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PROSPECTS

Phenotype Suppression: A Postulated Molecular
Mechanism for Mediating the Relationship of
Proliferation and Differentiation by Fos/Jun Interactions
at AP-1 Sites in Steroid Responsive Promoter Elements
of Tissue-Specific Genes

Jane B. Lian, Gary S. Stein, Rita Bortell, and Thomas A. Owen

Department of Cell Biology, University of Massachusetts Medical Center, Worcester,
Massachusetts 01655

Abstract There is a generalized reciprocal relationship between cell growth and expression of genes that occurs
following completion of proliferation, which supports the progressive development of cell and tissue phenotypes.
Molecular mechanisms which couple the shutdown of proliferation with initiation of tissue-specific gene transcription
have been addressed experimentally in cultures of primary diploid osteoblasts that undergo a growth and differentiation
developmental sequence. Evidence is presented for a model which postulates that genes transcribed post-proliferatively
are suppressed during cell growth by binding of the Fos/jun protein complex to AP-1 promoter sites associated with
vitamin D responsive elements of several genes encoding osteoblast phenotype markers (Type 1 collagen, alkaline

phosphatase, osteocalcin).
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A functional relationship between cell growth
and the initiation, as well as progression, of
events associated with differentiation has been
acknowledged for more than a century as a
fundamental concept of development. However,
the experimental approaches on which the con-
cept of a proliferation/differentiation relation-
ship has been based, although compelling, are
largely descriptive and the results primarily cor-
relative. By the combined application of his-
tochemical, biochemical, and, more recently, de-
terminations of cellular mRNA levels and rates
of transcription using cloned gene probes, an
extensive series of parameters associated with
the sequential expression of cell growth and
tissue-specific genes during cell and tissue spe-
cialization has been established. In general, pro-
liferation appears to accompany and potentially
support expression of some phenotypic genes,
e.g., those associated with the biosynthesis of
the extracellular matrix, while the termination
of proliferative activity parallels the initiation of
expression of other genes for more advanced
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stages of phenotype development. These relation-
ships have, to a large extent, been observed in
vivo during development as well as during tissue
repair and regeneration. Additionally, the re-
cent development of culture systems that sup-
port the differentiation of specialized cells (e.g.,
pluripotent promyelocytic leukemia cells that
develop the monocytic, macrophage, or granulo-
cytic phenotype [1,2]; adipocytes [3,4]; myo-
blasts [5,6]; keratinocytes [7,8]; and osteoblasts
[9-14]) has significantly facilitated examining
regulation of the expression of tissue-specific
phenotypic properties. A more direct indication
of a functional relationship between the down-
regulation of cell growth and initiation of gene
expression associated with a more mature cell
phenotype is reflected by the induction of alka-
line phosphatase gene expression following inhi-
bition of proliferation in osteoblasts [14] and
upregulation of muscle specific genes when
growth is arrested and accompanied by myo-
blast fusion [5,6]. In addition to a general recip-
rocal relationship between cell growth and the
expression of genes that occurs immediately fol-
lowing the completion of proliferative activity,
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the more specific possibility should also be con-
sidered that genes expressed during prolifera-
tion may result in suppression of genes at a
series of stages throughout the development of
the differentiated phenotype. Experimental re-
sults to support this concept will be the theme of
this article.

While the sequential expression of genes dur-
ing the differentiation process is mediated at the
transcriptional as well as at a series of posttran-
scriptional levels, transcriptional control of cell
growth and tissue-specific genes is an important
component of developmental regulation. De-
spite the complex and interdependent signaling
mechanisms that are operative at multiple lev-
els, including the extracellular matrix and mem-
brane-mediated events that through a series of
second messengers may modulate mRNA stabil-
ity or be transduced to the nucleus, a key consid-
eration must be the mechanisms by which genes
are selectively and sequentially rendered tran-
scribable at specific stages during cell and tissue
differentiation. Equally important are the meck-
anisms by which genes are suppressed prior to
and following expression. Two questions that
must therefore be addressed to understand tran-
scriptional control of differentiation are, first,
the identification and characterization of tran-
scriptional regulatory elements and the pro-
moter binding factors that interact in a sequence-
specific manner to modulate specificity and level
of transcription, and, second, the mechanisms
by which regulatory elements are rendered com-
petent to bind cognate transcription factors at
specific times during the differentiation process.

The sequential expression of genes during
progressive development of the rat osteoblast
phenotype has recently been described in vivo
[15-17] and in primary cultures of normal dip-
loid osteoblasts [13,14,18, and Figure 1]. Ini-
tially, proliferating osteoblasts express cell cycle
(e.g., histone) and cell growth (c-myc, c-fos, c-jun)
regulated genes [14,19,20]. Also, during the pro-
liferative period, there is expression of several
genes associated with formation of the extracel-
lular matrix (collagen, fibronectin, and TGF-B)
that is essential to development of the bone cell
phenotype. Immediately following the down-
regulation of proliferative activity, genes such
as alkaline phosphatase are expressed, during
which time the osteoblast extracellular matrix
undergoes a series of modifications in composi-
tion and organization that render it competent
for mineralization. Then, with the onset of extra-

cellular matrix mineralization, genes such as
osteocalcin and osteopontin are expressed at
elevated levels.

Several genes expressed selectively at various
stages of the osteoblast developmental sequence
are transcriptionally modulated by the steroid
hormone vitamin D through binding of the hor-
mone to a cytoplasmic receptor that is then
translocated to the nucleus as a hormone-
receptor complex where sequence-specific inter-
actions at the vitamin D-responsive elements in
the 5' regulatory regions of vitamin D-respon-
sive genes occur. These genes include Type 1
collagen, expressed during proliferation and post-
proliferatively [14,21]; alkaline phosphatase [22],
expressed during the periods of extracellular
matrix maturation and organization; and osteo-
calcin, expressed during extracellular matrix
mineralization [14,23]. Moreover, the biological
relevance of such transcriptional modulation by
vitamin D is supported by the well-documented
role of vitamin D as a physiologic mediator of
expression of these genes in vivo and in vitro
(reviewed in [24—26]). Thus, the mechanism by
which the vitamin D-responsive elements of
these developmentally expressed genes exhibit
occupancy by the vitamin D receptor complex is
essential to our understanding of transcrip-
tional regulation during osteoblast differentia-
tion.

An indication of a potential molecular mecha-
nism for mediating a relationship between prolif-
eration and transcription of a tissue-specific gene
was provided several years ago when the se-
quence of the bone-specific osteocalcin gene pro-
moter was reported [23,27-30] and a series of
AP-1 consensus sequences were identified in the
5’ regulatory region {23,31]. The proto-oncogene-
encoded Fos and Jun proteins form a stable
heterodimeric complex via a leucine zipper that
interacts in a sequence-specific manner with
AP-1 sites. The presence of AP-1 consensus
sequences in the osteocalcin gene promoter pre-
sented the possibility that Fos and Jun proteins
in proliferating osteoblasts could suppress osteo-
calein gene transcription until late in the devel-
opment of the bone cell phenotype, at which
time extracellular matrix mineralization is initi-
ated (Figures 1 and 2). Such a line of reasoning
has recently been supported by four experimen-
tal results:

1. Identification of a vitamin D-responsive
element (VDRE) in the osteocalcin gene pro-
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Collagen: CTGGGGGCAGAAGAACTTTCTGGAGGATTTGAGTGA?
GGAGTCAGACATGGGGTGAAGGCTGTCAR

Alkaline

Phosphatase: GGGGGTGACTGATGGTAACCTGATTG

Osteocalcin: CTGGGTGAATGAGGACATTACTG

Fig. 1. Vitamin D responsive element motifs. The presence of
AP-1 sites within the VDRE’s of the rat osteocalcin gene pro-
moter and putative VDRE of the human alkaline phosphatase
promoter {38] and an AP-1 site contiguous to, but not overlap-
ping, the vitamin D receptor binding domain of two VDRE’s
[a,35; b, A. Lichtler and D. Pavlin, personal communication] in
the rat Type ol collagen gene promoter.

moter (Figure 1) (nt —462 to —440 for the rat
gene and nt —513 to —493 for the human gene)
by deletion mutagenesis [32-34] and by direct
determination of protein-DNA interactions in
the 5’ regulatory sequences [31] indicated that
an AP-1 consensus sequence resides within this
regulatory element that mediates vitamin D en-
hancement of expression. Additionally, an AP-1
consensus sequence was identified in the osteo-
calcin box (nt —76 to —99 for the rat gene and nt
—123 to —100 for the human gene) that con-
tains a CCAAT motif as a central element and
influences tissue-specific basal levels of osteocal-
cin gene transecription. These results are consis-
tent with a model in which coordinate occu-
pancy of the AP-1 sites in the VDRE and
osteocalcin box in proliferating osteoblasts may
suppress both basal level and vitamin D-en-
hanced osteocalcin gene transcription, a phenom-
enon described as phenotype suppression. A sim-
ilar organization of the VDRE and osteocalcin
box for the human and rat osteocalcin gene
suggests that the functional properties of the
elements with respect to the relationship of Jun-
Fos interactions to vitamin D receptor binding
are conserved.

2. Sequence-specific binding of the Jun-Fos
complex to the AP-1 sites within the VDRE and
osteocalcin box of the osteocalcin gene promoter
have been demonstrated at single nucleotide
resolution [35].

3. Expression of C-fos and C-jun have been
shown to occur primarily during the prolifera-
tive period of the osteoblast developmental se-
quence [14,20]. Similarly, electrophoretic mobil-
ity shift analysis has indicated that AP-1 binding
activity is observed primarily in proliferating
ostecoblasts and dramatically decreases after the
down-regulation of proliferation and the initia-
tion of extracellular matrix maturation and min-

eralization, at which time (coincident with) os-
teocalcin gene transcription is initiated [35].

4. Experiments in which transfection of C-fos
and C-jun into cells expressing osteocalcin re-
sults in the down-regulation of osteocalcin gene
transcription further supports a Fos-Jun-medi-
ated suppression of the osteocalcin gene [36].

A question that must always be addressed
with respect to the validity of a model proposed
to explain transcriptional regulation of a gene is
the extent to which the hypothesis is applicable
to other genes expressed under similar or re-
lated biological circumstances. Further support
for the biological relevance of postulating that
Fos-dJun binding to an AP-1 site within a VDRE
can suppress expression of genes normally ex-
pressed following down-regulation of prolifera-
tion comes from the organization of the alkaline
phosphatase gene (Figure 1). Similar to the ob-
served Fos-Jun interactions with the osteocalcin
gene VDRE, an AP-1 motif within the VDRE of
the alkaline phosphatase gene, which is also
expressed following proliferation in osteoblasts
undergoing differentiation, binds the Fos-Jun
complex [35]. An analogous mechanism for sup-
pression of both the alkaline phosphatase and
the osteocalcin gene is particularly interesting,
since while these genes are both expressed after
the completion of proliferation in normal diploid
osteoblasts, they are expressed sequentially: Al-
kaline phosphatase is expressed immediately fol-
lowing the down-regulation of cell growth, while
osteocalcin is expressed only in the mature osteo-
blast undergoing the final stages of differentia-
tion.

Yet to be addressed is the mechanism by which
the osteocalcin and alkaline phosphatase genes
are rendered transcribable and vitamin D respon-
sive at specific times during expression of the
osteoblast phenotype following the down-regula-
tion of proliferation (completion of the cell
growth period). However, the results are consis-
tent with a common mechanism for suppressing
expression of osteoblast genes transcribed post-
proliferatively by Jun-Fos binding when the cells
are actively proliferating and a gene-specific
mechanism for the sequential activation of these
genes during the subsequent expression of the
osteoblast phenotype. Here, the possibilities in-
clude 1) release of the Fos-Jun complex from the
AP-1 sites to permit sequences to be available
for occupancy by the vitamin D receptor com-
plex and/or by tissue-specific osteocalcin box
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transeription factors; or 2) modifications of the
Fos-Jun complex that facilitates binding of acti-
vation-related factors. With respect to the latter
possibility, binding of the Fos-Jun complex may
pleiotropically play a dual positive and negative
role in the regulation of transcription, suppress-
ing transcription when proliferation is ongoing
by directly or indirectly modulating sequence-
specific interactions at the vitamin D receptor
binding domain and then serving to facilitate
vitamin D receptor binding post-proliferatively
to facilitate the sequential upregulation of vita-
min D-responsive genes.

Not to be overlooked is the well-documented
vitamin D responsiveness of the Type I collagen
gene that is actively expressed in proliferating
osteoblasts, providing transcripts to support bio-
synthesis of the principal component of the bone
cell extracellular matrix. Is this incompatible
with the postulated involvement of Fos-Jun/
AP-1interactions in the control of vitamin D-me-
diated transcriptional regulation? Not necessar-
ily. The sequence of the rat Type I collagen gene
has recently been published by Lichtler et al.
[37}, and an examination of the promoter has
revealed two VDRE sequences analogous to that
found in the osteocalcin and alkaline phos-
phatase 5’ regulatory regions, but with the AP-1
consensus sequences contiguous to and not
within the VDRE’s (Figure 1) [35]. Sequence-
specific binding of the Fos-Jun complex to the
AP-1 site (Figure la) associated with the colla-
gen promoter VDRE [35] indicates that subtle
variations in the organization of the VDRE and
AP-1 motifs in the osteocalcin and alkaline phos-
phatase genes compared to that in the Type [
collagen gene promoter may contribute to the

differential expression during the osteoblast de-
velopmental sequence.

It remains to be established whether the orga-
nization of steroid receptor binding domains
and AP-1 sites within promoters of genes that
are hormone responsive can provide a general
mechanism for the phenotype suppression and/or
activation in different periods of cell and tissue
differentiation. However, support for such a
model is provided by the association of AP-1
sites within consensus sequences for other ste-
roid responsive elements including those for
glucocorticoids and estrogen. Undoubtedly, the
phenotype suppression model represents a sim-
plification of an extremely complex series of
protein-DNA interactions whereby multiple
physiological signals are transduced to the nu-
cleus, resulting in modifications in transcription
that progressively alter the phenotypic proper-
ties of cells and lead to structural and functional
events associated with differentiation. However,
the strength of such a model is that it provides a
basis for experimentally addressing the organi-
zation of regulatory elements for genes express-
ing phenotypic markers of cell differentiation
within the context of responsiveness to the activ-
ity of genes associated with proliferation.
Whether this is reminiscent of or directly re-
flecting a molecular parameter of the long-
standing postulated association of proliferation
and differentiation remains to be established.
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