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Disruption of calvarial ossification in E2f4 mutant
embryos correlates with increased proliferation
and progenitor cell populations
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The E2F family of transcription factors, in association with pocket protein family members, are important for regulating
genes required for cellular proliferation. The most abundant E2F, E2F4, is implicated in maintaining the G /G, cell cycle
state via transcriptional repression of genes that encode proteins required for S-phase progression. Here, we investigate
E2F4's role in bone development using £2f4 germline mutant mice. We find that mutation of £2f4 impairs the formation of
several bones that arise through intramembranous or endochondral ossification. The most severe defect occurred in the
calvarial bones of the skull where we observed a striking delay in their ossification. In vivo and in vitro analyses established
that E2F4 loss did not block the intrinsic differentiation potential of calvarial osteoblast progenitors. However, our data
showed that E2f4 mutation elevated proliferation in the developing calvaria in vivo and it increased the endogenous
pool of undifferentiated progenitor cells. These data suggest that E2F4 plays an important role in enabling osteoblast
progenitors to exit the cell cycle and subsequently differentiate thereby contributing to the commitment of these cells

to the bone lineage.

Introduction

Members of the E2F family of transcription factors are best
known for their role in regulating genes required for cellular
proliferation.”* To date, ten E2F family members have been
identified. These can be subdivided into two groups based on
their predisposition to activate or repress transcription of E2F-
responsive genes. E2F4 functions primarily as a transcriptional
repressor and its nuclear localization is largely dependent on its
association with pocket protein family members pRb, pl07 and
p130.>> These complexes recruit histone deacetylases to E2F-
responsive gene promoters which directly repress transcription.*¢*
Upon mitogen-induced phosphorylation of the pocket proteins
by activated cyclin dependent kinases, the pocket protein/E2F4
complexes dissociate and E2F4 is exported to the cytoplasm via
active nuclear export.”*’ This removes E2F4 from promoters,
thereby relieving the active repression of E2F-target genes and
allowing binding of the activating E2Fs.

While the role of the E2F family of transcription factors in
cell cycle progression has been well characterized, we are only
beginning to understand the role of E2Fs in development.!® E2F4
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is known to affect the differentiation and development of many
cell lineages through cell cycle-dependent and cell cycle-inde-
pendent mechanisms. For example, £2f4 knockout embryos are
transiently anemic, and exhibit cell autonomous defects in red
blood cell maturation.""* Erythrocytes in these embryos show
incomplete enucleation and there is an increase in the popula-
tion of immature erythrocytes.'>'? Mutation of E2f4 often leads
to neonatal lethality caused by chronic rhinitis and associated
opportunistic bacterial infections."" The susceptibility to infec-
tion is a consequence of disrupted airway epithelium develop-
ment that results in an absence of ciliated cells and an increase
in number of mucin-secreting cells, leading to chronic mucus
buildup.'* Although the mechanism underlying the cilial cell
defect is unknown, it appears to be independent of deregulated
cellular proliferation. E2F4 also contributes to adipocyte differ-
entiation and this seems to occur through both cell cycle-depen-
dent and -independent mechanisms.">'¢

A role for E2F4 during chondrocyte or osteoblast differen-
tiation has not been investigated. However, its pocket protein
binding partners have been implicated in the differentiation
of these cell types.””?* Specifically, mutation of p/07 and pI130
in vivo prevents chondrocytes from properly exiting the cell
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Figure 1. Mutation of E2f4 causes defects in embryonic bone ossifica-
tion. (A-C) Alizarin Red (bone) and Alcian Blue (cartilage) staining of
representative e18.5 and PO littermate embryos. At e18.5 E2f4- embryos
exhibit less ossification in (A) the sternebrae (arrows) and xiphoid pro-
cess, (B) presphenoid bone and (C) cranium (n 2 6). By PO the extent of
ossification is similar between wild-type and £2f4” animals (n > 4). Ab-
breviations: xp, xiphoid process; pp, palatine process; ps, presphenoid
(with arrow); fr, frontal bone; pa, parietal bone.

cycle.”?"22 While loss of pRb inhibits osteoblast differentia-
tion in vitro and in vivo."®?° Therefore, it is plausible that E2F4
may also function in the differentiation of these cell types and,
consequently, bone development. Bone development occurs via
two distinct processes.” In the first process, intramembranous
ossification, mesenchymal progenitor cells differentiate directly
into osteoblasts, which secrete the calcified extracellular matrix
that constitutes bone. This occurs primarily in the flat bones of
the calvarium (skull) and the medial clavicles. Most bones in
the skeleton form via the second process, endochondral ossifica-
tion, where condensations of mesenchymal progenitor cells dif-
ferentiate first into chondrocytes. These chondrocytes proliferate
and secrete a cartilage matrix, forming the bone template. Upon
terminal differentiation, chondrocytes become hypertrophic
and undergo apoptosis, which provides space for osteoblasts to
invade and generate the bone matrix. In this study, we show that
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Figure 2. Mutation of E2f4 causes defects in early embryonic cartilage
and bone development. Alizarin Red (bone) and Alcian Blue (cartilage)
staining of (A) e13.5 and (B) €15.5 embryos. e13.5 E2f4” embryos exhibit
less ossification in the clavicles, n > 2 (arrowheads). e15.5 E2f47” em-
bryos display less ossification of bone (arrowhead) and less deposition
of cartilage matrix in the presphenoid and basisphenoid elements,
located below the cranial vault, n > 4. Abbreviations: bs, basisphenoid;
ps, presphenoid.

E2f4" embryos exhibit a defect in the ossification of some bones
formed through either endochondral or intramembranous ossifi-
cation and establish that £2f4 is required for appropriate matura-
tion of osteoblasts.

Results

E2f4" embryos exhibit defects in bone development. To deter-
mine the effect of E2F4 loss on skeletal development, we exam-
ined the skeletons of wildtype and E2f4" embryos at el8.5 by
staining for calcified bone matrix (Alizarin Red) and cartilage
(Alcian Blue). At this stage of development, several bones in the
E2f4" embryos were less ossified compared to the bones of wild-
type lictermate controls (Fig. 1). The sternebrae, xiphoid process
and presphenoid bone (in the base of the cranial vault), which
form through endochondral ossification, had reduced Alizarin
Red staining in E2f4-null embryos in comparison with litter-
mate wild-type controls, indicating reduced ossification (Fig. 1A
and B). A similar defect is seen in the bones that form through
intramembranous ossification; in £2f4- embryos, the frontal and
parietal bones of the skull exhibit dramatically reduced ossifica-
tion compared to wildtype embryos (Fig. 1C). We also examined
the skeletons of mice at birth (P0). At PO, the skeletal defects
were less apparent (Fig. 1). Indeed, many of the affected bones
appeared to be ossified appropriately at this timepoint, although
the presphenoid bone still showed decreased ossification relative
to the controls (Fig. 1B).

To determine if there were defects in the initiation of the ossi-
fication process we analyzed embryos at earlier time points. At
el3.5, the only bone to become ossified is the clavicle. In E2f#
 embryos, the clavicle is not ossified as judged by the absence
of Alizarin Red staining of this bone in comparison with wild-
type littermates (Fig. 2). At el5.5, there is also less Alizarin Red
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staining in the skulls of £2/%4-null embryos compared to wild-
type litctermates (Fig. 2). In addition, we observed a decrease in
the amount of Alcian Blue staining in the basisphenoid and the
presphenoid bones at this stage (Fig. 2). This finding suggests
that the presphenoid bone ossification defect in €18.5 embryos
may, at least in part, be a result of defective or delayed carti-
lage differentiation. These data indicate that loss of E2f% affects
the normal timing of ossification in specific components of the
skeleton but its loss does not block this process.

Loss of E2f4 affects ossification in vivo. Bone levels are
influenced by three different cell types: osteoclasts, chondro-
cytes and osteoblasts. Osteoclasts digest bone matrix; thus,
we considered the possibility that E2F4 loss delayed bone
ossification by increasing osteoclast activity. However, by per-
forming a tartrate resistant acid phosphatase (TRAP) assay, a
well-established test for osteoclast activity, we found that there
was no detectable difference in osteoclast activity in the frontal
calvarial bones of E2f4-null and wildtype embryos (data not
shown). Chondrocytes and osteoblasts both play a positive role
in bone formation. As we described above, a delay in cartilage
development may contribute to the impaired ossification in the
E2f4 mutants, raising the possibility of a chondrocyte defect,
influencing ossification. However, this could not explain the
defect in the intramembranous ossification process seen in the
frontal bones of the skull, because this process does not involve
a cartilage intermediate. Thus, for this study we focused our
attention on osteoblasts because these are required for the dif-
ferentiation of all of the bones affected by £2f4-deficiency. To
eliminate any possible influence of chondrocytes, we used the
frontal calvarial bones to assess osteoblast differentiation. First,
we examined the expression of alkaline phosphatase (ALP), an
early marker of osteoblast differentiation, at el7.5 in coronal
sections through the cranium (Fig. 3A). E2f4" frontal bones
displayed slightly less extentisve ALP activity near the central
suture than the wildtype control but a significant difference
in the intensity and extent of Alizarin Red staining (Fig. 3A).
Thus, these data indicate that E2F4 loss disrupts ossification
during or following the generation of ALP positive cells.

Given that E2F4 is implicated in promoting cell cycle exit,
we hypothesized that osteoblast defects in the £2/4 mutants may
be associated with a cell cycle defect. Therefore, we examined
cell cycle progression in the frontal bones by assessing incor-
poration of the nucleotide analogue 5-Bromo-2'-deoxyuridine
(BrdU) during S-phase, and also expression of Ki67, a prolif-
eration marker. At both €16.5 and el7.5, we observed a sta-
tistically significant higher level of BrdU-positive cells in the
frontal bones of E2f4" embryos than the wildtype littermate
controls (Fig. 3B and data not shown). Consistent with this
finding, a greater percentage of el7.5 E2f4" cells in the frontal
bone stained positively for Ki67 in comparison with wildtypes
(Fig. 3B). The increased number of cells cycling in the €l17.5
E2ff" frontal bone was not associated with an apoptotic
response, as determined by TUNEL staining (data not shown).
Taken together, these data raise the possibility that loss of
E2F4 either increases the proliferation rate of cells within the
frontal bones or impairs their ability to exit the cell cycle at an
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Figure 3. E2f4-deficient frontal bones display decreased levels of os-
sification and increased levels of proliferating cells. (A) Coronal sections
of frontal bones from e17.5 embryos were assessed by histochemical
analysis of alkaline phosphatase activity (ALP) or Alizarin Red staining
of bone (AR). E2f4” frontal bone sections exhibit a slightly decreased
extent of ALP and significantly decreased extent and intensity of AR
staining in comparison with wildtype embryos (n > 8). 2X magnification
shown. Arrows indicate the front of activity or staining, respectively.

(B) Immunohistochemical analysis of BrdU incorporation (n = 5) or Ki67
protein expression (n 2 3) in coronal sections of frontal bones from e17.5
embryos. The frontal bones (delimited by the bracket) exhibit a greater
percentage of nuclei positively staining for both BrdU and Ki67 in E2f4”
embryos in comparison with wildtype frontal bones. 20X magnification
shown. Compiled results from all experiments are quantified below the
images; error bars indicate 1 SD, *p < 0.05. Abbreviations: de, dermis; fr,
frontal bone; br, brain.
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appropriate developmental stage and this disrupts the appearance
of Alizarin Red positive cells in vivo. Notably, by ¢18.5, there
was no significant difference in the level of proliferation in the
frontal bones of wild-type and E2/4 mutant embryos suggest-
ing that this defect is overcome at later stages, (data not shown),
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Figure 4. E2f4” calvarial cell populations generate more calcified matrix than wildtype calvarial cell populations, but do not display altered prolifera-
tion or cell cycle exit phenotypes. (A) Ossification of primary calvarial cells was determined by Alizarin Red staining of secreted calcium deposits after
0 and 35 days of induction. E2f47 calvarial cells secrete a greater amount of calcium deposits than wildtype osteoblasts (n > 8). (B) Quantitative RT-PCR
measurements of bone marker mRNA levels from wildtype (red bars) and E2f4” (blue bars) calvarial cells during induction. E2f4” calvarial cells express
higher levels of Osterix, Osteopontin and, at times, Alkaline Phosphatase mRNAs compared to wildtype cells. Ubiquitin was used as an internal control to
normalize for RNA levels within each sample. Each time point is an average of three replicates. Columns, results from a representative littermate pair;
error bars represent 1 SD, a representative experiment is shown (n 2 3). (C) Indirect immunofluorescence analysis of proliferation in calvarial cells. Wild-
type and E£2f4” calvarial cells were cultured with BrdU for 24 hours at the indicated time points during induction in vitro. DNA within nuclei is stained
with DAPI (blue) and incorporated BrdU labeled by indirect immunofluorescence (green). 20X magnification shown. (D) Quantitation of proliferation,

a minimum of 250 cells was analyzed per sample from four separate experiments and the percentage of BrdU positive cells calculated in each case
and averaged; error bars indicate 1 SD. Wildtype (red bars) and E2f4” (blue bars) calvarial cell cultures display similar percentages of BrdU positive cells
indicating similar levels of proliferation and cell cycle exit during the induction time course.

correlating with the overtly normal levels of ossification seen at PO
(Fig. 1).

E2f4" calvarial preparations undergo ossification to a greater
extent than wildtype calvarial preparations in vitro. To better
understand how loss of E2F4 may affect ossification we used an
osteoblast in vitro differentiation assay. Specifically, we generated
calvarial cell preparations from el8.5 E2f4-null and wildtype
embryos and assessed their ability to secrete calcified bone matrix
following induction in vitro. Unexpectedly, we found that the
E2f4-deficient calvarial cell populations consistently produced
a greater amount of calcified bone matrix than their wildtype
littermates, as determined by Alizarin Red staining (Fig. 4A).
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Notably, we first observed calcified bone matrix the same number
of days after the initiation of differentiation in both genotypes
(data not shown), suggesting that the rate of matrix formation
was similar in the wildtype and £2f4 mutant cells. To further
explore this, we used quantitative RT-PCR to determine the
expression levels of several osteoblast markers during the differ-
entiation time course. For these studies, we examined Runx2 and
Osterix (Osx), two transcription factors that are required for osteo-
blast differentiation, two early differentiation markers, alkaline
phosphatase (ALP) and CollagenI (Coll), one early/mid-marker,
Osteopontin (OPN) and one late-marker, Osteocalcin (OC).**
These experiments showed that these genes were induced in both
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Figure 5. E2F4 does not modulate A
the induction of calcified matrix in

vitro. E2f4” calvarial cells were stably
infected with hE2F4 or an empty virus E2f4-/-
and induced to undergo bone depo-

sition. (A) Alizarin Red staining was + Puro
conducted after 0 and 35 days. No

significant difference in the amount

of Alizarin red staining is observed E2f4-/-
between E2f47 cells overexpress- +hE2f4

ing hE2F4 or E2f4” control cells (n
> 6). (B) hE2F4 protein expression is
maintained throughout the 35 day
duration of a differentiation time C
course experiment as judged by
western blotting. Gapdh levels in the
same samples are shown as a load-
ing control. (C) Quantitative RT-PCR
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Figure 6. E2f4” calvarial preparations contain more ALP-progenitor
osteoblasts than wildtype preparations. (A) Alkaline phosphatase (ALP)
staining of calvarial cells. Cells isolated from calvaria were sparsely
plated in induction media and stained for ALP activity at the indicated
time points. E2f4”- embryo derived calvarial cells produce more alkaline
phosphatase-positive colonies, likely derived from osteoblast progeni-
tors, than wildtype embryo derived cells (n > 5). (B) Limiting dilution as-
say of wildtype and E2f4” calvarial cells. Cells were plated directly into
induction media and alkaline-phosphatase-positive colony number was
assessed 7 days later. The graph shows an average of 9 independent
experiments, error bars indicate one standard deviation. E2f47 calvarial
cultures exhibited a higher clonal frequency of alkaline phosphatase-
positive colonies in comparison with wildtype derived cultures.

the E2f4-deficient cells and the wildtype controls with a compa-
rable time course (Fig. 4B), indicating that E2F4 loss does not
alter the kinetics of the differentiation process. However, the cells
generated from E2f4 mutant embryos had significantly higher
levels of OSX, OPN and at times, ALP compared to wildtype
preparations (Fig. 4B), consistent with the increased amount of
calcified matrix produced (Fig. 4A). These results demonstrate
that £2f4" calvarial preparations express increased mRNA levels
of several osteoblast differentiation markers upon induction of
ossification compared to wildtype cells and accordingly generate
a greater amount of calcified extracellular matrix.

It is well established that cell density correlates positively
with differentiation in vitro.””?® Thus, we hypothesized that
the enhanced differentiation properties of the E2f4” calvarial
preparations might reflect an increased proliferation rate and/or
a defect in their ability to exit the cell cycle and hence a higher
cell density in culture. To address this possibility, we assessed the
number of cells in S-phase in the wildtype and E2f4" calvarial
cells during induction by analyzing BrdU incorporation during
a 24-hour pulse. Contrary to our hypothesis, the percentages of
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BrdU-positive cells at each stage of the induction time-course was
not statistically different between the wild-type and E2f4" cal-
varium derived cell populations (Fig. 4C and D). Moreover, in
cycling populations, there was also no detectable difference in
the percentage of E2f4" and wildtype calvarial cells that incor-
porated BrdU during a two-hour pulse (data not shown). Taken
together, these experiments indicate that E2f4" calvarial cell
preparations have an increased ability to generate calcified bone
matrix in vitro and that this occurs without a detectable change
in their proliferative capacity during either asynchronous prolif-
eration, confluence arrest and induction of ossification.

E2f4 deficiency increases the pools of osteoblastic pro-
genitors in vivo. Given that E£2f4 loss in vivo resulted in less
ossification of various bones, we were surprised to find that £2/4
” calvarial cell preparations have an increased potential to gen-
erate calcified bone matrix in vitro and displayed no cell cycle
defect. We considered two possible hypotheses to reconcile the
in vitro and in vivo phenotypes. E2F4 could play a direct role in
inhibiting bone ossification that is apparent in vitro but this is
obscured in vivo because E2F4 is also required for cell cycle exit.
Alternatively, the increased differentiation in vitro could reflect
an accumulation of the population of progenitor cells in the £2f%
mutant calvaria because their differentiation was impaired in
vivo by their reduced ability to exit the cell cycle at the appro-
priate timepoint or another unrelated mechanism. This differ-
entiation defect could be relieved in the in vitro induction assay.
Thus, we conducted experiments that would specifically test both
hypotheses.

To determine whether E2F4 plays a direct role in the induction
of ossification, we used two complementary approaches. Initially,
we tested the effect of restoring E2F4 in the deficient cultures by
isolating E2f4-deficient calvarial cells, infecting them with either
a control retrovirus or one expressing the human E2F4 ¢cDNA
and then comparing their ability to differentiate. We found that,
although cells infected with human E2F4 robustly expressed
E2F4 (Fig. 5B), there was no significant difference in the amount
of calcium deposits secreted by these cells and those infected with
empty virus as judged by Alizarin Red staining (Fig. 5A). In addi-
tion we did not observe any consistent difference in the expres-
sion of bone differentiation markers between E2/4 mutant cells
with or without ectopic E2F4 expression (Fig. 5C). It seemed
plausible that the £2/4 mutant cells had past a critical point in
the ossification process such that the re-introduction of E2F4 was
unable to reverse the defect. Therefore, we performed the con-
verse experiment in which we isolated wildtype calvarial cells,
infected them with retroviruses carrying either a hairpin against
E2f4 or a control hairpin against luciferase and induced them to
differentiate in vitro. Consistent with the add-back experiment,
we saw no significant difference in the extent of calcified matrix
deposition between either cell population despite a strong reduc-
tion of E2F4 protein levels in the knockdown cells (Fig. 5D and
E). There was also no consistent difference in the expression level
of several genes involved in bone differentiation between these
cultures (Fig. 5F). Taken together, these experiments suggest
that £2f4 loss does not modulate the intrinsic ability of calvarial

2625



osteoblasts to deposit calcified matrix in this in vitro differentia-
tion assay.

Our alternate hypothesis was that the increased in vitro dif-
ferentiation potential of the £2/4 calvarial preparations, relative
to the wildtype controls, reflects the presence of more progenitor
oesteoblast cells in the £2f4 mutant calvaria due to the delayed
osteoblast differentiation in vivo. To test this hypothesis, we per-
formed an ALP-progenitor assay in which wildtype and E2/#
’ calvarial cells were plated at very low density directly into
differentiation media. Colonies that stain positive for alkaline
phosphatase are indicative of early osteoblast progenitor cells.
Notably, starting at day 7, the £2f4 mutant calvaria derived cul-
tures had a higher number of alkaline phosphatase-expressing
colonies than the wildtype controls (Fig. 6A). To quantify this
difference, we performed a limiting dilution assay and deter-
mined the number of alkaline phosphatase-positive colonies
one week later. This showed that the frequency of ALP-positive
colony generating cells (early osteoblast progenitors) is 1 in 21
for E2f47 cells versus 1 in 50 for wildtype controls (Fig. 6B).
Taken together, our data strongly suggest that E2F4 loss impairs
bone formation in vivo by disrupting the ability of osteoblastic
progenitors to exit the cell cycle and undergo ossification at the
appropriate point in development, thereby increasing the relative
levels of osteoblast progenitors. These cells are inducible in vitro,
accounting for the higher amounts of calcified matrix seen in E2f%
mutant versus wildtype calvarial cell cultures after induction.

Discussion

E2F4 is considered to be primarily a repressive E2F that func-
tions during G /G, to maintain growth arrest and aid cell cycle
exit. E2F4 can bind to all three pocket proteins, pRb, pl07 and
p130 in vivo.” Interestingly, all of these pocket proteins have
been implicated in bone development. Deletion of p107 and p130
in the mouse causes an increase in chondrocyte proliferation in
vivo, affecting the development of long bones,”?"** whereas pRb
loss perturbs osteoblast differentiation in vitro and in vivo.'%%
Therefore, we hypothesized that E2F4 may have a role in bone
development. Our analysis of germline mutant mice showed that
E2F4 plays a key role in establishing the appropriate timing of
ossification in specific skeletal elements. Further analysis of the
calvarial defect shows that this correlates with increased prolif-
eration/impaired cell cycle exit as opposed to a more direct role
in the differentiation process. Specifically, we find that E2F4 loss
delays ossification in vivo at an early stage, as judged by Alizarin
Red staining. Accordingly, in vitro differentiation assays indicate
that the E2f4-deficient calvaria retain a higher level of osteoblast
progenitors than the wildtype controls. Moreover, both add-back
and knockdown experiments argue against a requirement for
E2f4 in the actual ossification process.

It is formally possible that the defective cell cycle exit could
reflect a non-cell autonomous role for E2f4. For example, E2f4
knockout mice are anemic during embryogenesis,' and thus the
anemic state of the embryo could lead to inadequate gas exchange
in tissues. In this situation, many cellular processes could be
adversely affected, causing a general delay in the development
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of embryonic tissues. However, we favor the notion that £2/4 is
required to promote cell cycle exit in early calvarial cells through
its role as a transcriptional repressor of E2F-responsive genes.

E2F4 is known to maintain cell cycle arrest through its asso-
ciation with pocket protein family members and recruitment
of histone deacetylases to E2F-responsive gene promoters to
actively repress transcription. It has been previously reported that
Rb-deficient embryos also display defects in bone development.
Specifically, Rb inactivation leads to defects in the formation of
the cranium, the hyoid bone, the palatine process and the ster-
num. In addition, R calvarial osteoblasts fail to properly exit
the cell cycle and, like our E2F4 studies, show an accumulation in
the progenitor populations both in vivo and in vitro.”?° Despite
these similarities, there are also notable differences between the
E2F4 and pRb models. First, the cell cycle exit defect seems to
be stronger in the pRb mutant since, in contrast to E2F4, it per-
sists even in vitro culture.?® Second, although both E2f%- and
Rb-deficient embryos have defective bone formation in the cra-
nium and sternum, they display unique defects in the formation
of several other bones. These phenotypic differences suggest that
E2f4 and Rb play overlapping, but not identical roles in bone
development.

We believe that there are two non-mutually exclusive possibil-
ities that could account for the difference in phenotype between
E2f4- and Rb- deficient embryos. First, it is possible that this
reflects the varying abilities of the other E2F and pocket protein
members to compensate for the loss of E2F4 versus pRb in indi-
vidual tissues. Previous studies showed that E2F4 loss alters the
interaction between the pocket proteins and the remaining E2Fs,
presumably altering their transcriptional properties.*® Moreover,
it is well established that pl07 and p130 can compensate for the
loss of pRb to varying degrees in different settings.?"** The rela-
tive expression levels of E2F4 and pRbD, in normal tissues, and
the remaining E2F and pocket proteins, in mutant tissues, would
account for the specific spectrum of bone defects observed in
E2f4 versus Rb mutant embryos. For example, E2F4 might be
the predominant E2F in the presphenoid bone, but play a lesser
role, compared to the other E2Fs, in the hyoid bone and pala-
tine process. The alternative possibility is that while both E2F4
and pRb play indirect roles in bone development by promoting
cell cycle exit, pRb plays an additional, more direct role in bone
development by functioning as a co-activator for Runx2, one of
the master regulators of bone development.'$33

Our data indicate that E2F4 loss disrupts both intramem-
branous and endochondral bone ossification. As endochondral
bones ossify via a cartilage intermediate, it is possible that some
of the defects in bone development could be attributed to dis-
rupted chondrocyte differentiation. If true, we speculate that this
defect would also reflect the inability of these cells to exit the cell
cycle. It is interesting to note that both osteoblasts and chondro-
cytes arise from a common mesenchymal precursor cell. If E2F4
loss impairs cell cycle exit of osteoblast progenitor cells, thereby
delaying terminal differentiation into mature osteoblasts, it is
also possible that chondrocyte progenitor cells would have the
same problem. Although our in vitro data suggest that E2F4 does
not directly influence the deposition of calcified matrix or the
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Table 1. Quantitative RT-PCR primer pairs

Gene Primer sequence
Alkaline Phosohat For: TCT CCA GAC CCT GCA ACC TC
aline Fhosphatase Rev: CAT CCT GAG CAG ACC TGG TC
Collavental For: CGA GTC ACA CCG GAA CTT GG
oflagenia Rev: GCA GGC AGG GCC AAT GTC TA
relin A For: AGT TTG ATA GAT GCT GAC CC
ylin Rev: TAG GTC TGG TGA AGG TCC
. For: TGT TTT TGC AAG ACC CAG ATG A
Cyclin E

Rev: GGC TGA CTG CTA TCC TCG CT

For: CTCTGT CTC TCT GACCTCACA G
Rev: CAG GTC CTA AAT AGT GAT ACC G

For: TGCTTT TGC CTG TTT GGC AT

Osteocalcin

Osteopontin Rev: TTC TGT GGC GCA AGG AGA TT
Osteri For: GCA AGG CTT CGC ATC TGA AA
sterix Rev: AAC TTC TTC TCC CGG GTG TGA
R For: TGA GAT TTG TGG GCC GGA
unx Rev: TCT GTG CCT TCT TGG TTC CC
o For: TGG CTA TTA ATT ATT CGG TCT GCA T
Ubiquitin

Rev: GCA AGT GGC TAG AGT GCA GAG TAA

induction of osteoblast specific differentiation markers, it does
not rule out the possibility that £2/4 plays a direct role in the
differentiation of earlier progenitor cells, such as osteochondral
progenitors or even mesenchymal progenitor cells.

Materials and Methods

Animal maintenance and histological analysis. The genera-
tion of E2f4" mice (MMHCC# 01XK7) has been described
previously.!! All animal procedures followed protocols approved
by the Institute’s Committee on Animal Care. Gestation was
dated by detection of a vaginal plug. For analysis of prolifera-
tion status, pregnant mice were injected with 10 pl/gm body
weight of 5 mg/ml 5-Bromo-2'-deoxyuridine (BrdU, Sigma) in
phosphate buffered saline (PBS) two hours prior to tissue col-
lection. Collected embryonic tissue was immediately embedded
in OCT (Tissue-Tek) or fixed in 4% paraformaldehyde (PFA)
and embedded in paraffin. Histological sections were cut at 6-8
microns. Enzymatic alkaline phosphatase assays were performed
on unfixed frozen sections. Briefly, 0.06 g sodium nitrite was dis-
solved into 1.5 ml of water and added to 600 pl of 50 mg/ml of
new fuchsin (Sigma) in 2 M HCI. This solution was added to 210
ml Tris buffer (pH 9.0). Finally, 1.8 ml of 83.3 mg/ml Naphthol
AS-Bi-Phosphate (Sigma) in dimethylformamide (Sigma) was
added. Sections were incubated with this solution for 15 minutes,
washed in PBS and counterstained with hematoxylin. Alizarin
red staining was performed by incubating unfixed frozen sec-
tions for 5 minutes in 20 mg/ml alizarin red (Sigma), pH 4.2.
Immunohistochemical analyses were performed using antibod-
ies against BrdU (1:50 347580, BD Biosciences) or Ki67 (1:50
550609, BD Biosciences) as described.' Statistical significance
was determined using the two sample Student’s t-test with two-
tailed distribution and unequal variance.

www.landesbioscience.com
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Skeletal staining. Embryos were euthanized, eviscerated and
skinned. The remaining tissue was fixed in 95% ethanol for 4
days, transferred to acetone for 3 days, and subsequently trans-
ferred to staining solution (final volume of 0.015% alcian blue
8GX (Sigma), 0.005% alizarin red S (Sigma) and 5% glacial ace-
tic acid in ethanol) at 37°C for two days and room temperature
for a third day. Tissue was cleared in 1% potassium hydroxide for
several days and ultimately stored in 80% glycerol.

Calvarial preparations and culture. Calvarium from el7.5 or
el8.5 embryos were removed, treated with several rounds of col-
lagenase/trypsin digests at 37°C, and plated onto 6-well plates.
Cells were grown and expanded in a MEM with 10% fetal bovine
serum (Hyclone) and the antibiotics penicillin and streptomycin
(Cellgro). For differentiation, 2.5 x 10° cells were plated onto 3
cm tissue culture plates. Upon reaching confluence, calvarium
derived cells were treated with media supplemented with 50 pg/
ml of ascorbic acid (Sigma) and 10 mM B-glycerol-phosphate
(Sigma). To assay for calcium deposits, plates were stained with
1% alizarin red S solution (pH 5.0) for 15 minutes. For osteoblast
progenitor assays, 450 cells/cm? were plated directly into induc-
tion media. Alkaline phosphatase activity was detected by stain-
ing with BCIP/NBT Liquid Substrate System (Sigma) following
the manufacturer’s instructions. In limiting dilution assays, 5,
10, 25, 100 and 250 cells were plated into 96-well plates contain-
ing differentiation media and stained with BCIP/NBT Liquid
Substrate System (Sigma) 7 days later. Statistical significance was
determined using L-Calc Software (StemCell Technologies).

E2f4 knockdown and overexpression. E2f4 and control
luciferase directed hairpins were cloned into the MSCV-LMP ret-
roviral vector (EAV4679 Open Biosystems). The luciferase hair-
pin was excised from pPRIME-CMV-GFP-FF3 (Stegmeier et al.
2005) with EcoRI and Xhol and subcloned into MSCV-LMP.
The E2f4 hairpin, 5-CAG AGA TTT AGA AAG ATT T-3,
was cloned into MSCV-LMP as described in the manufacturer’s
instructions (Open Biosystems). Phoenix cells at 60% conflu-
ence were transfected with 2 pg/ml MSCV-LMP. The media was
replaced 8 hours later and supernatants were collected at 24 hours
and filtered. Supernatants in 10% FBS and 8 pg/ml polybrene
were added to calvarial cells. Infected cells were selected with 2.5
ug/ml of puromycin for 2 days. pBabe-hE2F4 was used to overex-
press hE2F4. Calvarial cells were infected as described above and
then selected with 2.5 pug/ml puromycin for 2 days. Knockdown
and overexpression of E2F4 protein was confirmed by quantita-
tive RT-PCR and by western, using monoclonal antibodies that
recognize both human and mouse E2F4 [1:10 LLF4.2%]. Gapdh
antibody, (1:5,000, AM4300, Ambion) was used to detect the
levels of Gapdh which was used as a loading control.

For indirect
analyses of BrdU incorporation in vitro, osteoblasts were plated

Immunofluorescence. immunofluorescence
onto coverslips prior to achieving confluence. BrdU was added
to the media (final concentration of 10 M) and incubated for
24 hours prior to fixation using PBS 4% in paraformaldehyde.
Incorporated BrdU was detected using an antibody against
BrdU (1:50 347580, BD Biosciences) and a Texas Red-X goat

anti-mouse secondary (1:1,000, Invitrogen) using standard
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procedures. Statistical significance was determined using the
Student’s t Test.

Transcriptase (Invitrogen) following manufacturer’s instructions.
Quantitative RT-PCR with 100 ng cDNA was performed using
SYBR Green (Applied Biosystems). Reactions were run on the

Quantitative real-time PCR. RNA was isolated from differ-
entiating cells using the Qiagen RNeasy kit. First-strand cDNA
was transcribed from 1 g of RNA using Superscript III Reverse
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ABI Prism 7000 Sequence Detection System and analyzed using
the 7000 SDS software. Primers are listed in Table 1. Statistical
significance was determined using the Student’s t Test.
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