal development, these sutures remain
patent, allowing the cranial vault to expand to accommodate
the growing brain. Craniosynostosis is a disease that results
in the premature closure of sutures. Premature suture
obliteration results in an inability of cranial and facial
bones to grow, with craniofacial dysmorphology requiring
surgical correction (2). Craniosynostosis is a frequently
occurring condition, whose etiology is multifactorial and
which exhibits genetic heterogeneity (2). Maintenance of
suture patency depends on the regulation of a complex array
of factors that include tissue interactions, mechanical
influences, and biochemical signaling. For this reason, it is
important to understand the links between different tran-
scription factors, growth factors, and their receptors so that
molecular intervention could limit the need for gross
surgical repair.

Calvarial suture obliteration is associated with in-
creased osteoblast proliferation and reduced suture cell
apoptosis, induced by growth factors such as fibroblast
growth factor 2 (Fgf2), bone morphogenic protein 4
(Bmp4), and transforming growth factor B2 (Tgf-B2) (3—
6). Intracellular signaling pathways downstream of Fgf and
Tgf-f have not been well studied in craniofacial suture
development and maintenance. Fgf2 treatment has been
shown to induce premature suture closure (3, 7, 8), and the
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Map kinase Erk1/2 signaling pathway was demonstrated to
be required for Fgf-stimulated suture closure (7). Tgf-p2 has
also recently been shown to induce suture closure by
phosphorylating Erk1/2 (9). Further, Tgf-B2 increases Egf
expression greater than 3-fold in gene array analyses
(Rawlins, unpublished data).

Several cell proliferation and differentiation pathways
involve stimulation of tyrosyl phosphorylation of Map
kinases. Epidermal growth factor (Egf) is a potent mitogen
known to use the Map kinase Erk1/2 pathway (10). Egf was
shown to stimulate proliferation but inhibited differentiation
in a number of cell types (11). Egf expression was found to
be uniform across human osteoblast cell lines (12), and
greatly increased thymidine uptake in primary cultures of rat
osteoblasts (13). Additionally, Matsuda et al. found that
Erk1/2 selectively mediated Egf proliferation of human
osteoblasts (14).

Transgenic mice over expressing Egf showed greatly
increased numbers of osteoblasts in the periosteum and
endosteum of bones, but interestingly, cortical bone thick-
ness was reduced in the transgenic mice, compared to wild-
type mice (15). Osteoblasts derived from sagittal sutures of
patients with craniosynostosis showed differences in Egf
receptor (Egfr) distribution compared to osteoblasts from
normal bone (16), indicating different responsiveness to Egf
of cells from synostotic and non-synostotic sutures.

Tgf-B2 has been shown to increase cell proliferation
and was associated with premature suture closure (4).
Interactions between Tgf-B2 and other growth factors that
regulate cell proliferation, such as Egf, may alter the
equilibrium between proliferation, differentiation, and
apoptosis, resulting in suture obliteration. Because Tgf-f32
and Egf signal transduction pathways can use similar
signaling proteins to regulate proliferation and differ-
entiation, it is reasonable to speculate that these two
pathways may converge to regulate the development of
sutures. Disregulation of this interaction could then result in
abnormal or fused sutures. The hypothesis that was tested
was that Egf induces suture obliteration, and that Tgf-$2-
induced suture closure occurs via an Egf-dependent path-
way.

Material and Methods

Animals and Calvarial Culture. Sprague-Dawley
rats (Harlan, Houston, TX) were used for experiments using
histology and western blot analysis. All animals were
handled according to the institutional animal care and use
committee guidelines at Baylor College of Dentistry. Due to
the large numbers of fetal calvariae required for all
experiments, each experiment was conducted independently
and serially. Multiple pregnant females were needed, and
each breeding batch produced slight variability in the ages
of the fetuses at sacrifice. As little as 6—12 hours difference
in gestation led to more highly developed sutures, resulting
in slightly narrower sutures, or underdeveloped sutures,
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resulting in slightly enlarged suture widths. However, we
noted that as long as we did not exceed 12 hours difference
in gestation, the suture responses to the treatment regimens
were the same. It is for this reason that we specifically
reported the controls for each experiment separately, rather
than averaging the numbers between experiments. Embry-
onic day 19.5 (E19.5) calvarial tissues were harvested from
pregnant females (day of mating plug = day 0.5). Female
rats were sacrificed on day 19.5 of pregnancy by inhalation
overdose of Isofluorane anesthetic (Baxter, Grand Prairie,
TX). The embryos were placed on ice, decapitated, and
calvariae dissected as previously described (17). Briefly,
calvariae were prepared to include frontal and parietal bones
with intervening intrafrontal, coronal and sagittal sutures,
and with intact dura mater. Following organ culture, tissues
were harvested and used for histology, immunohistochem-
istry, and protein isolation.

Calvarial Organ Culture. E19.5 rat calvariae were
placed in tissue culture with 400 pl serum free medium
(SFM) for 5 days as previously described (17).

Effect of Egf on Suture Width. Calvariae with intact
dura mater were cultured in the presence of 0, 10, 20, and 40
ng/ml Egf (R&D Systems, Minneapolis, MN). After 5 days
in culture, calvariae were harvested from organ culture and
prepared for histology and histomorphometry. After estab-
lishing the appropriate Egf concentration from this experi-
ment, three separate experiments were performed using
E19.5 rat calvariae.

Effect of Tgf-32 Treatment Followed by Addition of
Egf. Calvariae were cultured in SFM. Group 1 (control
calvariae) remained unsupplemented. Group 2 was supple-
mented with 20 ng/ml Egf, and Group 3 with 3 ng/ml Tgf-
B2 for the duration of culture. Group 4 was supplemented
with 3 ng/ml Tgf-B2, with 20 ng/ml Egf added to the
cultures at 48 hours (n = 57 calvariae per group). After 5
days in culture, calvariae were harvested from tissue culture
and prepared for histology and histomorphometry.

Effect of Egf Treatment Followed by Addition of
Tgf-B2. Calvariae were cultured in SFM. Group 5 (con-
trols) remained unsupplemented. Group 6 was supple-
mented with 20 ng/ml Egf, and Group 7 with 3 ng/ml Tgf-
2 for the duration of culture. In Group 8, 20 ng/ml Egf was
added for the duration of the culture period, and 3 ng/ml
Tgf-B2 was added to the cultures after 48 hours (n = 5-7
calvariae per group). After 5 days in culture, calvariae were
harvested from tissue culture and prepared for histology and
histomorphometry.

Effect of Egf Receptor Inhibitor sc-120 on Tgf-32
Activity in Sutures. Egfr blocker (sc-120; Santa Cruz
Biotechnology, Santa Cruz, CA) was used to test the effect
of blocking Egfr signaling before or after Tgf-f2 treatment.
Calvariae were cultured in SFM alone (control, Group 9), 50
mM sc-120 (Group 10), 3 ng/ml Tgf-B2, with 50 mM sc-
120 plus 20 ng/ml Egf added at 48 hours (Group 11), 50
mM sc-120 with 3 ng/ml Tgf-B2 plus 20 ng/ml Egf added at
48 hours (Group 12), and 3 ng/ml Tgf-B2 plus 50 mM sc-
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120 with 20 ng/ml Egf added after 48 hours (Group 13). N=
5-7 calvariae per group. After 5 days in culture, calvariae
were harvested from tissue culture and prepared for
histology and histomorphometry.

Histology and Histomorphometry. Calvariae har-
vested from culture were fixed in 4% paraformaldehyde
(Fisher Scientific). After fixation, specimens were decal-
cified in 0.5 M EDTA (Sigma). Specimens were then cut
into right and left halves through the sagittal and intrafrontal
sutures, dehydrated, cleared, and embedded in paraffin
(Fisher Scientific) for coronal sectioning (7 = 10—14 coronal
sutures per experiment). Samples were sectioned at 6 pum
thickness, mounted on glass slides and stained with
hematoxylin and eosin. Microscope images were captured
using a Kodak SPOT camera, and the digitized images were
transferred to a Metamorph® program, which was used to
measure suture width. Suture fusion does not occur as an
all-or-nothing phenomenon, but rather appears as “spot
welds” of bone across the suture, spread out throughout the
suture. When measurements of suture width are taken, these
areas of bony fusion give values of 0, but in between the
regions of fusion, sutures can be several micrometers wide.
Sutures with more regions of fusion also tend to have
narrower sutures. While it is therefore difficult to quantify
degree of fusion, a numerically reported suture width
accurately reflects the degree of fusion. Suture width was
measured at the shortest distance between the overlapping
bone fronts. Data is presented as means plus/minus standard
deviations. A two-tailed, unpaired ¢ test using GraphPad
software was used to establish statistical significance. Alpha
= 0.001 was considered significant.

Western Blotting. Fetal day E19.5 rat calvariae were
cultured in SFM supplemented with 0 or 20 ng/ml Egf
(R&D Systems, Minneapolis, MN), in the presence of 0 or
50 mM sc-120 (Santa Cruz Biotechnology, Santa Cruz,
CA), and in the presence of 20 ng/ml Egf plus 50 mM sc-
120. These concentrations were previously determined to be
functional (18).

Calvariae were harvested immediately (0 minutes), or
after 15, and 30 minutes in culture, with 3—4 calvariae per
time point. Whole calvariae were homogenized in PBS
containing 1 pg/ml protease inhibitor cocktail and 1 pl/ml
phosphatase inhibitor (Sigma, St. Louis, MO). Protein
concentrations were calculated, and 10 pg/ml protein was
loaded onto commercially available 12% Tris-glycine gels
(Invitrogen, Carlsbad, CA), and gels run for 2.5 hours at 100
Volts on an XCell Sure-Lock® apparatus (Invitrogen), prior
to blotting onto PVDF Immobilon®-P membranes (Milli-
pore, Bedford, MA) using a semi-dry blotter (Buchler
Instruments, Wrightsville, PA).

Nitrocellulose blots were immediately placed into
blocking solution (GenoTechnology, Inc., St. Louis, MO)
overnight, after which primary antibodies for phospho-Egfr
(sc-12351; Santa Cruz Technologies, Santa Cruz, CA) were
added for 24 hours at 1:100. Primary antibodies were then
washed off three times with seven-minute washes with
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Figure 1. Photomicrographs of H & E stained sagittal sections
through E19.5 fetal rat coronal sutures after 5 days in culture. A,
Control coronal suture cultured in the absence of Egf. B, Coronal
suture cultured in the presence of 10 ng/ml Egf, showing widening
and increased cellularity of the suture. C, Coronal suture cultured in
the presence of 20 ng/ml Egf showing greater width and cellularity of
the suture when compared to sutures cultured with 0 or 10 ng/ml Egf.
D, Coronal suture cultured in the presence of 40 ng/ml Egf showing
little difference from sutures cultured with 20 ng/ml Egf. (Original
magnification X20; s, suture; b, bone.)

TTBS (1 mM TBS plus 20% Tween), prior to addition of
secondary antibodies—peroxidase-conjugated rabbit anti
goat (1:5000; Jackson ImmunoResearch, West Grove, PA)
for phospho-Egfr for 2.5 hours. Secondary antibodies were
washed off three times with seven-minute washes with
TTBS, and the color reaction developed using a Vector
DAB staining kit (Vector Laboratories Inc., Burlingame,
CA). Blots were allowed to air dry prior to digitizing, and
densitometry was performed using Scion Image (Scion
Corporation, Frederick, MD). Densitometry was used for
descriptive purposes only, and no statistical analysis was
performed.

Results

Increasing Concentrations of Egf Induce In-
creased Suture Width. To examine whether Egf levels
were responsible for accelerating suture closure seen in Tgf-
B2 treated calvariae, E19.5 rat calvariae were cultured in the
presence of increasing concentrations of Egf. Sutures
cultured in all concentrations of Egf remained patent
throughout the culture period. In control sutures, a narrow
suture was seen situated between thickened overlapping
bone fronts (Fig. 1). The cellularity and width of the suture
increased as increasing amounts of Egf were added to
cultures, and reached a plateau between 20 and 40 ng/ml.
The thickness of both the periosteum and dura mater also
increased with increasing amounts of Egf, especially the
osteogenic layer closest to the bones. However, the bones
did not appear to increase in thickness with increasing
concentrations of Egf. Analysis of photomicrographs
showed increased numbers of cells within the sutures and
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Figure 2. Graph showing changes in coronal suture width following
5 days in culture with and without Egf. Note increased width of
sutures induced by increasing concentrations of Egf.

lining the bone fronts in all calvariae treated with Egf;
however, these differences were not quantified.

Suture width was measured as the shortest distance
between the overlapping bone fronts. Suture width showed a
dose dependent increase with increasing concentrations of
Egf—53% from 10 ng (112.5 = 63.4 pm), to 20 ng (239.2
* 156.7 um), with a plateau at 40 ng (242.4 = 139.8 pum;
Fig. 2). There was a significant increase in suture width
from 0 ng to 20 ng/ml Egf (P < 0.001), but no significant
differences in width between 0 ng and 10 ng, or 10 ng and
20 ng/ml Egf.

Tgf-p2 Treatment Followed by Egf Induces
Suture Fusion. To test whether the effect of Egf on
sutures is altered by Tgf-B2 treatment, E19.5 rat calvariaec
were cultured with Tgf-B2, and 20 ng/ml Egf was added at
48 hours in culture. In Group 1 (control) cultures with no
Tgf-B2 or Egf added, a narrow but uniformly patent suture
was seen situated between thickened overlapping bone
fronts (Fig. 3A). In the presence of Egf alone (Group 2), the
coronal suture widened with increased cellularity within the
suture matrix and along the overlapping bone fronts as
described above (Fig. 3B). In Group 3, the addition of Tgf-
B2 alone narrowed the suture compared to controls or
induced suture fusion (Fig. 3C). In Group 4, when Egf was
added at 48 hours to samples that had been cultured in the
continuous presence of Tgf-B2, sutures appeared similar in
width to sutures cultured with Tgf-B2 alone (Fig. 3D).
However, a consistent finding was a marked increase in the
thickness and cellularity of the dura mater and the
periosteum in samples treated with Tgf-f2 followed by
Egf when compared to the other treatment groups.

Measurements of suture widths confirmed that addition
of Egf significantly (P < 0.0002) increased suture width by
42% when compared to control sutures (154.2 = 29.2 pm
vs. 88.6 £ 154 pm) (Fig. 4). The addition of Tgf-B2
significantly (P < 0.0001) narrowed coronal sutures by 60%
(to 35.1 = 11.2 pm) compared to controls, and the
combination treatment of Tgf-B2 followed by Egf resulted
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in sutures significantly (P < 0.0001) narrowed by 70% (to
26.6 = 11.8 um) when compared to control suture width
(Fig. 4). Coronal suture fusion rates were 70% with the
combination treatment compared to 60% when treated with
Tgf-B2 alone, but this difference was not significant.

Egf Treatment Followed by Tgf-p2 Rescues
Sutures from Obliteration. Increasing concentrations
of Egf increased suture width, but Egf added after Tgf-f32
treatment exacerbated Tgf-B2 induced suture closure.
Therefore, the ability of Egf to prevent Tgf-B2 induced
obliteration was tested by culturing calvariae with Egf for 48
hours before addition of Tgf-B2. Compared to Group 5
controls, suture width increased with the addition of Egf
(Group 6) as shown previously, and Tgf-B2 treatment
(Group 7) induced fusion or accelerated suture narrowing in
all of the samples (Fig. 3B, C). Analysis of photomicro-
graphs showed increased cellularity within the sutures and
lining the bone fronts in all calvariae treated with Egf
compared to the other treatment groups (Fig. 3B, D, E). In
Group 8, no thickening or increased cellularity was
observed in the dura mater or periosteum when Egf was
added prior to Tgf-f2 stimulation at 48 hours.

Confirming the histological assessment, and similar in
significance levels to the previous experiment, suture width
decreased 52% with Tgf-B2 treatment compared to control
sutures (28.9 *£ 83 pum vs. 61.1 = 27.7 yum), while Egf
increased suture width by 57% (to 142 = 47.1 pm) (Fig. 5).
The width of sutures treated with Egf prior to addition of
Tgf-B2 was not significantly different from the width of
control sutures.

Egf Receptor Inhibitor sc-120 Disrupts Tgf-p2
Activity in Sutures. To confirm sc-120 blocked Egfr
signaling, calvariae were cultured with and without Egf and
with and without sc-120. Egf stimulated cultures showed
upregulation of Egfr-phosphorylation (Egfr-P) after 30
minutes exposure to Egf (Fig. 6). Upregulation of Egfr-P
was completely blocked by the addition of sc-120.

Since timing of Egf treatment differentially regulated
Tgf-B2 activity in sutures, fetal day 19.5 rat calvariae were
cultured with sc-120 either before or after treatment with
Tgf-f2. Measurements of suture width showed that the
addition of sc-120 alone (Group 10) to calvarial cultures did
not have an effect on suture width compared to Group 9
control untreated sutures (Fig. 7). Treatment of sutures with
sc-120 either before or concurrent with treatment with Tgf-
B2 (Groups 11, 12 and 13) prevented Tgf-p2 induced suture
narrowing (Fig. 7). There were no significant differences in
suture width between any of the groups.

Discussion

The Tgf-B family of growth factors is part of a complex
signaling network that is involved in cranial suture
morphogenesis (6, 8, 19). Recently, mutations in the human
TGF- TYPE 1 (TGFf3RI) and TYPE 2 (TGFf3RII) receptors
were shown to produce defects phenotypically resembling
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Figure 3. Photomicrographs of H & E stained sagittal sections through E19.5 fetal rat coronal sutures after 5 days in culture. A, Group 1 control
coronal suture of calvaria cultured without Tgf-p2, Egf, and sc-120. B, Group 2 coronal suture of calvaria cultured in the presence of 20 ng/ml
Egf, showing greater width and cellularity of the suture when compared to control sutures. C, Group 3 coronal suture of calvaria cultured in the
presence of 3 ng/ml Tgf-B2 showing bony fusion across the suture (arrow). D, Group 4 coronal suture cultured in the presence of 3 ng/ml Tgf-f2,
with 20 ng/ml Egf added after 48 hours in culture. Note fusion of bone fronts across the coronal suture (arrow), and increased thickness of the
dura mater and periosteum compared to all other treatment conditions. E, Group 8 coronal suture of calvaria cultured in the presence of 20 ng/ml
Egf, with 3 ng/ml Tgf-B2 added after 48 hours in culture, showing the prevention of Tgf-p2 induced coronal suture closure by Egf. F, Group 13
coronal suture of calvaria cultured in the presence of 3 ng/ml Tgf-2 and 50 mM sc-120, with 20 ng/ml Egf added after 48 hours in culture.
Sutures cultured with Tgf-B2 and sc-120 showed lack of overlap of the bone fronts, and similar cellularity and bone quality to sutures in (E). All
calvariae are shown with the dura side on the bottom, and periosteal surface at the top. A bar delineates the thickness of each in each panel. G—
K represent high power images of the areas in the boxes of A—F respectively. (Original low power magnification X20; high power magnification
X40; s, suture; b, bone.)

Marfanoid craniosynostosis syndrome (20). It has been
shown that differential expression of various Tgf-3 isoforms
plays a crucial role in regulating suture patency once the
sutures have formed (6, 21-23). It has also been shown that
differential expression of Tgf-p isoforms may also play a
role in craniosynostosis by altering proliferation, differen-
tiation, and apoptosis within the suture (4). Tgf-B2 has been
demonstrated to induce premature suture closure both in

vitro and in vivo, associated with increased proliferation
(24-26). Both Tgf-B2 and Fgf2 have also been shown to
require upregulated Erk1/2 signaling to induce narrowing or
closure of sutures (7, 9, 27). Egf is a mitogen that can also
signal via Erk1/2 phosphorylation, and gene arrays showed
upregulation of Egf expression in Tgf-p2-treated sutures
(Rawlins, unpublished data). This latter observation led to
the investigation of the role played by Egf in Tgf-B2
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Figure 4. Graph showing coronal suture width following 5 days in
culture in the presence of Egf, Tgf-B2, and Tgf-p2 followed by Egf
treatment at 48 hours in culture. Note the decreased suture width in
the group pretreated with Tgf-B2 followed by Egf at 48 hours in
culture decreases suture, similarly to that seen with Tgf-p2 treatment
alone.
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regulation of suture width. Interestingly, addition of Egf
prior to stimulation with Tgf-2 prevented Tgf-B2 induced
suture fusion. However, Egf added after Tgf-p2 stimulation
was unable to prevent Tgf-B2 induced suture closure and
appeared to accelerate the rate of fusion induced by Tgf-B2.

Previous experiments showed that Tgf-B2 induced cell
proliferation and decreased apoptosis in sutures, and it was
postulated that the increased numbers of cells disrupted the
balance between proliferation and differentiation, accelerat-
ing differentiation of suture cells into osteoblasts (4).
Because Tgf-B2 upregulated Egf expression, it was
hypothesized that cell proliferation induced by Egf could
induce suture obliteration similar to that seen with Tgf-2
alone. Contrary to this expectation, Egf resulted in
thickening of the sutures, increasing the width between
bone fronts. This increased thickening was accompanied by
dense cellularity within the suture and surrounding tissues
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Figure 5. Graph showing coronal suture width following 5 days in
culture in the presence of Egf, Tgf-B2, and Egf followed by Tgf-f2
treatment at 48 hours in culture. Note that sutures pretreated with Egf
followed by the addition of Tgf-p2 at 48 hours in culture rescues
coronal sutures from Tgf-pB2 induced suture obliteration.

Suture Width (um)
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Figure 6. Western blot for phosphorylated Egfr (Egfr-P) in E19.5
whole rat calvaria. Note upregulation of Egfr-P following stimulation
with Egf at 30 minutes, and down regulation of Egfr-P after blocking
with sc-120. (+) indicates commercially bought positive control for
Egfr-P.

of cultured fetal rat calvariae. This finding suggested that
increased cellularity on its own was not sufficient to induce
suture obliteration.

In contrast to the finding of wide-open sutures with Egf
pretreatment, most sutures fused when calvariae were
pretreated with Tgf-B2 prior to the application of Egf. This
finding was not unexpected, given that Tgf-B2 treatment
alone narrowed sutures and increased Egf expression in
sutures. These findings demonstrate that the timing of gene
upregulation or down regulation is a critical element that
determines the fate of cranial sutures. By reversing the order
of Egf and Tgf-p2 treatment, coronal sutures can be induced
to fuse or remain patent in vitro. It would be interesting to
test if exposure of calvariae to Egf in vitro for longer periods
of time ultimately resulted in suture obliteration, or if Tgf-
B2 is the crucial signal needed for suture osteoblast
differentiation.

Since Egf exposure before but not after Tgf-p2
treatment can reverse Tgf-B2 induced suture narrowing, it
was postulated that blocking Egf receptor activity before
Tgf-B2 treatment would reverse the Egf rescue effect.
Surprisingly, blocking Egfr prior to Tgf-B2 treatment did
not reverse Egf rescue of sutures from Tgf-B2-induced
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Figure 7. Graph showing coronal suture width following 5 days in
culture in the presence of Egf, Tgf-B2, and sc-120. Note lack of effect
of sc-120 alone on sutures (Group 10), and reversal of Tgf-p2-
induced suture narrowing in the presence of sc-120 given either
concurrently or before Tgf-p2 treatment (Groups 11-13).

Suture Width (pm)
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suture narrowing. However, this result may be due to the
fact that Egfr activity was blocked for the duration of the
culture period in calvariae treated with Tgf-B2. This was
done since the differential effect of Egf given pre- and post-
Tgf-B2 treatment was unexpected. Ideally, Egf activity
should have been blocked only prior to Tgf-f2 treatment,
then removed when Tgf-B2 was added. As expected, when
blocker was added after Tgf-B2 treatment, sutures were
rescued from Tgf-B2-induced narrowing, indicating that Egf
is required for Tgf-B2 activity in sutures.

In mice overexpressing Egf, there are greatly increased
numbers of osteoblasts in the periosteum and endosteum of
bones, but interestingly, cortical bone thickness was reduced
compared to wild-type mice (15). These results seem to
imply that osteoblastic cells responding to Egf become
insensitive to differentiation signals like those from Tgf-f32,
but rather accumulate in the surrounding connective tissue.
This idea is supported by the high cellularity noted at the
edges of the bone fronts of Egf-treated sutures, and these
sutures remaining patent. Raisz et al. showed that at high
concentrations Egf induced bone resorption, implying
additional mechanisms for keeping the suture open (28).
Interestingly, Lana-Elola et al. demonstrated that cells at the
osteogenic fronts contributed to the osteoblastic lineage
while those in the center of the suture did not. It therefore
appears that the Egf-responsive cells in this study
correspond to the osteoprogenitors present in the osteogenic
fronts reported by Lana-Elola et al. (29).

When sutures were exposed to Tgf-B2 prior to Egf
exposure, they were exposed to a factor that affects both
proliferation and differentiation, and which resulted in Egf
expression. Egf added after Tgf-B2 treatment had no effect
on sutures, likely because cells were already maximally
responsive to the Egf produced in response to Tgf-B2
treatment. Since Tgf-B2 on its own can induce suture
obliteration, and addition of Egf before but not after Tgf-f32
treatment reverses Tgf-B2 induced obliteration, the follow-
ing model is proposed. The continuous presence of Egf
keeps cells in an undifferentiated, proliferative state,
preventing cells from responding to inducers of accelerated
differentiation such as Tgf-B2. However, cells already
primed to differentiate by the presence of Tgf-B2 are
pushed rapidly through their final proliferative cycles by Egf
produced in response to Tgf-B2, accelerating the differ-
entiative process initiated by Tgf-f2, and resulting in suture
fusion seen in the presence of Tgf-B2.

This mechanism is reminiscent of the effect of Axin2
modulating Wnt/beta-catenin signaling in cranial sutures,
demonstrated by Hsu’s group in Rochester (30, 31). This
group showed that removal of Axin2—a negative regulator
of the canonical Wnt pathway—resulted in expansion of the
osteoprogenitor lineage, followed by accelerated ossification
and premature fusion of sutures (30). Similar to Lana-Enola
et al. (29), they provide evidence supporting a region-
specific effect of skeletogenic factors within the suture. This
group goes on to show that beta-catenin promotes cell
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proliferation, followed by differentiation accompanied by
elevated BMP signaling, accelerating the process in a
positive feedback mechanism (31). Significantly, Tgf-B1
suppresses Axinl and Axin2 expression, while Axinl and
Axin2 stimulate Tgf-P signaling during endochondral bone
formation (32), pointing to a possible integration of the
canonical Wnt and Tgf-B/Smad pathways in regulating
cranial bone growth and suture development.

Recent data showed that Tgf-f2 phosphorylation of
Erk1/2 inhibited Smad2/3 protein expression (9). This is
possibly a similar mechanism by which Egf was shown to
disrupt Smad signaling via an Erk1/2-P dependent mecha-
nism (33). In contrast to Tgf-p2, Tgf-p3 rescues suture from
obliteration (5, 24, 34, 35). Since Tgf-B2 appears to signal
via Erk1/2 to regulate suture patency, it is possible that Tgf-
B3 uses the Smad2/3 signaling pathway to keep sutures
patent, possibly by inhibiting Tgf-B2 signaling via Erk1/2.
However, in contrast to Tgf-2, Tgf-B3 was shown by gene
arrays to inhibit Egf expression (Rawlins, unpublished
data), so another mechanism could be the control of Egf-
induced cell proliferation, to regulate the number of cells
available to respond to Tgf-f32.

Several research groups have posited that maintenance
of suture patency requires a delicate balance between cell
proliferation, differentiation and apoptosis (27, 36-43). It
appears that the timing of exposure of cells to proliferative
versus differentiative signals is critical for maintenance of
suture patency.

The authors would like to thank Ms. Jo Taylor for processing and
sectioning all tissues for histological and histomorphometric analysis.
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