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Abstract We have analyzed the linkage of protein phosphorylation to the remodeling of chromatin structure that
accompanies transcriptional activity of the rat osteocalcin (OC) gene in bone-derived cells. Short incubations with
okadaic acid, an inhibitor of protein phosphatases 1 and 2A, induced marked changes in the chromatin organization of
the OC gene promoter. These changes were reflected by loss of the two DNase | hypersensitive sites normally present in
bone-derived cells expressing this gene. These hypersensitive sites include the elements that control basal tissue-specific
expression, as well as steroid hormone regulation. Indeed, the absence of hypersensitivity was accompanied by
inhibition of basal and vitamin D-dependent enhancement of OC gene transcription. The effects of okadaic acid on OC
chromatin structure and gene activity were specific and reversible. Staurosporine, a protein kinase C inhibitor, did not
significantly affect transcriptional activity or DNase | hypersensitivity of the OC gene. We conclude that cellular
phosphorylation-dephosphorylation events distinct from protein kinase C-dependent reactions are required for both
chromatin remodeling and transcriptional activity of the OC gene in osseous cells. J. Cell. Biochem. 72:586-594,

1999.  ©1999 Wiley-Liss, Inc.
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The packaging of DNA sequences into nucleo-
somes and higher-order chromatin structures
is a key molecular mechanism responsible for
the control of transcriptional activity in eukary-
otic cells [Zlatanova and van Holde, 1992]. It is
widely accepted that nucleosomes modulate ac-
cessibility of specific transcription factors to
their cognate promoter binding sequences.
Moreover, gene activity is often accompanied by
changes in the nucleosomal array, as has been
traditionally evidenced by increases in the ac-
cessibility to nucleases of specific promoter and
enhancer elements [Elgin, 1988; Gross and Gar-
rard, 1988]. Among the mechanisms by which
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eukaryotic cells can induce alterations in chro-
matin structure, post-translational modifica-
tions have been implicated for several years.
Thus, it has been reported that histone acetyla-
tion and protein phosphorylation promote
marked changes in nucleosomal structure that
alter accessibility to specific gene regulatory
elements [Bradbury, 1992].

The osteocalcin (OC) gene encodes a 10 kDa
bone-specific protein that is induced in osteo-
blasts at the onset of mineralization at late
stages of differentiation [Aronow et al., 1990;
Owen et al., 1990]. Transcription of the OC
gene is controlled by modularly organized basal
regulatory sequences and hormone-responsive
enhancer elements [Hoffmann et al., 1994, 1996;
Towler et al., 1994a,b; Newberry et al., 1997,
Tamura and Noda, 1994; Bidwell et al., 1993;
Merriman et al., 1995; Ducy and Karsenty,
1995; Banerijee et al., 1996; Bortell et al., 1992;
Demay et al., 1990; Markose et al., 1990; Terpen-
ing et al., 1991; Guo et al., 1995; Breen et al.,
1994]. These elements are located within two
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Fig. 1. Schematic representation of the rat OC gene and flanking regions. The diagram shows the Xba I/Bam HI DNA
segment used as hybridization probe in the indirect end-labeling analysis. The hatched box represents the OC gene
coding region (including exons and introns) and the horizontal arrow above the gene marks the direction of
transcription. The filled circle represents a positioned nucleosome (N) and the filled boxes below, the distal (dADHS)
and proximal (pDHS) DNase | hypersensitive sites. The locations of key transcription regulatory elements within both

DNase | hypersensitive sites are also marked.

DNase | hypersensitive sites (Fig. 1) that are
present only in bone-derived cells expressing
this gene [Montecino et al., 1994, 1996]. Thus,
remodeling of the chromatin structure of the
OC gene promoter accompanies transcriptional
activation during osteoblast differentiation
[Montecino et al., 1996]. However, regulatory
mechanisms that mediate these conformational
modifications in nucleosomal organization of
the OC gene promoter have not been experimen-
tally addressed. We have recently reported that
hyperacetylation of nuclear proteins alters the
chromatin organization of the OC gene pro-
moter and prevents vitamin D-mediated tran-
scriptional upregulation [Montecino et al., in
press]. By combining nuclease accessibility, in-
direct end-labeling, and ligation-mediated PCR
analysis, we determined that protein-DNA and
protein-protein interactions that promote for-
mation of the distal DNase | hypersensitive site
do not occur under conditions of hyperacetyla-
tion.

It was previously shown that perturbing phos-
phorylation pathways blocked vitamin D en-
hancement of transiently transfected OC pro-
moter-CAT constructs in ROS 17/2.8 cells [Desai
et al., 1995]. Thus, treatment of these bone-
derived cells that continuously express OC, with

okadaic acid, a protein phosphatase inhibitor,
resulted in a marked decrease in binding of the
vitamin D receptor complex (VDR-RXR) to the
OC gene vitamin D responsive element (VDRE).
In contrast, gel mobility shift assays using
nuclear extracts from ROS 17/2.8 cells treated
with staurosporine demonstrated that inhibi-
tion of protein kinase C-mediated phosphoryla-
tion pathways did not impair competency of the
VDR-RXR complex to interact with the VDRE.
Moreover, it was reported that treatment with
either okadaic acid or staurosporine induced
only subtle effects on the binding of AP-1, Sp1,
and ATF to their respective DNA recognition
elements [Desai et al., 1995].

We have now determined that alterations in
phosphorylation events induced in ROS 17/2.8
cells by okadaic acid affect the chromatin orga-
nization and transcriptional activity of the en-
dogenous OC gene. We report that treatment
with okadaic acid had a marked effect on the
DNase | hypersensitivity normally observed in
the OC gene promoter in bone-derived cells
[Montecino et al., 1996]. A significant decrease
in hypersensitivity at both distal (—600 to —400)
and proximal (=170 to —70) sites occurred fol-
lowing 4 h of incubation. This effect was found
to be reversible and accompanied by a marked
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decrease in basal OC transcriptional activity as
measured by nuclear run on assays.

MATERIALS AND METHODS
Cell Culture

Rat osteosarcoma-derived ROS 17/2.8 cells (a
gift from S. Rodan and G. Rodan; Merck, Sharp,
and Dohme, West Point, PA) were maintained
as reported [Majeska et al., 1980]. Confluent
cultures were treated with 100 nM okadaic
acid, 100 nM staurosporine, 1078 M, 1,25- dihy-
droxyvitamin D3, or combinations of them, for
various periods of time as indicated. OC gene
transcription was determined by nuclear run
on analysis [Montecino et al., 1996]. OC biosyn-
thesis was assessed by measuring the OC se-
creted into the medium by RIA, as previously
described [Gundberg et al., 1984].

DNase | Hypersensitivity Analysis

DNase I digestion analysis of isolated nuclei
from confluent cultures of ROS 17/2.8 cells was
performed according to the indirect end-label-
ing method [Wu, 1980]. Restriction enzyme
cleavage of purified genomic DNA, electrophore-
sis, blotting, and hybridization were performed
as previously described [Montecino et al., 1994,
1996]. As shown in Figure 1, we used the Xba
I/Bam HI probe from the 3’ end of the plasmid
pOC3.4 to analyze DNase | hypersensitivity of
the OC gene. To determine the hypersensitivity
pattern associated with the histone H4 genes,
we used a probe directed against the coding
region of the rat histone H4t gene (a generous
gift from Sidney Grimes, Louisiana State Uni-
versity).

RESULTS

Okadaic Acid Treatment Induces a Decrease
in Hypersensitivity of the Osteocalcin
Gene Promoter

Extensive studies have shown that in eukary-
otic cells most active genes exhibit DNase |
hypersensitive sites, usually within the pro-
moter region. These domains normally reflect
alterations in the canonical nucleosomal organi-
zation and the interaction of nuclear factors
with their specific DNA recognition elements
[Elgin, 1988; Gross and Garrard, 1988]. We
have shown that formation of two DNase I
hypersensitive sites accompanies transcrip-
tional activation of the OC gene in bone-derived
cells [Montecino et al., 1994, 1996]. The forma-

tion and intensity of these sites reflect transcrip-
tional activity of the OC gene since: 1) they
were not detected in non-osseous cells or in
bone-derived cells which do not express this
gene, and 2) they are increased following vita-
min D treatment, which results in a significant
enhancement of basal OC gene transcription.

It has been reported that altering phosphory-
lation pathways in ROS 17/2.8 cells, by inhibit-
ing either protein kinase or phosphatase activi-
ties, results in significantly decreased levels of
expression from transiently transfected OC pro-
moter constructs [Desai et al., 1995]. In order to
assess the role of protein phosphorylation-
dephosphorylation events in the remodeling of
the chromatin organization of the endogenous
OC gene promoter, we measured the effect of
incubating ROS 17/2.8 cells with okadaic acid
(an inhibitor of protein phosphatases 1 and 2A)
or staurosporine (a protein kinase C inhibitor)
on the formation of the DNase | hypersensitive
sites. As shown in Figure 2, treatment of conflu-
ent ROS 17/2.8 cell cultures with 100 nM oka-
daic acid for 4 h resulted in a significant de-
crease in DNase | hypersensitivity at the OC
gene promoter. This effect was less significant
in cells co-treated with 1078 M vitamin D3
(Fig. 2A). When the treatment with okadaic
acid was extended to 24 h (Fig. 2B), both distal
and proximal DNase | hypersensitive sites were
undetectable, even in the presence of vitamin
D3. When protein kinase C activity was inhib-
ited with staurosporine, we observed that nei-
ther 4 nor 24 h incubation periods were suffi-
cient to change significantly the chromatin
organization of the OC gene promoter.

To analyze if the okadaic acid-induced
changes in the OC gene promoter were revers-
ible, we reincubated the 4 h-treated confluent
ROS 17/2.8 cultures in fresh okadaic acid-free
media. As shown in Figure 2C, within 24 h after
removal of okadaic acid, the alterations in the
OC gene chromatin structure induced by this
treatment were completely reversed and re-
stored to the control condition.

To determine if okadaic acid promoted a gen-
eralized change in the chromatin structure of
ROS cells, we analyzed the DNase | hypersensi-
tivity pattern associated with the histone H4
genes. Indirect end-labeling analysis using a
probe that recognizes the coding region of the
rat histone H4 genes [Montecino et al., 1996]
demonstrated that incubation of ROS 17/2.8
cells with either okadaic acid or staurosporine
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Fig. 2. Okadaic acid treatment inhibits formation of DNase |
hypersensitive sites at the OC gene promoter. Confluent ROS
17/2.8 cell cultures were incubated in the presence of 100 nM
okadaic acid (OA), 100 nM staurosporine (ST), 10~8 M vitamin
D3 (D), vitamin D3 and okadaic acid (OA+D), or vitamin D3
and staurosporine (ST+D) combined during 4 (A) or 24 (B) h.
Nuclei were subsequently isolated and incubated with increas-
ing concentrations of DNase | for 10 min. The purified genomic
DNA was then completely cleaved with Bam HI, electropho-
resed in a 1.2% agarose gel, blotted, and hybridized with the
Xba 1/Bam HI probe (see Fig. 1). C: Confluent ROS 17/2.8 cell
cultures were treated for 24 h under control conditions (a), or in

D OA+D ST+D

the presence of 100 nM okadaic acid alone (b), or with 108 M
vitamin D3 and okadaic acid combined (c). Subsequently, the
cultures were washed with fresh media and incubated under
control conditions for 20 h. Following nuclei isolation, the
DNase | hypersensitivity analysis at the OC gene promoter was
carried out by the indirect end-labeling method as described
above. D: Aliquots of the purified genomic DNA from the
samples analyzed in B were completely cleaved with Kpn | and
Eco RI, electrophoresed in a 1.5% agarose gel, blotted, and
hybridized with a probe that recognizes the coding sequence of
rat histone H4 genes [Montecino et al., 1996].
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Figure 2.

did not significantly alter the hypersensitivity
pattern of these genes (Fig. 2D).

Taken together, these results indicate that
formation of DNase | hypersensitive sites at
the OC gene promoter requires phosphorylation-
dephosphorylation reactions. These reactions
involve protein phosphatase 1 and 2A activi-
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ties, but not staurosporine-inhibited protein Ki-
nase C activity.

Okadaic Acid Treatment Inhibits Expression
of the OC Gene in ROS 17/2.8 Cells

We next evaluated the effect of inhibiting
phosphorylation-dephosphorylation events with
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Fig. 3. Okadaic acid treatment inhibits OC gene transcription. Transcriptional activities of the rat OC (solid bars) and histone H4
(hatched bars) genes in ROS 17/2.8 cells cultured under control conditions, and in the presence of okadaic acid or staurosporine alone
or in combination with vitamin D3, were measured by nuclear run on analysis. A: Effect of 4 h incubation, and (B) effect of 24 h
incubation. C, control; OA, okadaic acid (100 nM); ST, staurosporine (100 nM); D, vitamin D3 (10~8 M). The data presented are

representative of results from three independent experiments.

TABLE |I. Effect of Okadaic Acid Treatment
on the Osteocalcin Biosynthesis Rate
in ROS 17/2.8 Cells

OC concentration

Treatment (ng/dl)

Control 35.68 = 11.34
OA2 15.86 + 11.70
Vit D3P 125.29 + 28.65
OA + Vit D3 45.71 = 25.56

20A, okadaic acid (100 nM).
bVit D3, Vitamin D3 (10~8 M).

okadaic acid and staurosporine on the level of
OC gene expression in ROS 17/2.8 cells. For
this purpose, we measured transcriptional activ-
ity by nuclear run on analysis [Montecino et al.,
1996] and OC biosynthesis by ELISA [Gund-
berg et al., 1984]. We observed that after 4 h of
incubation with okadaic acid, there was a
marked reduction in the basal levels of OC gene
transcription (Fig. 3A). Furthermore, in these
cells vitamin D-dependent upregulation of OC
gene transcription was completely inhibited. In
contrast, transcription of the histone H4 genes
was not significantly affected (Fig. 3A). If treat-
ment with okadaic acid was further extended to
24 h, a similar inhibition of OC expression, as
reflected by the levels of OC transcription
(Fig. 3B) and OC biosynthesis (Table 1), was
observed. Treatment of confluent ROS 17/2.8
cell cultures with staurosporine did not alter

the basal or vitamin D-enhanced transcrip-
tional activity of the OC gene (Fig. 3A).

Taken together, these results indicate that,
in agreement with a previous report, but now
analyzed within an endogenous chromatin con-
text, inhibition of phosphatases 1 and 2A with
okadaic acid prevents basal and vitamin D-en-
hanced OC transcription in ROS 17/2.8 cells.
This inhibition is effective following 4 h of incu-
bation and correlates with marked changes in
chromatin organization.

DISCUSSION

We have studied the role of protein phosphor-
ylation-dephosphorylation events in the chro-
matin remodeling process that accompanies
transcriptional activation of the rat OC gene in
bone-derived cells. We have measured the effect
of incubating confluent ROS 17/2.8 cell cultures
with okadaic acid, an inhibitor of protein phos-
phatases 1 and 2A, and staurosporine, a non-
specific protein kinase C inhibitor [Meggio et
al., 1995; Wilkinson et al., 1993]. The effect on
chromatin structure was evaluated by analyz-
ing changes in the DNase | hypersensitivity
pattern of the OC gene promoter by the indirect
end-labeling method. The effect on OC tran-
scriptional activity was measured by nuclear
run on assays. We found that short treatments
with okadaic acid (4 h) significantly decreased
formation of the two DNase | hypersensitive
sites normally present at the OC gene promoter
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of these cells. In addition, these incubations
inhibited basal and vitamin D-dependent en-
hancement of OC transcription. Our results
support the previously reported tight and di-
rect relationship between OC transcriptional
activity and the presence of DNase | hypersen-
sitivity in the OC gene promoter region [Monte-
cino et al., 1994, 1996].

It has been well-established that short incu-
bation of cell cultures with okadaic acid results
in phosphorylated chromosomal proteins [Guo
et al., 1995; Feng et al., 1991; Herrera et al.,
1996; Chadee et al., 1997; Mahadevan et al.,
1991; Ajiro et al., 1996]. However, the overall
effect of this treatment on general chromatin
structure remains to be established. Contradic-
tory results have been obtained by different
groups. Thus, it was reported that okadaic acid
treatment led to chromosome condensation [Guo
et al., 1995; Ajiro et al., 1996], reflecting a
molecular mechanism that is operative during
normal mitosis. These results also suggested
that protein phosphatases 1 and 2A may be
important in regulating chromosomal condensa-
tion by restricting the level of histone phosphor-
ylation during interphase. Premature chromo-
some condensation may thereby be promoted
by inhibiting activity of these phosphatases
[Guo et al., 1995]. In contrast, it has also been
reported that a histone phosphorylated state
induced by incubating cells with okadaic acid
leads to a decondensed chromatin structure
[Feng et al., 1991; Herrera et al., 1996; Chadee
et al., 1997]. It was proposed with this decon-
densed structure may be required to facilitate
transcription and replication processes.

Although a definitive explanation of these
apparently contradictory results is not known,
it may be related to differences among cell
types, especially with respect to sensitivity to
okadaic acid. In our studies, we observed that
lower concentrations of okadaic acid (50 nM)
did not significantly affect the basal or vitamin
D-enhanced expression of OC promoter con-
structs transiently transfected into osteoblastic
cells (unpublished results). We also found that
treatment with 100 nM okadaic acid for up to
24 h did not change the morphology of these cell
cultures and did not significantly increase cell
death (unpublished results). In addition, it was
previously observed that transcription factor
binding activities of AP-1, Sp1, and ATF were
not affected following 24 h of incubation with
okadaic acid [Desai et al., 1995]. We have also

found that treatment with either okadaic acid
or staurosporine for 4 h does not alter the
vitamin D-dependent DNA-binding activity of
the VDR-RXR complex (data not shown). Here
we have determined that the changes in the
DNase | hypersensitivity pattern of the OC
gene promoter are reversible. These changes do
not reflect major and generalized alteration of
chromatin structure in okadaic acid treated-
ROS 17/2.8 cells.

Taken together, these observations suggest
that cellular protein phosphorylation-dephos-
phorylation events have an important role in
the molecular mechanism responsible for tran-
scriptional activation and chromatin remodel-
ing at the OC gene promoter in osteoblastic
cells. Staurosporine-sensitive protein kinase ac-
tivities such as protein kinase C do not appear
to participate. Interestingly, Haussler and col-
leagues have previously suggested a role for
casein kinase Il in the phosphorylation events
that precede ligand-dependent binding of the
vitamin D3 receptor in vivo [Jurutka et al.,
1993, 1996].

It has been recently reported that the cata-
lytic subunit of the Ku-DNA-dependent serine-
threonine protein kinase (Ku-DNA PK) com-
plex phosphorylates in vivo hGCN5, a putative
transcriptional adapter that possesses histone
acetyltransferase (HAT) activity [Barlev et al.,
1998]. This phosphorylation inhibited the GCN5
HAT activity. The inhibitory effect was abol-
ished by dephosphorylating GCN5 with a phos-
phatase. Because the Ku-DNA PK activity has
been implicated in transcriptional repression
[Giffin etal., 1996; Kuhn et al., 1995], a molecu-
lar mechanism for regulating in vivo the role of
GCNS5 in transcription was suggested [Barlev
et al., 1998]. Interestingly, HAT activity has
also been directly implicated in the chromatin
remodeling events normally associated with
gene transcription [Wolffe and Pruss, 1996;
Struhl, 1998]. We have recently reported that
nonregulated chromatin acetylation has pro-
found effects on both transcriptional activity
and DNase | hypersensitivity of the OC gene in
ROS 17/2.8 cells [Montecino et al., in press]. We
propose that inhibition of protein dephosphory-
lation events could also alter histone acetyla-
tion activities, such as that present in GCNS5,
which are required for both transcriptional ac-
tivity and chromatin remodeling of the OC gene
in bone-derived cells. The nature of the kinase
pathway and the specific kinase activities in-
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volved in DNase | hypersensitivity and OC
gene expression are currently being investi-
gated.
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