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[CANCER RESEARCH 59, 5980-5988, December 1, 1999]

The CCAAT Displacement Proteintut Homeodomain Protein Represses Osteocalcin
Gene Transcription and Forms Complexes with the Retinoblastoma Protein-related
Protein p107 and Cyclin A

Maria F. van Gurp, Jitesh Pratap, Mai Luong, Amjad Javed, Heidi Hoffmann, Antonio Giordano, Janet L. Stein,
Ellis J. Neufeld, Jane B. Lian, Gary S. Stein, and AndfeJ. van Wijnen?
Department of Cell Biology, University of Massachusetts Medical School and Cancer Center, Worcester, Massachusetts 01655 [M. F.v. G., J. PJ.,M{.LlH. AJ. L. S.,

J.B.L., G.S. S, A J.v. W]; Department of Pathology, Jefferson Medical College, Philadelphia, Pennsylvania 19107 [A. G.]; and Division obdjen@ititdren’s Hospital,
Boston, Massachusetts 02115 [E. J. N.]

ABSTRACT that are expressed at later stages of fetal development. For example,
expression of the DIx-5 and Msx-2 homeodomain proteins is cell type
restricted and confined to specific stages of skeletal development and

. : . bone cell differentiation. Furthermore, mutations in the Msx-2 and DIx-5
ments for the expression or suppression of the encoded proteins. Osteo- L . . "
calcin (OC) gene transcription is restricted to the late stages of osteoblast genes _ha_ve been implicated in genetic SkEIe_tal abnorm_a"t'es (8, 9). Both
differentiation. OC gene expression is suppressed in nonosseous cells andranscription factors are capable of repressing bone tissue-related gene
osteoprogenitor cells and during the early proliferative stages of bone cell €xpression (10-14) and are differentially expressed during osteoblast
differentiation. The rat OC promoter contains a homeodomain recogni- differentiation. These data suggest that DIx-5 and Msx-2 represent tissue-
tion motif within a highly conserved multipartite promoter element (OC  specific components of a homeodomain-mediated signaling cascade that
box 1) that contributes to tissue-specific transcription. In this study, we may determine the progression of osteoprogenitors into mature osteocytic
demonstrate that the CCAAT displacement protein (CDP), a transcription  cells. Although the activities of Msx-2 and DIx-5 appear to control bone
factor related to the cuthomeodomain protein inDrosophila melanogaster tissue-specific genes during late developmental stages, other homeodo-
may regulate bone-specific gene transcription in immature proliferating proteins may regulate osteoblast-related genes during earlier stages
osteoblasts. Using gel shift competition assays and DNase | footprinting, .

of osteoblast phenotype commitment.

we show that CDPtut recognizes two promoter elements (TATA and OC o . ds by d | | - f oluri
box 1) of the bone-related rat OC gene. Overexpression of CDBtin ROS steogenesis proceeds by developmental transitions of pluripotent

17/2.8 osteosarcoma cells results in repression of OC promoter activity; Pregenitor cells of mesenchymal origin into precommitted osteopro-
this repression is abrogated by mutating OC box I. Gel shift immunoas- genitor cells that eventually mature into osteoblasts that support the

says show that CDP¢ut forms a proliferation-specific protein/DNA com-  extracellular matrix (1, 2). Osteoblast differentiatiornvitro proceeds
plex in conjunction with cyclin A and p107, a member of the retinoblas- by a three-stage developmental sequence and occurs concomitantly
toma protein family of tumor suppressors. Our findings suggest that with formation of a mineralized bone-like extracellular matrix similar
CDP/cut may represent an important component of a cell signaling mech- g honein vivo (1, 2). The OC gene represents a paradigm for
anism that provides cross-talk between developmental and cell cycle- nqerstanding transcriptional control of osteoblast maturation (15).
related transcriptional regulators to suppress bone tissue-specific genes The OC gene is transcriptionally inactive in nonosseous cells and
during proliferative stages of osteoblast differentiation. . . . .
immature osteoprogenitor cells. The gene is up-regulated during os-
teoblast differentiation when osteoblasts cease to divide and is ex-
pressed maximally in mineralizing osteoblasts. Because OC is a major

Bone tissue formation occurs late in fetal development and #@ncollagenous bone protein and biosynthesis is primarily restricted
mediated by osteoblasts that secrete bone-related extracellular magiature mineralizing osteoblasts, expression of the OC gene appears
proteins €.g.,collagen type | and O%) that support mineral deposi- to be positively and negatively controlled to accommodate physiolog-
tion (1, 2). The temporal appearance and location of preosse(b@@ requirements for the encoded protein in mineralized bone. One
tissues is controlled in part by homeodomain transcription factors apdncipal tissue-specific element of the OC promoter regulating these
developmental morphogens (3-5). The classical Hox homeodomgnscriptional modulations is a multipartite transcriptional element
proteins represent 13 paralogous classes of related proteins, wislegignated OC box I. Both Msx-2 and DIx-5 functionally interact with
share a 60-amino acid protein segment (homeobox) that contacts DRAomeodomain motif (SCTAATT) that overlaps a CCAAT-like
(6Y 7) Several Hox genee_g.‘Hoxa_lol Hoxa-11, and Hoxa -13, as We||element within OC box | (10—14) Because DIx-5 and Msx-2 are not
as Hoxd-10, Hoxd-11, Hoxd-12, and Hoxd-13) participate in the form&xpressed in many nonosseous cells, we postulate that OC gene
tion of axial and appendicular skeletal elements (3). However, wherdenscription may be in part actively repressed by general rather than
Hox and other developmental mediators primarily control positiondfsue-specific transcription factors.
information along the anterior/posterior body axis, osteoblast maturatiof>PPEut is a ubiquitous homeodomain protein homologous to the

appears to involve other classes of (“non-Hox") homeodomain proteiR§osophila cutgene (16-18) and represents an active repressor of
differentiation-specific gene expression in many vertebrate cell types
Received 3/22/99; accepted 10/1/99. (19—27). CDRéut contains foqr conserved DNA bmdmg domains,
The costs of publication of this article were defrayed in part by the payment of pay€., three cut repeats and a single homeodomain, which each recog-
charges. This article must therefore be hereby maddertisemenin accordance with nize redundant but related sequence elements (28 29) including
18 U.S.C. Section 1734 solely to indicate this fact. . } ! '
1Supported by NIH Grants AR 39588 (to G. S. S.) and DE12528 (to J.B.L). ~ CCAAT and TAAT motifs identical to those present in OC box | of
2To whom requests for reprints should be addressed, at Department of Cell Biologie rat and mouse OC genes (10, 11). In addition, interactions of
University of Massachusetts Medical School, 55 Lake Avenue North, Worcester, ; ; : ; ;
01655. Phone: (508) 856-5625; Fax: (508) 856-6800; E-mail: andre.vanwijne%DPbleth gene promoters can occurin conjunction with pRB and
umassmed.edu. related tumor suppressor proteins (27, 30, 31). Hence, GDRiay
The ablélreviations used are: OC'| OstZO?a)lcin: CDP[ CChAAT diSflacement protetgipresent an important component of a cell signaling mechanism that
pRB, retinoblastoma protein; nt, nucleotide(s); GST, glutathiSrieansferase; CMV, .
cytomegalovirus; CAT, chloramphenicol acetyltransferase; poly (G/C) DNA, polprowde.S .cross-talk between d.evel()pme.mal a”?' Cel.l gquh'relatEd
(dG—dC)(dG—dC); poly (I/C) DNA, poly (d-dC)(dI—dC). transcriptional regulators. Despite these interesting biological proper-
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Fig. 1. Summary of DNA probes, oligonucleotides, and OC promoter mutationgophrtionshows a schematic representation of the OC promoter including key gene-regulatory

elements as described in detail previously (15). The proximal promoter contains a series of regulatory elements including the TATA box and OCnetixak sites for
AML/CBFA-related runt-homology proteinsS{te Q, HLH proteins E-boX, and the glucocorticoid receptoBRE). OC box | is a principal tissue-specific element that contains a
CCAAT-like motif (5'-CCAAT, sense strand) and an overlapping homeodomain recognition moffQBATT, antisense strand; Refs. 11 and 12). The DNA probe used for
protein/DNA interaction studies is indicated immediately below the OC promoter diagram and spathdQ#t23 (PstHindlll fragment). OC promoter oligonucleotides used as
specific competitor DNAs in this study are indicatedlmes with arrowheadsThe OC 99/76 MUT oligonucleotide contains an 8-nt mutatioox(with vertical stripelsin which the
5'-CCAATTAG element is mutated to'85ACTGCTC. Additional oligonucleotides containing established @DH3inding sites I{nes with arrowheads on each endere derived

from the promoters of the gp91phox (17, 22), histone H4 (34, 36), and histone H3 (51) genes. Key regulatory ebexestsith diagonal strip¢snd relevant promoter domains
(horizontal bracketsfor each of these genes are indicated to show the relative locations ot@i3Rés. DNase | footprints for CD&t have been established for all four promoters

and are indicated bthick lines above the sequendéise DNase | footprint data for the OC gene were determined as a component of this study and are presented in Fig. 3). Relevant
motifs related to CCAAT and TATA boxes that are located within the DNase | footprints for each gene are indicatadawthbelow the sequences
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ties, functional involvement of CDBXMt in regulating osteoblast- RESULTS
related gene expression has not been explored. ) ) N )

In this study, we show that CD&Ut functionally interacts with oc 1€ CDP/cut Homeodomain Protein Interacts Specifically with
box | and the TATA box and is capable of repressing OC promotHt€ Proximal Promoter of the OC Gene. The proximal promoter of
activity. Furthermore, our data demonstrate that @DPinteracts the rat OC gene (Fig. 1) contains at least one CCAAT-like element
with the OC promoter in a proliferation-specific manner and forms 3'd @ S>TCAATT homeodomain motif, both of which reside in OC

higher order protein/DNA complex with the pRB-related protein p10§0 | @ principal tissue-specific promoter element of the OC gene (1).
and cyclin A. Therefore, in a broader context, these data may provigeth elements are among a variety of sequence motifs recognized by

support for the concept that the CRBI homeodomain protein is a CDPEut (28, 29). We directly addressed the question of whether

component of an intricate transcriptional mechanism that suppresS&Put is capable of interacting with the proximal OC promoter.
differentiation-specific gene expression in actively dividing cells tiz'“d'“g of purified recombinant GST-CD&t fusion protein [GST/

forming specific protein/DNA complexes with cell growth regulatonf-PP(CR2-Cterm)] was assessed in gel shift assays using a probe
factors. spanning nt-140 to +23 of the OC gene (Fig.A). In addition, we

analyzed the binding of endogenous CBR/complexes in nuclear
MATERIALS AND METHODS extracts from ROS 17/_2.8 qs'[_eosarcoma C(_ells_(F@.. Z'he_GST/
CDP(CR2-Cterm) protein mimics the DNA binding properties of the
Protein/DNA Interaction Assays. Nuclear proteins from ROS 17/2.8 os-full-length CDP£ut protein and spans the COOH-terminal portion of
teosarcoma cells and calvarial rat osteoblasts were obtained by salt extraci®pPcut, encompassing cut repeats 2 and 3 and the homeodomain
(0.42m KCI; Ref. 32) using a procedure that has been documented in defggh) As a positive control, we used a probe spanning the duplicated
prev!ously (33). Nuclear extr_acts from Hela cells were prepared as descrl_t@éAAT box region of the myeloid gp91-phox gene that represents a
e e Wflototypical high affinfy CDRi e (Refs. 17 and 15, cita ot
own). The results show that the GST/CDP(CR2-Cterm) fusion

facturer (Pharmacia). All protein preparations were quantitated by Coomasd . . . -
Blue dye binding assays. protein (Fig. 2) and endogenous CDd&t proteins (Fig. B) form

Gel shift assays with nuclear extracts were performed as described pr&lgctrophoretically stable complexes with the OC gene promoter.
ously (34) in a volume of 2@l and contained 10 fmol of &P-labeled DNA  To establish specificity of the CD&Ut protein/DNA interactions,
fragment spanning the promoters of the genes for rat OCtM0+23; we performed gel shift competition assays with a panel of oligonu-
Pst/Hindlll fragment of pOCZCAT; Ref. 11), human histone H4 97/ cleotides (Fig. 1) spanning wild-type and mutant sequences of the OC
—38; EcoRI/Hindlll fragment of pFP201; Ref. 34), or human gp91phox (Nhromoter that encompass the OC box. DNA segments comprising
—136/—76; EcoRI/Hindlll fragment of pFPUC; Ref. 17). Binding reactions previously characterized binding sites in the gp91-phox (17, 19) and

with nuclear extract protein containedu®y of poly(G/C) DNA and 0.2ug of . .
poly(I/C) DNA, whereas reactions with purified GST/CDP(CR2-Cterm) conr-"Stone H4 and histone H3 gerlg@7) were also analyzed. The data

tained 0.2ug of poly(G/C) DNA. Standard competition assays were pen‘orme%hOW that °_°mp_'exes mediated by recombinant _GST/_CDP(CRZ'
by adding a 100-fold molar excess (1 pmol) of unlabeled oligonucleotides %term) protein (Fig. 2) and endogenous CDét proteins (Fig. B)

the DNA probe before adding protein. Gel shiftimmunoassays were perform&h the OC probe (nt-140/+23) are competed by OC promoter
as described previously (27) with antibodies against p107 and p130 (Sas@&gment nt—120/~76. In contrast, the OC segment r99/-76

Cruz Biotechnology) or with hybridoma supernatants and antisera as indicagampetes with very low efficiency. No competition is observed with
in the figure legends. Gel shift assays aimed at determining the molecutamutant oligonucleotide OC nrt99/—76, which contains mutations
weight of the CDRéut protein/DNA complexes were performed as describegh OC box | that alter the overlapping CCAAT and CTAATT motifs.
by Orchard and May (35) using-macroglobulin as a standard. To facilitateThege findings suggest that the interaction of GiPwith the OC
measurements (in mm) of the migration of the C&Rtomplex in gel shift gene requires the CCAAT/homeodomain motif of OC box | and
assays, electrophoresis times were extended to a total of 4—8 h at 200 V'adjacent sequences between-it20 and—76.

DNase | footprinting analyses of GST/CDP(CR2-Cterm) binding werée . L .
performed with probes that were labeled at an artifielaldlll site (nt +23) For comparison, the site in the gp91-phox gene that binds QDP/

present in pOCZCAT (11) using eithef?Plg-ATP and T4 polynucleotide With very high affinity (estimated, = 10" m; Ref. 22) competes
kinase (for labeling the antisense strand) @*fP]dCTP and Klenow polym- Strongly for recombinant GST/CDP(CR2-Cterm) binding to the OC
erase (for labeling the sense-strand). Binding reactions were performed v@@ne. Segments spanning the promoters of the histone H4 (estimated
the GST/CDP(CR2-Cterm) protein in a p0volume using 10 fmol of probe k, = 10~°")*and histone H3 genes compete with moderate efficiency
and 500 ng of poly(G/C) DNA. DNase | digestions were performed by dilutingFig. 2B). Comparison of the oligonucleotide competition data sug-
samples to 10Qul while adding DNase | (1 Kunitz unit) and MgEe(5 mv,  gests that the relative strength of GST/CDP(CR2-Cterm) binding to
final concentr(ation)). Redactions we;eballor\:veddtg procefed forll r;nin at ambz‘?‘mferent genes is gp91-phox> OC > H4 > H3.

temperature (20°C) and terminated by the addition of 50 ml of stop-mix (10 H\jaqe | footprinting results (see the data presented below) indicate
mu EDTA, 0.1% SDS, and 0.2g/ul salmon sperm DNA). Samples were then;ﬁhat both OC promoter regions are important for binding. Competition

subjected to phenol/chloroform extraction, followed by ethanol precipitatio . ) .
DNA pellets were quantitated by Cerenkov counting and dissolved in 90%per'ments using ROS 17/2.8 nuclear proteins were also performed

formamide. Samples were electrophoresed in sequencing gels and analyze¥igh) Wild-type and OC box mutant nt-120/-76 oligonucleotides
autoradiography. (OC 120/76), as well as with wild-type and mutant oligonucleotides

Transient Expression Assays.Functional evaluation of the effects of spanning nt—50 to —6 of the OC promoter that encompasses the
CDPktuton OC promoter activity was performed in ROS 17/2.8 osteosarcorifATA box region (OC 50/6; Fig. €). The competition data (Fig.Q
cells by cotransfecting a CMV promoter-driven construct containing the fulshow that the OC 120/76 and OC 50/6 oligonucleotides both compete
length CDPéutcDNA (17) with wild-type or mutant OC promoter/CAT fusion oy CDPkut binding, albeit with modest efficiency, but the corre-
construct (11) using calcium phosphate-mediated gene transfer (32). Variag;fﬂ)nding mutant oligonucleotides show reduced competition poten-
in transfection efficiency was accounted for by cotransfecting a SV40 prom?éL We then performed gel shift experiments with the wild-type OC

]

er-driven luciferase construct. Samples were harvested 2 days after transfec . . . ) .
and evaluated for CAT and luciferase activity. CAT values were normaliz 8/76 and OC 50/6 oligonucleotides in comparison to the plasmid-

for luciferase activity and evaluated by ANOVA of repeated measures faerived OC—140423 fragment (OC 146/23) as probes (Fig.[2).

statistical significanceR < 0.01; Dr. Stephen Baker, University of Massa-

chusetts Biocomputing Department, Worcester, MA). 4 Unpublished data.
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Fig. 2. Sequence-specific binding of CBf to the OC promoterA, gel shift assays were performed with purified recombinant GST-@RRJsion protein [GST/CDP(CR2-
Cterm)] to a probe spanning rt140/+23 of the OC genet¢p andbottom panels Oligonucleotide competition analysis of GST/CDP-Cterm binding to the OC probe was performed
using increasing amounts of unlabeled competitor DNA oligonucleotglepdd trianglg. The amounts added were, respectively, 0, 1, 2, or 5 pmol of oligonucleotide per lane. Because
each reaction contains 10 fmol (0.)nof probe, these amounts correspond with, respectively, 0-, 100-, 200-, and 500-fold molar excess of unlabeled competitor oligonucleotide. The
oligonucleotides span portions of the OC gene promatgr §ane) or the promoters of the histone H4, gp91-phox, and histone H3 gbotsr panél The OC 99/76 mut fragment
contains an 8-nt mutation of the internal region of the OC box that abolishes the overlapping CCAAT-like element and CTAATT homeodomain matif (EIOT2probe mediates
both high ¢) and low §:) mobility complexes with recombinant CDd#t protein. The high mobility complexes increase with increasing amounts of protein (data not shown) and may
reflect binding of more than one CDP protein per probe moledjlgel shift oligonucleotide competition assays were performed with nuclear protgig)(Bom ROS 17/2.8 cells
and the OC probe (nt-140H23) using the same increasing amounts of competitor DNA oligonucleotitigsed triangl¢ as described iA. The double arrowheadndicates the
endogenous CDPBUt complex that appears as a closely spaced doublet. The origin of electrophoretic migration is just above the border of the panel. The resultsdbgenthat e
CDPkLut complexes in osteoblast and osteosarcoma cells have a binding specificity similar to that of recombinant GSit/@Phote that the electrophoretic mobilities of
endogenous CDPUtprotein/DNA complexesH) are significantly slower than those mediated by recombinant @RProtein @); the difference in mobility may be due to the absence
or presence of cofactors (see Fig. 6).oligonucleotide competition assays were performed using the OC promoter fragmebhd®t-23 as a probe and 45-mer oligonucleotides
spanning the wild-type or mutant OC box | region from-nt20 to —76 (OC 120/7¢ or the TATA box region from nt-50 to —6 (OC 50/6. These experiments were performed
using approximately Gug of ROS 17/2.8 nuclear protein, and thleped trianglerepresents increased competitor quantities (0, 2.5, 5, and 10 pmol, respectively). We note that the
CDPktut complex is detected as a single band (rather than a doubleB)saehese assays, which may be due to subtle differences in experimental proc&jigekshift assays
were carried out with ROS 17/2.8 nuclear proteinu§ top pane) and recombinant GST/CDP(CR2-Cterm proteloyer pane) using radiolabeled OC promoter fragments spanning
nt —140 to +23 (OC 140A-23), —120 to—76 (OC 120/7¢ and —50/—6 (OC 50/, as well as a probe spanning a CB#/binding site in the histone H4 gene (52).

Using nuclear protein from ROS 17/2.8 cells under stringent condind not for either of the 45-mer oligonucleotides (OC 120/76 and OC

tions to suppress the binding of nonspecific proteins present in nucl&@r6; Fig. D, top pane). Gel shift experiments were performed in

extractsj.e., using relatively high nonspecific DNA amountsj@ of parallel using GST/CDP(CR2-Cterm) protein (Fidp,2ower pane).

poly(G/C) DNA and 200 ng of poly(l/C) DNA] per 2@l reaction), We note that these binding reactions with affinity-purified protein are

we observed the formation of an electrophoretically stable complprrformed with less nonspecific DNA [200 ng of poly(G/C) DNA] than

containing CDR{ut only for the —140/+23 fragment (OC 1406/23) used with nuclear extracts, because there are few nonspecific proteins
5983
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present. Under these more relaxed binding conditions, we observed tf 2 3

the full-length OC —140H-23 promoter probe mediates the expected P= OC anti-sense OC Sensel
strong binding of CDP, but CDP also exhibits weak binding to the DNase | IIJ_ZI o >C< ﬁ:"
radiolabeled OC 120/76 and OC 50/6 oligonucleotides (Hy.l@wer 5 O ¥ = O
pane). Thus, whereas the ability to detect low-affinity interactions of footpnnt OO0 (@)
CDPktutwith the 45-mers is influenced by the stringency of the binding
reactions, the formation of electrophoretically stable GDRfomplexes

is significantly increased when the full-length OC promoter fragment n
—140H23 (OC 1404-23) is used in gel shift assays.

Interestingly, the TATA box oligonucleotide rt50/—6 spans the
segment of the OC promoter that is more strongly protected fron
DNase | in the presence of CDOfeit than the OC box region (see
below). However, either oligonucleotide is relatively inefficient in
forming electrophoretically stable protein/DNA complexes (FiD) 2
and in competition for protein binding (Fig.C2. These findings GBE9 =
suggest that efficient binding of CDéut with the OC promoter
requires that the OC box and TATA box regions are linked within the
same DNA fragment.

The Tissue-specific OC Box and the Basal Transcription-
related TATA Box in the OC Gene Are Recognition Targets for G41»-
CDP/cut Binding. To determine the sites of interaction of CR&Y
with the rat OC promoter, we performed DNase | footprinting anal-
yses on the sense and antisense strands (Fig. 3). On both strands,
DNase | protected regions were observed in the presence of recor
binant GST/CDP(CR2-Cterm) protein. Region 1 (ntl00/—81,
sense; nt—-112/-82, anti-sense; Fig. 3) overlaps OC box |1-n99/
—76. This result corroborates the results of the oligonucleotide com
petition assays (Fig. 2) that suggest that OC box | is important fo
CDPftutbinding. Rat OC box I, which contains a binding site for the G7»
Msx-2 (11) and DIx-5 (13) homeodomain proteins-GCAATTAG;
nt —92/—85), may provide a recognition motif for the homeodomain
portion of CDP¢ut (28). Region 2 (nt-39/—11, sense; nt-37/-11,
anti-sense) encompasses the TATA box of the OC gene. Because t
GST/CDP(CR2-Cterm) protein contains three intrinsic DNA binding
domains (a single homeodomain and two cut repéatscut 2 and cut
3), protection of the TATA box may reflect interactions of secondary )

DNA binding domains within the same Chft molecule. However, . Fig. 3. CDPtut binds to the TATA box and OC box of the OC gene. DNase |
ootprinting reactions were performed with the seris#f)(and antisense strandsght) in

equally viable is the possibility that a second C&R/protein may the absenceTRL) or presenceCDP) of GST/CDP(CR2-Cterm) protein. Electrophoresis

associate with the OC promoter, as suggested by the formation of putagféNase I-digested samples was performed in parallel with a chemical sequence ladder
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. . . G-rxn). The locations of representative guanine residues in the OC proneoge/G69)
oligomeric GST/CDP(CR2-Cterm) complexes with the OC promotgfe indicated byarrowheads DNase | protected regions reflected by reduced DNase |

(Fig. 2). Based on gel shift data (see FiglandD), efficient binding cleavage in the presence of protein are indicateMiajong the autoradiograis], areas
of CDPEut ocurs only when the OC box | and TATA box regions ard o ot o e rences i he reaive strength of the
present within the same DNA fragment. Because CDFSpecifically DNase 1 footprints for the senseersusantisense strand may be due to experimental
recognizes the OC box | and TATA box element of the rat OC gene,v_ﬁriation in probe quantity and specific activity_re_lated to the labeling procequre (T4
appears that CDRUL targets two key elements essential for tissudinese erstsKIenon pobmerase), However, simlar resuls were obfaned in tree
specific basal levels of OC gene transcription (1). occur within overlapping regions of the OC promoter.

CDP/cut Represses OC Gene Transcription, Which Requires
the CCAAT/Homeodomain Motif of the OC Box. To assess the
functional consequences of C2Bt interactions with the OC pro- determined by computer-assisted statistical evaluation using ANOVA
moter in osseous cells, we performed transient cotransfection exg@<< 0.01). In contrast, expression of C2Btdoes not influence OC
iments with the full-length CDRUt protein and an OC promoter/CAT promoter activity when the CCAAT/homeodomain motif of OC box |
reporter gene construct in ROS 17/2.8 osteosarcoma cells (Fig. ig)mutated. We conclude that CzRf specifically represses OC gene
Normal diploid osteoblasts do not transcribe the OC gene duritignscription by direct interactions with the OC promoter involving
proliferative stages. However, ROS 17/2.8 osteosarcoma cells disp@ box .
abrogation of cell growth and differentiation interrelationships result- Although loss of CDRfut repression is abrogated by the OC box |
ing in basal transcription of the bone differentiation-specific OC gemautation, this result does not preclude a role for the CDRkcog-
(1). Because nonosseous cells do not activate the OC promoter aititon motif in the TATA box region. However, assessing the relative
putative trans-activators that operate via OC-box | remain to bémportance of the TATA box within the context of the native OC
identified (10—14), ROS 17/2.8 cells represent a viable cell cultupgomoter is technically difficult because of the overlap between the
model for assaying repressive effects of CDP expression on @DPktutsite and the TATA element that is required for transcriptional
promoter activity. initiation. In an extensive series of studies with the histone H4 gene in

Transient expression of CD&t in ROS 17/2.8 cells reduces OCwhich CDPtut (also known as HiNF-D) interacts with CAAT and
promoter activity by approximately 2-fold, which is significant asTATA-like elements, we have not been able to design subtle muta-
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WT OC/CAT MUT OC/CAT order protein/DNA complexes. Gel shift immunoassays were per-

120 1201 formed using antibodies against the pRB-related proteins p130 and
p107 (Fig. B), as well as cyclin A (Fig. B). Nuclear proteins from
ROS 17/2.8 cells were preincubated with specific polyclonal antibod-
ies directed against COOH-terminal residues of p107 or p130. The
results show quantitative formation of a ternary antibody/protein/
DNA complex (“supershift”) at the OC promoter in the presence of
the p107 antibody, but not in the presence of the p130 antibody (Fig.
5B). In addition, CDP¢ut complexes with the OC promoter are
completely inhibited in the presence of a monoclonal cyclin A anti-
body, but not in the presence of a control hybridoma supernatant (Fig.
5A). Thus, the immunoreactivity of CDéUt complexes at the OC
promoter with p107 and cyclin A antibodies indicates that GIDP/
forms higher order protein/DNA complexes in conjunction with p107
| and cyclin A.
0 1200 0 0 1200 ng CDP-1 We determined whether CD&t complexes with p107 are unique

Fig. 4. Transient cotransfection analysis of CElRkffects on OC gene transcription. to OSS?OUS cells or _the bone-related OC prompter. We dlreCtly_ com-
Transfection experiments were performed with a CMV construct driving the expressionp@ired immunoreactivity of CDBUt complexes with p107 antibodies

the full-length CDP¢ut protein and OC promoter/CAT reporter gene in ROS 17’2-%sing nuclear proteins from ROS 17/2.8 osteosarcoma and Hela
osteosarcoma cells. The wild-type OC/CAT construct (p)OCZCAT) spans 1.1-kb of the

5'-flanking region, and the mutant OC/CAT construct is based on pOCZCAT but contair€TVical carcinoma cells with DNA probes spanning the promoters of
an 8-nt mutation in OC box | that abrogates the CTAATT homeodomain motif (11). Eathe OC and myeloid gp91phox gene (Fig2)5 The results demon-

b_ar graph represents the average values of CAT activity corrected fo_r Iuc_:ifgrase ag:ti\#)fate that CDRMUt complexes from both osseous (ROS 17/2.8) or
(internal standard) of three independent experiments, each performed in triplicate, with the . .
indicated amount of CMV/CDP construct. Statistical significaree<(0.01) of CDPéut Nonosseous (Hela) cells form supershift complexes in the presence of
effects on the wild-type but not the mutant OC promoter activity was established Bye p107 antibody with probes spanning the proximal promoters of
ANOVA. either the OC or gp91phox gene. For comparison, we have previously
shown that CDRut complexes with cell cycle-controlled histone H4,
tions that abolish CDIUt binding but do not affect binding of the H3, and H1 genes are immunoreactive with a panel of monoclonal
TATA-binding protein (Refs. 34 and 36 and references therein). Thumtibodies against pRB, but not with antibodies against p107 or p130
the role of the TATA region in CDRUt-dependent regulation of OC (27). Therefore, formation of CDBUt complexes with pRB-related
gene expression remains to be established. proteins is not unique to osteoblastic cells and appears to be promoter
Results from gel shift immunoassays indicate that p107 and cycBelective.
A interact with CDP¢ut (see the data presented below). To assessAs a technical note, the ability of antibodies to show immunoreac-
whether these cofactors can influence OC promoter activity, wigity in gel shift assays is dependent on intrinsic properties of the
performed two independent transfection experiments in triplicate amtibody €.g., titer, avidity, and specificity for native protein) and
which CDPtutwas coexpressed with p107 or cyclin A in osteoblastiprotein/DNA complex €.g.,accessibility of the epitope and confor-
ROS 17/2.8 cells to evaluate responsiveness of the wild-type amation of the protein on DNA). Gel shift immunoassays monitoring
mutant OC promoter (data not shown). The results indicate thateractions of cyclins and pRB-related proteins with C&Rhave
expression of p107 or cyclin A does not influence OC promotdreen performed with distinct cyclin A antibodies and a series of
activity and does not affect suppression by C&R/These findings different pRB-related antibodies (see Refs. 27, 30, and 31). Immuno-
suggest that the endogenous levels of p107 and cyclin A are meactivity of the CDRfut complex at the OC gene promoter in gel
rate-limiting for the activity of CDRJut in this cell type. Consistent shift assays was only observed with the p107 antibody (SC-X-318)
with this suggestion, we have not been able to detect @Rbn- used in this study. However, this same antibody does not shift the
taining protein/DNA complexes at the OC promoter that lack p107 @DPkut complex observed for the histone H4 gene involving a
cyclin A by gel shift assays (data not shown). pRB(p105) interaction with CDRUt (27), which demonstrates the
CDP/cut Interacts in Conjunction with the pRB-related Protein  molecular specificity of the pl107 antibody. Further definition of
p107 and Cyclin A to Form a Large (M, > 340,000) Protein/DNA protein/protein interactions of CD&Utwith cyclin A and pRB-related
Complex at the OC Gene Promoter.Nuclear proteins from ROS proteins and the involvement of DNA recognition in modulating these
17/2.8 cells mediate a closely spaced gel shift doublet representintgractions is currently under way.
two types of protein/DNA complexes in 4% (80:1) polyacrylamide To begin assessing the size of the C&R/complex on the OC
gels (Figs. B and 5), although the resolution of this doublet igpromoter (-140/+23), we performed molecular weight analysis in
dependent on experimental conditioresq(, see Fig. £). The very gel shift assays according to the method of Orchard and May (35).
low mobility of these complexes is a signature property of GIDP/ This method involves parallel electrophoresis of the GIDRfomplex
complexes isolated from mammalian cells (16, 27). Preincubationard a series of protein molecular weight markers in polyacrylamide
nuclear proteins from ROS 17/2.8 cells with a polyclonal GibiP/ gels with different percentages (Fidoh CDPktut protein/DNA com-
antibody (16, 17) results in inhibition of CD&ut binding to the OC plexes migrate very slowly<5 mm/h) in standard 4% (80:1) poly-
promoter (Fig. B). No immunoreactivity is observed with controlacrylamide gels. For comparison, we have previously shown that
antisera (nonimmune or preimmune guinea pig serum; Fgaid higher order E2F protein/DNA complexes (containing pRB and cyclin
data not shown). These data establish that there are at least two tyjgebave a much higher mobility>20 mm/h) than CDRAuLt protein/
of CDPktut complexes in ROS 17/2.8 cells. DNA complexes under very similar experimental conditions (31). The
We have previously shown that CuRf protein/DNA complexes mobility of CDPkut in gels of different polyacrylamide concentra-
with cell cycle-controlled histone H4, H3, and H1 genes containtens is significantly lower than that of all protein markers tested,
pRB-related protein and cyclin A (27, 30). We assessed whethacludinga-macroglobulin 1, 340,000; Fig. B). Furthermore, CDP/
CDPctut interactions with the OC promoter involve similar highercut protein/DNA complexes are virtually immobilized at the origin of
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A antibodic?s antibodies A . ROB . . ROS ‘
I ' P= OC gp91 H4 oC gp9l Ha
'8 gl r!’)v{l '(‘) 3' '8 8' '8 8‘ l(’) uol

Fig. 6. Endogenous CD&uUt complexes in osteoblast-related cells are most abundant
in proliferating cells.A, gel shift assays using nuclear proteiny8) from proliferating
(D3) and postproliferative§14) ROB cells, as well as proliferatind@) and confluent
(D8) ROS 17/2.8 cells incubated with the OC prof¥uble arrowheadsndicate the
positions of the CDRMut complexesB, gel shift competition assays demonstrating the
sequence specificity of the CDiRit complexes shown i\ using nuclear protein from
ROB (D3) and ROS 17/2.8043) cells. Competition assays were performed with a
100-fold excess (1 pmol) of oligonucleotides (37) spanning wild-tya&aé¢ STM-3) and
mutant Lane N NH-6) CDPtut binding sites.

migration when the percentage of polyacrylamide is increased to 4.8%
(constant cross-linking ratio of 80:1 acrylamide to bis-acrylamide;
Fig. 5D) or when the cross-linking ratio is increased from 80:1 to 20:1

D 70 —— Z‘B“;g‘égg:r‘:"; (constant polyacrylamide percentage of 4%; Ref. 34). Taken together,
601 pex these data suggest that CB@/forms macromolecular protein/DNA
complexes that are considerably larger th&n340,000.
> 507 Endogenous CDPZut Complexes in Osseous Cells Are Prolif-
5 eration-specific and Down-Regulated at the Cessation of Cell
2 407 Growth. The association of cell growth-regulatory factors p107 and
o cyclin A with CDPktut complexes at the OC promoter suggests that
= 307 these complexes may be restricted to dividing cells. We assessed
g 20- whether endogenous COft complexes with the OC promoter are
regulated in relation to proliferation. The levels of CO&/binding
101 activity were examined in normal diploid ROB osteoblasts and ROS
17/2.8 osteosarcoma cells during the proliferative period and postpro-
0 , , . liferatively in confluent cell cultures. Similar to ROS 17/2.8 cells,
3.5 4.0 4.5 5.0 ROB cells display two CDRUt complexes (Fig. &), which are

Gel Concentration specifically competed by a wild-type CDf#t binding site oligonu-
Fig. 5. Osteoblast-related COft complexes contain p107 and cyclin A, gel shift cleotide (Flg' ‘B)' The level of the CDRi complex with reduced

immunoassays were performed using ROS 17/2.8 nuclear proteipg)3hat were MOobility is high in proliferating normal diploid ROB cells and ROS
preincubated with polyclonal CD&Ut guinea pig antiserum (17), nonimmune guinea pig

serum @ non-j), control hybridoma supernatanyb.sup., and monoclonal cyclin A
hybridoma supernatant;anes CTRLand C represent standard binding reactions in the
absence of antibodies. Theft panel shows results obtained for binding reactionsof CDPkutand the p107 antibodyC, same as ifB, using the OC and gp91-phox probes
containing the OC probe, and thrght panel shows the results obtained for binding in combination with nuclear protein from human HeLa S3 cells and rat ROS 17/2.8 cells.
reactions with the gp91-phox probe for comparison. Immunoreactivity is reflected Iy, the relative molecular weight of CD&it protein/DNA complexes was analyzed by the
inhibition of the CDP¢ut complex. The last three lanes of theft panelrepresent a method of Orchard and May (35). The relative mobilitieltical axi§ of the CDPéut
competition assay with unlabeled DNA fragments (1 pmol) spanning wild tyaee(S  complex @) was determined by autoradiography, and the relative mobility of the protein
TM-3) and mutanti(ane N NH-6) CDPtutbinding sites that were established previouslymarker @-macroglobulinM, 340,000{]) was detected by Coomassie Blue staining after
(34). These competition assays were routinely performed as parallel reactions to con@#attrophoresis in polyacrylamide gels with different percentages (3.6—4.8% polyacryl-
sequence-specific binding of COft in our assaysB, same asA, using increasing amide with a cross-linking ratio of 80:1 acrylamide to bis-acrylamide), as indicated on the
amounts gloped triangle 0, 1, 2, and 4ul of antibody, respectively) of polyclonal horizontal axis The results show that the COfet complex is substantially larger than the
antipeptide antibodies directed against p130 (C-20, SC-X-317; Santa Cruz Biotechnolagly340,000 protein marker and is virtually immobilized at the origin of migration in high
and p107 (C-18, SC-X-318; Santa Cruz Biotechnology). dtwble arrowheadndicates  percentage gel®(g.,4.8%). These properties are consistent with GDEforming a high

the CDP¢utcomplex (doublet), anda + C points at the supershift complex molecular weight protein/DNA complex.

5986




TISSUE-SPECIFIC GENE REGULATION BY COMPLEXES CONTAINING CDdt, p107, AND CYCLIN A

17/2.8 osteosarcoma cells but barely detectable in confluent ROB atifferentiation, CDRéutand related factors are involved in transcriptional
ROS 17/2.8 cells (Fig. &). Similarly, CDP£tut complexes with the suppression of differentiation-specific marker genes in a broad spectrum
gp91-phox and histone H4 genes are detectable at high levels onlpirtissues and cell types (17, 19-27). Although high-level expression of
proliferating ROB and ROS 17/2.8 cells. CDPcutis restricted to specific regions during embryonic or fetal devel-
To control for quantitation and integrity of the nuclear proteimpmentn vivo (44—48), CDRfut DNA binding activity can be detected
preparations, this same panel of ROS 17/2.8- and ROB-derived Ima plethora of proliferating cells in vertebrates (summarized in Refs.22
clear protein preparations was also evaluated for levels of seveaatl 34). The proliferation-specific nature of CH&vprotein/DNA com-
other transcription factors including SP-1, YY-1, ATF, AP-1, anglexes and the association of CB&with cell growth-regulatory factors
AML-3/CBFAl-related DNA binding activities (data not shown; seg@107 and cyclin A in a largeM, > 340,000) multimeric complex binding
Ref. 33). In these assays, we observed that the levels of SP-1 &mthe bone-related OC promoter suggest that COtfhay represent a
AML are highest in nondividing ROB and ROS 17/2.8 cells. Thgeneral suppressor of tissue-specific gene expression in response to cell
levels of YY-1- and ATF-related proteins were not significantlycycle-regulatory signals.
different between proliferating and nonproliferating cells. Further- It has been well established that a subset of the E2F class of cell
more, modulations in the levels of AP-1 activity were found to paralleycle-regulatory transcription factors forms complexes with p107 and
those of CDRfut complexes (33). Thus, it appears that the levels ayclin A. Recently, we have shown that CBB{is the DNA binding
CDPkut complexes with pRB-related proteins and cyclin A are sesubunit of the histone gene-regulatory protein HiNF-D that contains
lectively down-modulated at the cessation of cell proliferation. cyclin A and a pRB-related protein as auxiliary subunits (27, 30). The
interaction of CDR#ut with the cell cycle-related proteins p107 and
DISCUSSION cyclin A as components of transcription factor complexes at the
differentiation-specific OC and gp91-phox promoters observed in this
In this study, we have shown that the ubiquitous homeodomastudy suggests a novel and Co&dependent role for pRB-related
transcription factor CDRUt interacts with two separate recognitionproteins in gene regulation. Interestingly, Webstéral. (49) have
motifs (OC box | and TATA box) in the proximal promoter of thepresented data suggesting that the development of uterine leiomyomas
bone-related OC gene. Gel shift immunoassay data indicate tirattransgenic mice expressing the polyomavirus-encoded large T
CDPkut forms proliferation-specific complexes with cell growth-antigen (a known pRB-binding protein) may be causally related to
regulatory factors p107 and cyclin A on the OC promoter. Furthemolecular interactions between large T, pRB, and @DPFurther-
more, using transient cotransfection assays, we have shown timatre, Wigganet al. (50) have observed interactions between p107
CDPckutis capable of transcriptionally repressing the differentiatiorand paired-like homeodomain proteiresd.,MHox and Pax-3). Thus,
specific OC gene in osteoblastic cells, which requires sequences inindractions of pRB-related proteins with distinct classes of homeodo-
OC box I. We note that the rat, mouse, and human OC genes disptagin proteins may represent a general mechanism for coupling cell
differences in transcriptional regulation (37-39). These differencgsowth-related signals with developmental cues regulating tissue-
are reflected by subtle nucleotide variations in the sequences spanrspecific gene expression.
OC box | and the TATA box in the three species. The conservation of
the functional role of CDRMUtin OC gene expression in these three
species remains to be addressed. ACKNOWLEDGMENTS
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