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Ets Domain Transcription Factor PE1 Suppresses Human Interstitial Collagenase
Promoter Activity by Antagonizing ProtetrDNA Interactions at a Critical AP1
Element
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ABSTRACT: In MC3T3EL1 calvarial osteoblasts, fibroblast growth factor receptor (FGFR) signaling elicits
multiple transcriptional responses, including upregulation of the interstitial collagenase/matrix metallo-
proteinase 1 (MMP1) promoter. FGF responsiveness maps to a bipartite Ets/AP1 element at base pairs
—123 to—61 in the human MMP1 promoter. Under basal conditions, the MMP1 promoter is repressed
in part via proteir-DNA interactions at the Ets cognate, and minimally two mechanisms convey MMP1
promoter upregulation by FGF2: (a) transcriptional activation via Fral/c-Jun containing-pibtein
interactions at the AP1 cognate and (b) derepression of promoter activity regulated by the Ets cognate.
To identify osteoblast Ets repressors that potentially participate in gene expression in the osteoblast, we
performed reverse transcriptiopolymerase chain reaction (RT-PCR) analysis of mRNA isolated from
MC3T3EL cells, using degenerative amplimers to the conserved Ets DNA binding domain to survey the
Ets genes expressed by these cells. Six distinct Ets mMRNAs were identified: Ets2, FliloG8BP1,

Elk1, and PEL. Of these, only PE1 has extensive homology to the known Ras-regulated Ets transcriptional
repressor, ERF. Therefore, we cloned and characterized PE1 cDNA from a mouse brain library and
performed functional analysis of this particular Ets family membeR kb transcript was isolated from

brain that encodes &57 kDa protein; the predicted protein contains the known N-terminal Ets domain

of PE1 and a novel C-terminal domain with signficant homology to murine ERF. The murine PE1 open
reading frame (ORF) is much larger than the previously reported human PE1 ORF. Consistent with this,
affinity-purified rabbit anti-mouse PE1 antibody specifically recognizes-@6 kDa protein present only

in the nuclear fraction of MC3T3E1 osteoblasts. Recombinant PE1 binds authentic AGGAWG Ets DNA
cognates, and transient transfection studies demonstrate that PE1 represses MMP1 promoter activity.
Surprisingly, although deletion of the MMP1 Ets cognate at nucleotic®® to —83 abrogates FGF2
induction, it does not prevent suppression of the AP1-dependent MMP1 promoter by PE1. PE1 regulation
maps to the MMP1 promoter regioni/5 to —61, suggesting that PE1 suppresses transcription via protein
protein interactions with AP1. Consistent with this, recombinant GBE1 specifically inhibits the
formation of proteir-DNA interactions on the MMP1 AP1 site-{72 to—66) when present in an admixture

with MC3T3EL crude nuclear extract. In toto, these data indicate that PE1 participates in the transcriptional
regulation of the MMP1 promoter in osteoblasts. As observed with other transcriptional repressors of
MMP1 gene expression, transcriptional suppression by PE1 occurs via inhibition of AP1-dependent
promoter activity.

The Ets domain family is a large and biologically diverse function (). Although transactivation function has been
collection of transcription factors that control stage- and identified in a few Ets protein2( 3), upregulation of gene
tissue-specific gene expression in higher eukarydfe£ts expression by Ets domain factors depends in great measure
domain proteins function primarily as transcriptional co- upon cooperative interactions with potent transactivators that
regulators that have relatively low intrinsic transactivation bind to nearby cis elements, @). These collaborative factors
have generally been identified as members of the leucine
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However, little is known of the molecular mechanisms that encodes a predicted 57 kDa, proline-rich protein
whereby Ets repressors function to negatively regulate genecontaining the published N-terminal Ets domain of PE1 and
expression. a novel C-terminal domain with extensive interrupted homol-
Two homologous interstitial collagenase genes, MMP1 ogy to murine ERF. Consistent with the predicted proline-
(interstitial collagenase, collagenase-1) and MMP13 (colla- rich open reading frame, affinity-purified rabbit anti-mouse
genase-3), are expressed by vertebrate mesenchymal cellPE1 antibody specifically recognizes a protein migrating with
and contribute to the turnover of extracellular matrix during apparent molecular mass 66 kDa that is present only in
development, connective tissues’ responses to injury, andthe nuclear fraction of MC3T3E1 murine osteoblasts. Re-
tumor invasion 25). An exception may exist for mice and combinant PE1 protein exhibits DNA binding activity,
rats, since these two rodent species apparently lack therecognizing functionally important Ets cognates in the MMP1

endogenous MMP1 gene and express only MMP2E3Z7).
However, in all other mammalian species examitiedluding
guinea pigs28), rabbits £6), dogs 29), pigs 30), nonhuman
primates 81), and humans32—MMPL1 participates in the
physiology and pathophysiology of extracellular matrix
remodeling, including bone turnoveB3—36). FGF2, a
potent autocrine osteoblast growth fact®r,38), upregulates
transcription directed by the rabbi8%) and human 15)
MMP1 promoters in osteoblast cellular backgrounds. Ana-
lyzing the human MMP1 promoter, we recently mapped this
FGF2 transcriptional reponse to a phylogenetically con-
served, bipartite EtsAP1 element located at nucleotides
—100 to—61 relative to the human MMP1 gene transcription

and osteopontin (OPN) proximal promoters in gel shift assay.
Transient transfection studies demonstrate that PE1 is a
transcriptional repressor of MMP1 promoter activity and that
PE1 suppression maps to the MMP1 promoter regid23

to —61; surprisingly, repression is not dependent upon the
MMP1 Ets cognate at-88 to —83, but rather requires the
promoter region encompassing the AP1 cognate & to
—66. This suggests that PE1 protejorotein interactions
downregulate MMP1 promoter activity. Consistent with this
notion, addition of recombinant purified GSPE1 to
MC3T3EL crude nuclear extracts inhibits protelDNA
interactions assembled by the MMP1 AP1 cognate. In toto,
these data indicate that PE1 participates in the transcriptional

regulation of AP1-dependent MMP1 promoter activity. As
observed with other transcriptional repressors of MMP1 gene
Ets cognate, and supported via protelNA interactions expressionZ1, 42, 43), transcriptional suppression by PE1
at the AP1 cognatelf). In response to FGF2 stimulation functions via downregulation of AP1-dependent promoter
of MC3T3E1 calvarial osteoblasts, a minimum of two activity. Since the related Ets suppressor ERF represses
mechanisms mediate MMP1 promoter upregulation: (a) prolactin expression by antagonizing Pitl protelNA
transcriptional activation via a Fral/c-Jun-containing complex interactions 44)—again independent of a cis Ets cogrigis

that binds the AP1 cognate and (b) derepression of promotermode of negative gene regulation may represent a general
activity via unidentified complexes that recognize the Ets mechanism for transcriptional regulation by Ets domain
cognate. We wished to identify Ets repressors that potentially repressors.

participate in the regulation of gene expression in the EXPERIMENTAL PROCEDURES

calvarial osteoblast. Therefore, we performed RT-PCR
analysis of mMRNA isolated from MC3T3E1 cells, using Chemicals, Cell Culture, Synthetic Oligodeoxynucleotides,
degenerative amplimers to the conserved Ets DNA binding and Molecular Biology Reagentéll chemicals, salts, and
domain and thus surveying the Ets genes expressed by thesbuffers for cloning and biochemical analyses were obtained
cells. Six distinct Ets messages were identified: Ets2, Flil, from either Fisher Scientific (St. Louis, MO) or Sigma (St.
GABPa, SAP1, EIkl, and PE1l. Of these, only PE1 has Louis, MO). All Corning brand cell culture plasticware was
extensive identity (37%) to a known Ets transcriptional purchased from Fisher Scientific. Cell culture medium and
repressor, ERF40). Since PE1 was initially reported only  serum was obtained from Summit (Fort Collins, CO) or Life
as a partial cDNA sequence and had never been functionallyTechnologies (Gaithersburg, MD). MC3T3E1 mouse calva-
characterized 41), we cloned murine PE1 cDNA and rial osteoblasts were cultured as describ&s) (n a-modified
performed biochemical analysis of this particular Ets family Eagle’s medium and 10% fetal calf serum with penicillin/
member. The murine PE1 ORF is considerably larger than streptomycin. Custom synthetic oligodeoxynucleotides were
the previously reported ORF of the human PE1 oncogene.purchased from Life Technologies (Gaithersburg, MD).
We have isolate a 2 kbcDNA from a mouse brain library  Cloning reagents were purchased from Oncor (Gaithersburg,
MD), Clontech (Palo Alto, CA), and Amersham Pharmacia
1 Abbreviations: BSA, bovine serum albumin; CBP, CREB binding Biotech (Piscataway, NJ). Radionuclides were purchased
protein; CMV, cytomegalovirus; CSPD, disodium 3-(4-methoxyspiro-  from Amersham (Arlington Heights, IL). Routine molecular
[1H2;dIOéeDtilRe-?;ﬁ(f’-Chtljc?ro)-_trlctyilo[3-3-ti’ﬂde%argé}y'[\)phtehml/l Phosl- | biology enzymes and buffers were obtained from Promega
phate; , ethylenediaminetetraacetic acid; , ethylene glyco : : _fi H _
bis(3-aminoethyl etherN,N,N',N'-tetraacetic acid; FGF2, basic fibro- (Madls.on, WI). The high-fidelity, Klentag-based Advantage
blast growth factor; FGFR, fibroblast growth factor receptor; GST, PCR kit was purchased from Clontech (Palo Alto, CA). Al
glutathione S-transferase; HAT, histone acetyltransferase; Hepes, 4-(2-clones, subclones, and PCR products were sequenced using
hydroxyethyl)-1-piperazineethanesulfonic acid; Inr, initiator region; i i i i
IPTG, isopropy! thiogalactoside; LUC, luciferase; MAPK, mitogen- th%.??DICPF;ISSm dye ]Eeé?]mgﬁl;\kltél:osmr %Itg' %A)t blast
activated protein kinase; MMP, matrix metalloproteinase; MOPS{-3-( -PLR Swey ot Ets C S EXxpressed by Osteoblasts
morpholino)propanesulfonic acid; NLS, nuclear localization signal; and Cloning of Murine PE1A pair of degenerative am-
PBS, phosphate-buffered saline; PCR, polymerase chain reaction;plimers DETS1 (5TGG CAN TTY YTN YTN SAR TY-
PMSF, phenylmethanesulfonyl fluoride; PVDF, poly(vinylidene dif- 3) and DETS2 (5RTA RTA RTA NCK NAR NGC NCK-
luoride); RAR«, retinoic acid receptow; RT, reverse transcription; , . .
SDS-PAGE, sodium dodecyl sulfatgolyacrylamide gel electro- ~ 3) Were designed to encode conserved regions of the Ets
DNA binding domain (annealing position in murine PE1

initiation site (5). Under basal conditions, the MMP1
promoter is repressed via proteiBDNA interactions at the

phoresis; kb, kilobase(s); Topo I, topoisomerase IlI; Tub, tubulin.
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1 - CGGGAGAGCAGGAGGGCGAAAATGAAAGCAGGCTGTAGCATCGTGGAAAAGCCAGAAGGA
1 M K A G C 8 I VvV E K P E G
61 - GGTGGAGGGTATCAGTTTCCGGATTGGGCCTACAAAGCCGAGTCGTCGCCGGGCTCCCGG
14 G 6 G Y Q F P D W AY K AUE S S8 P G S R
121 - CAGATCCAGCTGTGGCACTTCATCCTGGAACTGCTGCAGAAGGAAGAGTTCCGCCATGTC
3 9 I Q L W H F I L E L L Q K E E F R H V
181 - ATCGCCTGGCAGCAGGGAGAGTACGGGGAGTTTGTCATCAAGGATCCAGATGAAGTGGCT
5 I A W Q Q G E ¥ G E F V I KD PUDEV A
241 - CGCCTCTGGGGCCGCAGGAAGTGCAAACCACAGATGAACTATGACAAGCTGAGCCGGGCC
74 R L W 6 R R K C K P Q M N YD K L S R A
301 - CTCAGATACTATTACAACAAGAGGATCCTTCATAAAACAAAAGGGAAAAGGTTTACTTAC
94 L R Y ¥ ¥ N K R I L H K T K G K R F T ¥
361 - AAGTTTAACTTCAACAAGCTCGTGATGCCCAACTACCCGTTCATCAACATTCGCTCGAGT
114 X P N F N K L VvV M P N Y P F I N I R 8 S
421 - GGTGTGGITCCTCAGAGTGCGCCACCAGTGCCAACAGCCTCCTCCCGGTTCCATTTCCCA
134 6 VvV V. P Q s A p PV P T A S S R F H F P
481 - CCTCTAGACAGCCATTCTCCTACTGGCGATGTGCAACCGGGTCGCTTCTCTGCCAGCTCA
154 p L. D S H §$ P T G D V Q P G R F 8 A S S
541 - CTGAGTGCTTCTGGCCCTGAGTCAAGGGTTACCACTGACAGGAAGGTCGAGCCTTCGGAC
174 L 8 A 8 G P E S R VvV T T D R K V E P S8 D
601 - CTGGAAGATGGCTCGGCCTCTGACTGGCACCGGGGCATGGACTTCATGCCCTCCCGAAAT
194 L E D G S A S D W H R G M D F M P S R N
661 ~ GCTCTGGGCGGAGGAGCAGTCGGCCACCAGAAACGCAAGCCTIGACATACTGCTTCCTICTC
214 A L G G G AV G H Q K R K P D I L L P L
721 - TTCACCCGGCCAGCCATGTACCCTGACCCGCGCAGTCCCTTCGCTATCTCTCCGGTCCCT
233 F T R P A MY P D P R S P F A I S P V P
781 - GGCCGCGGAGGGGTCCTTAATGTCCCCATCTCACCAGCCCTGTCCCTGACTCCCACCATG
24 6 R 6 G V L N vV P I 8 P A L S L T P T M
841 - TTCTCCTACAGTCCCTCACCAGGCCTGAGCCCCTTCACCAGCAGCAGTTGCTTCTCCTTC
274 ¥ s Y 8§ p § P G L 8§ P F T s 85 8 C F S§ F
901 - AACCCAGAGGAAATGAAACACTACCTTCATTCTCAAGCCTGTTCGGTGTTCAACTACCAT
294 N P E E M K H Y L H S Q A C s V F N Y H
961 - CTGAGTCCCCGGACTTTCCCCCGTTACCCAGGGCTCATGGTCCCACCGCTGCAGTGCCAA
34 L S P R T F P R Y P G LMV P P L Q C Q
1021 - ATGCATCCTGAGGAGCCTTCCCAGTTCTCCATCAAGCTGCAGCCCCCGCCGGCTGGACGG
334 M H P E E P S Q F 8 I K L Q P P P A G R
1081 - AAGAACCGCGAGAGGGTAGAGAGCCGGGAGGAGGCTGTTCGCGGCTCTGTGCCCGCCAGC
334 K N R E RV E S R E E AV R G 8 V P A S
1141 - GCTCCTGTTCCCTCTCGGATTAAGGTAGAGCCGGCCACAGAGAAGGATCCTGACAGCCTC
374 A P V P S R I K V E P 2 T E K D P D S L
1201 - CGGCAGTCAACCCAGGGAAAGGAGGAACAGACCCAAGAAGTGGACAGCATTCGGAGCAGG
34 R Q 8 T ¢ G K E E Q T Q E VvV.D 8 I R S R
1261 -~ ACCATAGAAGAGGGGAAAGGCACCGGGTTTGCCCACCCCTCACCCACCTGGCCCTCTGTG
414 T I E E G K 6 T G F A H P 8 P T W P 8 V
1321 ~ TCCATTAGCACTCCCAGTGACGAACCCCTAGAGGGGACCGAAGACAGTGAGGACAGGTCT
434 s I 8§ T P 8§ D E P L E G T & D S E D R 8
1381 - GCCAGGGAGCCCGGTGTACCCGAGAAGAAAGAAGACGCCCTGATGCCCCCTAAGCTTCGG
454 A R E P G V P E K K E D A L M P P K L R
1441 - CTGAAGAGGCGGTGGAATGACGACCCTGAAGCCAGGGAGCTCAACAAAACGGGCAAGTTC
474 L, K R R W N b D P E A R E L N K T G K F
1501 - CTCTGGAATGGGGCAGGACCCCAGGGCCTGGCCACAACGGCCACTGCTGCCGCTGATGCT
44 L W N G A G P Q G L A T T A T A A A D A
1561 - TAAAACCACAGTGGAAGGGAAGCTGTTCATATTACAATCAARATACACCG - 1610
*
Ficure 1: cDNA and protein sequence of murine PE1. The sequence of the cDNA encoding murine PE1 protein was obtained from two
independent phage clones isolated from a mouse brain cDNA library as described under Experimental Procedures. The upper strand sequence
is given, and the contiguous open reading frame encoding murine PE1 is presented (GenBank AF156530). The 513 amino acid open
reading frame encodes a Pro-rich basic protein87 kDa, in general agreement with the appaMpobserved for MC3T3E1 nuclear PE1
by Western blot 66 kDa; Figure 3, below). Note that, as observed with ERF (Figure 2A) and Etsl (GenBank X55757), translation is
predicted to initiate from an amino-terminal Met residue immediately followed by a Lys residue. Sequence analysis by ProfileScan confirms
that the 82 amino acid Ets domain is encoded by the N-terminal residuekl85boldface type) and that a nuclear localization signal is
present at residues 46279. The PE1 peptide sequence used to generate affinity-purified anti-PE1 rabbit polyclonal antibodies is encoded
by residues 351364. The DNA sequence corresponding to the annealing positions of the degenerate sense and antisense amplimers in the
conserved Ets domain is underlined. See text for additional details.

indicated by underlined DNA sequence in Figure 1). These blunt-ligated into pUC19, and sequenced by the ABI Prism
primers were used in RT-PCR reactions with RNA extracted dye terminator method (Foster City, CA), and sequences were
from MC3T3EL1 murine calvarial osteoblasts by techniques compared with combined databases by use of the NCBI
previously described4f). RT-dependent PCR fragments of BLAST search. Of 20 cloned inserts initially sequenced, three
appropriate size (0.2 kb) were gel-purifiethghosphorylated, = encoded Ets2, three contained Flil, three encoded PE1, one
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contained SAP1, one contained Elk1, one contained GABP with fresh medium changes every other day. After cell
and eight contained non-Ets inserts. Since the PE1 sequenceultures were rinsed twice with ice-cold PBS, cells were
was the only Ets domain cDNA identified that had homology scraped into PBS and collected by centrifugation at 1600
to a known Ras-regulated Ets repressor, human ERF, werpm x 5 min. Subsequently, cells were extracted and
cloned murine PE1 to characterize this protein biochemically. fractionated into cytosolic (Cyto) and crude nuclear (Nuc)
A commercially available, random hexamer-primed mouse fractions following the protocol of Dignam et all9). Protein
brain 1gt11 cDNA library (Clontech catalogue ML3000b, recovery in each fraction was determined by the bicincho-
Palo Alto, CA) was screened with radiolabeled random ninic acid assay (Pierce, Rockford, IL) after removing
hexamer-primed probes derived from the rat PE1 Ets domaincontaminants following the method of Petersb6)( Twenty-
(kind gift of Dr. R. Hromas) by techniques previously microgram aliquots of cytosolic and nuclear protein fractions
described 46). Subcloning was performed by high-fidelity —were resolved by SDSPAGE (12% acrylamide gels; Novex,
PCR (vide infra), with amplimers that anneal upstreafn (5 San Diego, CA) and electrotransferred to a PVDF membrane.
GAC TCC TGG AGC CCG TCA G-3 and downstream  Western blot analysis was used to characterize PE1 protein
(5-GAC ACC AGA CCA ACT GGT AAT G-3) of the enrichment in nuclear vs cytosolic fractions, monitoring
Agtll polylinker. Briefly, phage plugs were eluted overnight tubulin (cytosolic marker)51) and topoisomerase Il (nuclear
at 4°Cin 1 mL of 35 mM Tris-HCI, pH 7.5/100 mM NaCl/  marker) 62) immunoreactivity in these aliquots to verify
10 mM MgSQ with 20 uL of chloroform. Phage DNA was  the fidelity of the biochemical fractionation. Prestained
ejected from SuL of phage eluate by denaturing for 5 min  protein standards (rainbow markers, Amersham, Rockford,
at 95°C. Insert DNA was amplified by the Advantage PCR IL) were used to estimate relative molecular mass of
system (Clontech, Palo Alto, CA), with cycling parameters immunoreactive proteins after electrotransfer and immuno-
of 94°C x 15 s, 55°C x 30 s, and 72C x 4 min for 30 visualization. Recombinant purified GSPE1 was used as
cycles after a 94C x 1 min preamplification treatment to  a positive control for the immunoreactivity of the anti-PE1
activate the Klentaq polymerase. After amplified inserts were antibody; GST was used as a negative control. Anti-
tailed for 7 min at 72°C, inserts were subcloned into the topoisomerase Il antibody was purchased from TopoGen
pGEM-T Easy Vector (Promega, Madison, WI) and se- (catalogue no. 2011-1, Columbus, OH). Anti-tubulin antibody
quenced with the ABI Prism dye terminator kit (Foster City, TU-01 was purchased from Zymed (South San Francisco,
CA). Sequence analysis was performed with ProfileScan CA). Typically, these antibodies were used at 1:502000
software accessible from the ISREC Bioinformatics home dilutions in Western blot analyses (vide supra).
page (Swiss Institute for Experimental Cancer Research; the Assessment of GSPE1 DNA Binding Actiity by Elec-
URL is http://www.isrec.isb-sib.ch/index.html), and DNA- trophoretic Mobility Gel Shift AssayRecombinant GSF
MAN version 4.0 software for Windows 95 purchased from PE1 was expressed i coli from the prokaryotic expression
Lynnon BioSoft (Vandreuil, Quebec, Canada). vector pGEX-2T (AmershamPharmacia, Piscataway, NJ)
Generation of Affinity-Purified Polyclonal Antibodies and as described previously), purified by glutathione-agarose
Western Blot AnalysesA small, Cys-initiated synthetic  affinity chromatography, and dialyzed exhaustively against
peptide corresponding to the murine PE1 protein residuesthe crude nuclear extraction buffer D of Digham et dB)(
351-364 (AGRKNRERVESREE; see Figure 1, GenBank Synthetic oligodeoxynucleotides corresponding to the des-
AF156530) were coupled to keyhole limpet hemacyanin, and ignated promoter regions of the human MMP1 and murine
rabbit anti-peptide polyclonal sera generated by Zymed OPN promoters were'&adiolabeled with $-32P]JATP and
Laboratories, Inc. (South San Francisco, CA). Purified GST T4 polynucleotide kinase as previously describé®).(
and GSTPE1 recombinant proteins were prepared by Aliquots (~50 ng) of recombinant GST or GSPE1 were
techniques previously detailed and covalently coupled to assayed for formation of protetDNA complexes by gel
cyanogen bromide-activated Sepharagg.(All preimmune shift assay and autoradiography. Gel shift assays were carried
and immune sera were presorbed with GST-Sepharose.out as previously detailed®8) in the presence of excess (10
Subsequently, 5 mL of rabbit anti-PE1 peptide immune ug) BSA. Typically, 0.1 pmol of radiolabeled probe was
serum (diluted with 45 mL of 10 mM Tris-HCI, pH 7.5) present in the standard 20L binding reaction. Cold
was adsorbed to 0.2 mL of GSPELl-Sepharose and competition assays with duplex DNA (dsDNA) were formed
washed with 25 volumes each of 10 mM Tris-HCI, pH 7.5 with annealed synthetic duplex oligodeoxynucleotides cor-
and 10 mm Tris-HCI, pH 7.5/500 mM NacCl. Anti-PE1 responding to sequences in Figure 5B. The GenBank
antibody was sequentially eluted with>d 0.5 mL of 100 accession number for the human MMP1 promoter is M16567;
mM glycine, pH 2.5, and each eluate neutralized with 50 the GenBank accession number for the murine OPN promoter
uL of 1 M Tris, pH 8. Purified anti-PE1 fractions were first  is M38399.
assessed in Western blot analyses witlaglof aliquots of Cellular Transient Transfection Assayihe construction
recombinant purified PE1 protein expressedEstherichia of the human MMP1 promoteiluciferase reporter '5
coli. Typically, 1:500 to 1:2000 dilution of affinity-purified  deletion constructs 179 MMPLUC—179 to +63), 75
anti-PE1 polyclonal antibodies were used in all Western blot MMPLUC (—75 to+63), and 50 MMPLUC {50 to +63)
analyses. Immune complexes were visualized by chemilu- has already been detailedl5). The heterologous promoter
minescent detection with alkaline phosphatase-conjugatedconstruct MMP1 {123 to —61) RSVLUC (5) and the
goat anti-rabbit antibody (1:5000 dilution) and CSPD RSVLUC minimal promoterreporter b4) were constructed
(Tropix, Bedford, MA) as previously described8). as previously detailed. The murine OPNromoter-Iu-
Biochemical Fractionation of MC3T3E1 Cell Extracts. ciferase reporter constructs 636 OPNLUE6B6 to+58),
MC3T3EL1 cells were plated on 15 cm diameter tissue culture 107 OPNLUC (107 to +58), and 61 OPNLUC-61 to
dishes (18cells/cn®), and cultured for an additional 3 days +58) were obtained by applying PCR (mouse genomic DNA
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7® Hu PE1 CORR MKAGCSIVEKPEGGGGYQ:

A MOUSE PE1 TVEKPEGGAGYJFPDWA! SSPGSRQIQIWHFTLEL]] VIANGO KDPO 70
* MOUSE ERF MK........ TPADIGE SPGSRQIQLWHFILELL mvviﬁ QGDYGEFVIKDPD 61
HUMEN ERF  MK........ TPRDTGE PGSROIQIWHFTLELIRKERYQG (QGOYGEFVIKDPD 61

MOUSE PE1 RKCKPOMNYDKLSRALRYYYNKRI LHKTKGKRFTYKENFNKLVMENYPFINT VPQs 139
MOUSE ERF VRKCKPOMNYDKLSRALRYYYNKRI LHKTKGKRETYKENFNKLVLVNYPFT] 131
HOMAN ERF MRKCKPOMNYDKLSRALRY YYNKRTLHKTKGKRETYKENENKLVLVNYPF]] 131

MOUSE PE1  [APPVH BLDSH. . .[S PGRFSASSIISASGPESRVITDRKVEHSOLEDGSASIWHRGM 206
MOUSE ERF  |APPVH FPESTPSE PRSPPACSSSSSSLESA! i TSELFEPIG 201
HUMAN ERF  APPVE FPESTPSEVLSPTEDPRSPPACSSSSSSLESA! ISOCSDGTSELEEPLG 201
MOUSE PE1 D INALGGGAVGHOKRKPDILILPLFTRPAMYHDFR. . . . . . PRATSEVHGRAGVINVPISPALS 270
MOUSE ERF  EDPRARPPGPPELGAFRGPPLARI|PHD [PRGGPEPI{SP! SILPPQIISPAI 271
HUMAN ERF  EDPRARPPGPPDLGAFRGPPLARIPHDPGVFRVYERPRGGPEPLSPHPVSELAGRGSLLPPOLSPAL 271
MOUSE PE1 |[PTMFSYSPSHALSEFTISSC.evnvnenn.. FS 326
MOUSE ERF PSETLS SGSGGGSHFS 341
HUMAN ERF  |PT TPSETLS SGGGPSGSGGGSHES. 341
MOUSE PEl  vvuennvnnnceneennn VBPLOCOMHPEEHSJES IKLGHPE REEAVRGSVENSAPVPS 378
MOUSE ERF  PQRPDKCPLPPMAPETPEVESSASSSSSSSSSH QFP SSGASGSGGL 411
HOMAN ERF  PQRPDKCPLPPMAPETPEVESSASSSSSSSSSHER PR VAAADK.SGGGA.GGL 409
MOUSE PE1 TEKDE RSRTIEEGKGTGFRHPSPTWPSVSISTPSDEP. 448
MOUSE ERF PRHPPQIKVEPISHGESEEVEVTDISD. « + v oo vevrerennoveoacecnneseenns 449
HOMAN ERF HPPOIKVEPTSEGESEEVEVTDISD. vt veveneeneencnnseeracnconcnns 447
MOUSE PE1 IPEARELNKTGKFLWNGAGPQG 502
MOUSE ERF CRLEGGGCLSGGPEDEGEDKK 514
HUMAN ERF CRIEGGGGPAGGFEDEGEDKK 512
MOUSE PEL  LATT...eveeeeeenennnnnnns 513
MOUSE ERF  VRGDVGPGESGGPLTPRRVSSD] LSLEHRDS 551
HUMAN ERF  VRGE.GPGEAGGPLTPRRVSSD LEHRDS 548

PGSRQIQIWHFILELI QKEEFRHVIAWQOGEYGEFVIKDPD 70
Hu PE1 FSM MKAGCSIVEKPEGGGGYQFP) SPGSRQIQIUWHFILELLQKEEFRHVIANQOGEYGEFVIKDPD 70

MOUSE PE1l Wmmmmm% 140

MOUSE PEl WSIVMYQ%PGSRQIWWWEWI@Pt 70

Hu PE1 CORR CKPOMNYDKLSRALRYYYNKRI LHKTKGKRFTYKFNFNKLVMPNYPFINIRS 140

Hu PE1 FSM CKPOMNYDKLSRALRYYYNKRI LHKTKGKRFTYKFNENKLVMPNY PEINT 140

MOUSE PE1 |PPVPTASSRFHFP; PGRFSASSLSASGPESRVITDRKVEPSDLEDGSASDWHRGMDFMP 210
Hu PE1 CORR [PPVPTASSRFHFP SPINDVQPGRESASSORASGOESSNGTDRKTELSELEDGSAADWRRGVDEVS 210
Hu PE1 FSM |PPVPTASSRFHFPPLOTHSPINDVQPGRFSASSQLLIARSPVMVLIERLSFOSWRMAQLLTGAGVWIPCP 210

MOUSE PE1  SRNALGGGAVGHQKRKPDILLPLFTRPAMYPDPRSPFAISPVPGRGGVINVPISPALSLTPTMFSYSPSP 280
Hu PE1 OCORR SRNAIGGGGIGHOKRKPDIMLPLFARPGMYPDPHSPFAVSPIPGRGGVILNVP 262
Hu PE1 FSM PQYPLVEEGLAIRNASLT 228

MOUSE PE1  GLSPFTSSSCFSFNPEEMKHYLHSQACSVFNYHLSPRTFPRYPGIMVPPLQCOMHPEEPSQFSIKLQPPP 350
Hu PE1 CORR
Hu PE1 FSM

MOUSE PE1 = AGRKNRERVESREEAVRGSVPASAPVPSRIKVEPATEKDPDSLROSTQGKEEQTQEVDSIRSRTIEEGKG 420
Hu PE1 CORR
Hu PE1 FSM

MOUSE PE1  TGFAHPSPIWPSVSISTPSDEPLEGTEDSEDRSAREPGVPEKKEDAIMPPKLRLKRRWNDDPEAREINKT 490
Hu PE1 CORR
Hu PE1 F3M

MOUSE PE1  GKFLWNGAGPQGLATTATAAADA 513
Hu PE1 CORR

Hu PE1l FM
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Ficure 2: Protein sequence comparison of PE1 and ERF. (A) The protein sequence predicted from the murine PE1 cDNA (GenBank
accession no. AF156530) was compared to that predicted for the murine ERF (U58533), and human ERF (U15655). Note that murine PE1
has 37% identity with murine and human ERF. Further note that in addition to the Ets domain, significant identity also exists between
murine PE1 and ERF in N- and C-terminal regions. (B) Comparison of murine and human PE1 protein sequences. Hu PE1 FSM, human
PEL1 protein sequence predicted from the reported cDNA sequence (GenBank L16464) that likely has a frameshift mutation introduced by
a nucleic acid deletion. Hu PE1 CORR predicted human PE1 protein sequence after correction by introducing the missing nucleic acid from
the murine cDNA sequence. Note that the human PE1 protein predicted from the reported human PE1 ORF would produce a truncated
protein that lacks the nuclear localization signal present in murine PE1 residued2®2ZFigure 1). After correction for this probable
frameshift in the human PE1 cDNA, the extended identity between the partial human PE1 protein sequence and the complete murine PE1

protein sequence becomes evident.

as initial template) to amplify the indicated OPN promoter
segments with 'SKpnl and 3-Mlul linkers by techniques
previously described5@). The OPN promoter fragments
were directionally subcloned in to th€onl and Mlul sites

513 amino acid basic proteinl(g 9.07), rich in Pro (11.5%
mol/mol) and Ser (10.5% mol/mol). As observed with human
and murine ERF and human and murine Ets1, translation
initiates with an amino-terminal Met residue immediately

of pGL2Basic (Promega, Madison, WI) and sequenced. Thefollowed by a Lys residue. Sequence analysis (ProfileScan)
CMV—PEL eukaryotic expression construct was generatedconfirms the Ets domain sequence in murine PE1 residues

by introducing 5Kpnl and 3-Bglll (with stop codon)
restriction sites onto the cDNA fragment encoding full-length
PE1 residues-1513, subcloned into thKpnl/BanH]I sites

of pcDNAS3 (Invitrogen, Carlsbad, CA) downstream of the
CMV promoter and FLAG epitope ta@®) in good Kozak
context 65). MC3T3EL calvarial osteoblasts were plated in
Costar 6 well cluster dishes (35 mm diameter wellsx 7
10 cells/well). Cells were transiently transfected the fol-
lowing day by calcium phosphate-precipitated DNA and
osmotic shock as previously detailetB]. All transfections
incorporate a promoterLUC reporter construct (to monitor
MMP1 promoter-dependent transcription), a CM¥-ga-
lactosidase construct (to control for transfection efficiency),
and varying amounts of pcDNA3PEL expression construct

35—116 and a nuclear localization signal at residues462
479 (Figure 1). The murine PE1 protein has 37% sequence
identity with murine ERF, 37% identity with human ERF,
33% identity with the reported human PE1 ORF, and 6.7%
identity with murine Etsl. In contrast to the prototypic Ets
activator Etsl, both PE1 and ERF have their Ets domains
localized to the N-terminal region of the molecule (Figures
1 and 2A). Like the human PE1 Ets domain (Figure 2B),
the murine PE1 Ets domain is 82 amino acids in length, one
amino acid longer that the ERF Ets domain due to an
additional GIn residue in the Ets domain sequence (Figure
2A, residue 57 in the PE1 protein sequence). Significant
(~37%) identity exists between murine PE1 and murine ERF
or human ERF beyond the Ets DNA binding domain. Closest

as indicated. Empty pcDNA3 expression plasmid was addedidentity is noted in sequences immediately N- and C-terminal

to maintain a constant amount of DNA in each precipitation
and transfection. Two days following transfection, cultures
were refed with fresh medium containing either vehicle or
3 nM FGF2 and analyzed the following day for luciferase
andg-galactosidase activities as previously detailég).(All

to the Ets domain, but also extends in short motifs throughout
the C-terminal domain of murine PE1 (Figure 2A). The
MAPK-regulated Thr phosphorylation consensus Pro-Leu-
Thr-Pro (@40) present in ERF (Thr-526 human ERF, Thr-529
in murine ERF) is lacking in murine PE1 (Figure 2). Of note,

results presented were observed in a minimum of two the reported partial/incomplete ORF for the human PE1l

independent replicate experiments.

RESULTS

cDNA (i) diverges from the murine PE1 sequence at PE1
residue 173 and truncates 55 residues downstream from this
point, (ii) would lack the C-terminal homology with the

Mouse PE1, an Ets Gene Expressed in MC3T3E1 Osteo-"elated Ets protein ERF, and (iii) would lack the nuclear

blasts, Has Extensé Homology to the Ets Repressor ERF.
We had previously demonstrated that DNprotein interac-

localization signal at residues 46279. On the basis of
cDNA sequence comparison between murine PE1 and human

tions at an Ets cognate in the proximal human interstitial PE1, the reported human PE1 cDNA sequence most probably

collagenase/MMP1 promoter participate in (i) basal promoter contains a framesh_ift mutatio_n that resglts in a truncated
suppression and (i) FGF2-dependent promoter activation in ORF. After correction for this frameshift, the extended

MC3T3EL1 calvarial osteoblast&®). To identify Ets repres-

identity between the incomplete human PE1 protein sequence

sors that potentially participate in this response, we performed(41) and the complete murine PE1 protein sequence is

RT-PCR analysis of mRNA isolated from MC3T3E1 osteo-

evident (Figure 2B).

blasts, using degenerative amplimers to the conserved Ets Murine Osteoblast PE1 Is a Nuclear Protein of M 66
DNA binding domain to survey the Ets genes expressed by kDa. We wished to characterize the size and localization of

these cells. Six distinct Ets mRNAs were identified: Ets2,
Flil, GABPa, SAP1, Elk1, and PEL. Of the six Ets proteins

encoded by these mRNAs, only PE1 has significant homol-

ogy to a known Ets repressor, ERFJ[. However, PE1 has

the endogenous PE1 protein expressed by MC3T3EL1 murine
osteoblasts. Therefore, cytosolic and nuclear fractions were
prepared by the method of Dignam et &@9) and extracted
proteins were analyzed by Western blot analyses with

not been characterized biochemically, reported only as partialaffinity-purified rabbit anti-PE1 polyclonal antibodies gener-
cDNA sequence and a message expressed by certairated as described under Experimental Procedures. As shown

leukemia cell lines41). Therefore, we used a PCR fragment

in Figure 3A, a protein that migrates with an apparent

obtained from the rat PE1 Ets domain as a template (kind molecular mass of 66 kDa was immunovisualized with anti-

gift of Dr. R. Hromas) to cloa a 2 kbmouse PE1 cDNA
from a commercially available brain cDNA library. As shown

PE1 antibody that localizes exclusively in the nuclear fraction
of MC3T3EL1 cells. The apparent molecular mass and nuclear

in Figure 1, the predicted ORF for mouse PE1 encodes alocalization of the endogeous PE1 protein is in good
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A. woo M agreement with the protein predicted by our cDNA (Figures
C O kba 1 and 2), particularly given the proline-rich sequence of the
Aoy [ [ ] PE1 protein (i.e., decreases SDS binding and slightly
| F2 :22 decreases charge density and thus protein mobility on-SDS
a-PE1 |4 PAGE). The efficiency of biochemical fractionation was
1 e confirmed by use of antibodies for Tubulin (Tub) and
Rl L% topoisomerase Il (Topo Il), proteins that demarcate cytosolic
— (51) and nuclear fraction$@), respectively (Figure 3A). A
hd a -7 smaller protein of molecular mass 35 kDa was also identified,
a-Topoll |~ - 66 recognized by anti-PE1 antibody, that accumulates primarily
Tl [Tee in the cytosolic fraction. While FGF2 treatment has no effect
-0 on steady-state levels of the nuclear, full-length 66 kDa PE1
I [y - protein (Figure 3B, lanes-58), FGF2 does promote ac-
1 [ ] cumulation of the immunoreactive 35 kDa protein in the
— -97 cytoplasm. Thus, consistent with its cDNA sequence, proline-
o-Tub - }22 rich character, Ets DNA binding domain, and nuclear
c localization signal, endogenous full-length PE1 is a nuclear
-30 protein that migrates with an apparent molecular mass of
- 66 kDa. FGF2 does not regulate nuclear PE1 protein
e accumulati_on. 3 _ _
None =66 Recombinant Purified GSTPE1 Recognizes Authentic Ets
-4 DNA Binding CognatesAlthough the presence of an Ets
domain in PE1 strongly implies DNA binding activity, we
[ | L% wished to directly verify this notion. Ets domain proteins
B. Cyto CNE classically recognize degenerate cognates of the sequence

I Y | MGGAWG (M = A or C; W = A or T); the best-
Mr(kDa) CON FGF2 CON FGF2 characterized high-affinity cognates contain AGGAAG as a
core sequencel). In osteoblasts, the MMP1L5) and OPN
97 - (13) promoters have been identified as possessing Ets DNA
66 — I - binding cognates that are important for promoter activity.
Therefore, recombinant purified murine PE1 was prepared
as described under Experimental Procedures and then tested
. for DNA binding activity in gel shift assay with radiolabeled
% i duplex oligonucleotides corresponding to the authentic Ets
) r domain DNA binding cognates of the OPI3j and MMP1

’ (15) promoters as probes. As shown in Figure 4, recombinant
purified GST-PE1 avidly binds the authentic AGGAAG Ets
e ;’ cognate of the OPN promoter (Figure 4, lanes6¥; by

contrast, GST does not bind Ets cognates at all (Figure 4,

Ficure 3: Western blot analysis of endogenous murine PE1 protein |gnes 1-3), confirming the role of mPEL1 in the observed

accumulation. Cell extracts prepared from MC3T3EL osteoblasts L P P . .
were biochemically fractionated into crude nuclear (CNE) and DNA binding activity. Similar results are obtained with the

cytoplasmic (Cyto) fractions following the method of Dignam et adiolabeled MMP1 Ets cognate (AGGATG), although
al. (49). (A) PE1 protein was immunovisualized by Western blot binding is ca. 10% that observed with the OPN Ets cognate
analysis of CNE and Cyto fractions as described under Experimental (data not shown). Competition studies reveal that, as seen
Procedures. The efficiency of cellular fractionation was verified \yith other Ets-domain proteins, an intact GGAAG cognate

by monitoring topoisomerase Il (Topo Il) and tubulin (Tub) immu- . . . - - :
noreactivity as markers of CNE and Cyto fractions, respectively. COT€ iS required for mPE1 prote#DNA interactions (Figure

Arrows indicate the respective immunoreactive bands that representd). While the unlabeled homologous duplex oligonucleotide
to the corresponding full-length PE1, Topo II, and Tub proteins. is able to compete for binding (Figure 5A, lanes3), mutant
In general agreement with the predicted PE1 protein product and gligonucleotides containing G to T substitutions in this core
N'-.Sf. (glgutr_eplE),la ﬁ% dea_ p_rdotelt_r;_ '?mﬂ”f’r?afh“ve Wl'th afﬁ'“'tt}" sequence cannot compete efficiently (Figure 5A, lane§,4
purified anti-PE1 antibody is identified solely in the nuclear fraction ) ) o

13—15, 16-19; see also Figure 5B). Similar G to T

of MC3T3EL cells, cosegregating with Topo Il but not Tub. Smaller o - -0
anti-PE1 immunoreactive proteins of 35 and 46 kDa are also ob- Substitutions outside of the cognate core do not affect binding

served but only in the cytoplasmic fraction and may represent pro- in competition assays; such mutantdut 2 and Mut 3
teolytic fragments. (B) PE1 was immmunovisualized in Cyto and (Figure 5B)-are as active as the wild-type Ets oligo as

CNE fractions of MC3T3EL cells treated for 24 h with either vehicle ; P ;
control (Con) or 3 "M FGF2. Each adjacent pair of lanes (1 and 2: competitors for PE1 binding to the radiolabeled Ets cognate

3and 4; 5 and 6; 7 and 8) shows results obtained from independent(COMpare Figure 5A lanes-® and 16-12 with lanes 1 3).
duplicate treatments. Lanes 5 and 6 are nuclear fractions corre-Thus, PE1 is an authentic DNA binding protein that
sponding to cytosolic fractions 1 and 2, respectively. Lanes 7 and recognizes the authentic GGAWG core motif of the Ets
8 are nuclear fractions corresponding to cytolic fractions 3 and 4, cognate.

respectively. Note that FGF2 treatment does not regulate the . .
accumulation of full-length nuclear PE1 protein (arrow) but slightly Transient Expression of PEL Suppresses the MMP1

increases the accumulation of the smaller 35 kDa immunoreactive Promoter.As mentioned above, the homology of mPE1 to
protein in the cytoplasmic fraction. See text for details. the related Ets protein ERF strongly suggests that PE1 may

46 -

30 -
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Western

&= GST-PE1

PE1 w -

= GST

Free probe=p

1 2

3 4 5 6 7 8

Ficure 4. Recombinant purified PE1 binds at Ets cognate in gel
shift assays. Recombinant GSPE1 and GST were expressed in

E. coli and purified as described under Experimental Procedures.

Lanes 1-6, gel shift assay; lanes 7 and 8, Western blot analysis
with anti-PE1 antibody. Electrophoretic gel mobility shift assays
were subsequently carried out using radiolabeled duplex oligo-
nucleotides corresponding to an authentic AGGAAG Ets cognate.
Note that while recombinant purified GST does not bind the Ets
probe (lanes 43), recombinant GSTPEL1 avidly binds this duplex
Ets cognate (lanes—46). Western blot analyses of recombinant
purified GST and GSTPE1 with anti-PE1 antibody confirm the
presence of the PE1 epitope in GSFE1L (lane 8) but not in GST
(lane 7). The upper pair of arrows indicate the positions of full-
length recombinant purified GSTPEL and a partially degraded
product on SDSPAGE; the lower arrow indicates the position of
purified GST. See text for details.

in fact be a transcriptional repressor. To directly test this
notion, we transiently expressed PE1l from the CMV
promoter (pcDNA3-PE1) in MC3T3EL osteoblasts, examin-

ing effects on the 0.2 kb human MMP1 promoter (luciferase

reporter), a promoter active in osteoblasts that contains an

Ets cognate at-88 to —83 important for transcriptional
activity (15). As shown in Figure 6A, transient expression

Bidder et al.

A

Cold oligo: ETS MUT#1 MUT #2 MUT #3 MUT #4 MUT #5

Fold excess: | o 25 100l o 25 100l 0 25 100l[0 25 100f 0 25 1od 0 25 100 ol

PE1=» | R

12 3 45 6 7 8 91011 12 13 14 1516 17 18 19

B.

ETS DNA BINDING COGNATE AND MUTANTS
ETS CAG AGG AGG AAG TGT AGG
MUT#1  CAT ATT ATT_AAT TGT AGG
MUT#2  CAT AGG AGG AAG TGT AGG
MUT#3  CAT ATT AGG AAG TGT AGG
MUT#4  CAT AGG ATT_AAG TGT AGG
MUT#5  CAT AGG AGG AAT TGT AGG

Ficure 5: Recombinant purified PE1 recognizes the GGAAG core
of authentic Ets domain DNA binding cognates. Recombinant
purified GST-PE1 was assessed for DNA binding activity by use
of a radiolabeled Ets DNA binding cognate. (A) Binding specificity
was determined by competition with either the unlabeled homolo-
gous duplex oligo (lanes-13) or one of five different mutant duplex
oligos (lanes 419) in the gel shift assay. Note that the unlabeled
homologous oligo with the intact Ets AGGAAG cognate efficiently
competes for binding. Further note that Mut 1 (lanes} Mut 4
(lanes 13-15), and Mut 5 (lanes 1619) duplex oligos do not
compete; all three of these mutants contain T for G transversions
that disrupt the AGGAAG cognate (panel B). Finally, note that
Mut 2 (lanes 7#9) and Mut 3 (lanes 1812) were as effective as
the wild-type oligo (lane £3) in competition; these latter mutant
duplex oligos possess T for G transversions that do not disrupt the
MGGAWG core necessary for Ets factor recognition. (B) Upper-

of PE1 suppresses both basal and FGF2-stimulated promotestrand sequences of the duplex synthetic oligodeoxynucleotides used

activity driven by MMP1 promoter fragment179 to+63
(179 MMPLUC). In a similar fashion, PE1 expression also

downregulated the Ets-dependent mouse OPN promoter (no

shown). As previously describedl), 5-deletions that
remove the Ets cognate ai88 to —83 decrease activation
by FGF2, since 75 MMPLUC is not inducible. Surprisingly,

for these studies. This authentic Ets DNA cognate is derived from
the proximal mouse OPN promotedd). Similar results are
observed in gel shift assay using the AGGATG Ets cognate from

the MMP1 promoter (not shown). See text for details.

transcriptional activity of MMP{123 to—61)RSVLUC is
robustly suppressed by transient PE1 expression. By contrast,

however, PEL1 is still capable of suppressing basal promoterPE1 has little effect on transcription driven by the basal RSV

activity driven by MMP1 promoter fragment75 to +63,

promoter (Figure 6B, RSVLUC). Additionally, the basal

in either the presence or absence of FGF2 (Figure 6A, seeosteocalcin promoteb@) is not suppressed by PE1 expres-
75 MMPLUC); PE1 suppression is observed even though sion in transient transfection assays (not shown). Thus,

this MMP1 promoter fragment lacks the Ets cognate &8
to —82. Further 5deletion of nucleotides-75 to —51
removes the AP1 cognate-a2 to—66 and decreases basal

transcriptional suppression of the MMP1 promoter by PE1
does not require the intact Ets cognate-88 to —83; rather,
by 5-deletion analysis and heterologous promoter experi-

activity in osteoblasts. Coexpression of PE1 has little effect ments, PE1 suppression maps to the 15 base-pair regién

on basal promoter activity driven by the MMP1 promoter
fragment—50 to +63 (Figure 6A, 50 MMPLUC). Overex-

to —61, encompassing the AP1 DNA binding cognate @2
to —66.

pression of the Ets repressor does weakly decrease the PE1 Inhibits AP1 Proteinr DNA Interactions That Support

minimal promoter activity driven by the TATA box and Inr,

MMP1 Promoter Actiity in MC3T3EL1 OsteoblastsThe

suggesting potential interactions with a component of the observation that PE1 can suppress MMP1 transcription

preinitiation complex %6) (see Discussion). However, het-

erologous promoter experiments confirm that the PE1-

independent of the cis-Ets DNA binding cognates suggests
that PE1 may be functioning by usurping other protein

suppressive response is largely dependent upon MMP1DNA interactions that support promoter activity. As men-
promoter region encompassing the AP1 cognate encoded bytioned above, for the MMP1 gene, multiple lakiacluding

nucleotides—75 to —51 (15); as shown in Figure 6B, the

our own—have demonstrated that proteiDNA interactions
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&3 20 Ficure 7: PE1 inhibits formation of specific proteirprotein
2 interactions at the MMP1 AP1 cognate. Crude nuclear extracts were
% prepared from FGF2-treated MC3T3EL calvarial osteoblasts. The
[ effects of recombinant GST and GSPE1 on proteir DNA

interactions at the MMP1 AP1 cognate (panel A) and a generic
Spl cognate (panel B) were assessed by gel shift assay as detailed
under Experimental Procedures. By immunologic supershift analy-
ses, we previously demonstrated that the AP1 protein complexes
assembled on the MMP1 promoter in FGF2-treated MC3T3E1
crude nuclear extracts contain Fral and c-1&h (A) Recombinant

. . purified GST has no effect on formation of AP1 protelDNA
FiGure 6: PEL suppression of the MMP1 promoter maps 0 complexes (lanes-14); by contrast, GSFPEL suppresses AP1
nucleotides—75 to —61 encompassing the AP1 DNA binding  pinging activity (lanes 58). Even though GSTPEL readily binds
cognate at—72 to —66. (A) MC3T3EL calvarial osteoblast cell e Ets cognate (see Figure 4), it does not directly interact with the
cultures were transfected Wlth 179 MMPLUC, 75 MMPLUC, and ppq cognate in gel shift assay (lane 10), indicating that this
50 MMPLUC promoter-luciferase reporter constructsgg/well) inpibition occurs via PEL proteirprotein interactions. (B) In these

as detailed under Experimental Procedures, along with either g5 me nyclear extracts, five complexes are identified that assemble
PCDNA3 or pcDNA3-PE1 expression plasmid (1ug/well) as on a Spl DNA binding cognate (lane 1, complexesH. Again,
indicated. CMB-/-galactosidase (700 ng/well) was included as an - 5T qoes not diminish the formation of these five DNA binding
internal control for transfection efficiency, and empty pcDNA3 complexes (lanes-13): by contrast, while GSTPEL decreased
expression vector was used to maintain constant DNA concentra-y, binding of four of fhese compléxes (lanesé4 complexes B

tions in all transfections. Two days following transfection, cell ~ "5 gnq E), it actually augments the formation of one DNA
cultures were treated either with vehicle or with 3 nM FGF2 to 20 é)ryote'in compléx assembled by the Sp1 cognate (lan€s domplex

h. Subsequently, extracts were prepared for assays of luciferas — ; ; ;
andpg-galactosidase activity. Data are presented as the meaD) (Ale)ineeg SPeIEeltgge%rngétg:Irg the Spl cognate in gel shift assay

luciferase activity observed in independent triplicate transfections. . . .
Note that pcDNA3-PE1 suppresses both the basal and FGF2-at the AP1 cognate are of prime importance for supporting
stimulated promoter activity of 179 MMPLUC. As previously MMP1 promoter activity {5, 57, 58). On this basis and the
demonstrated1(5), FGF2 does not stimulate the proximal MMP1  resylts obtained with the FGF2-stimulated, AP1-dependent
promoter lacking the Ets DNA binding cognate -a88 to —83 proximal MMP1 promoter (75 MMPLUC, Figure 6), we

(compare FGF2 induction of 179 MMPLUC with 75 MMPLUC . .
in the absence of PE1); however, PE1 expression still suppressesurmised that PE1 must suppress the MMP1 promoter in part

basal 75 MMPLUC activity in the presence or absence of FGF2. by antagonizing promoter activation via the AP1 element.
Finally, 5-deletion of nucleotides-75 to —51, encompassing the  To test this notion, we examined the effects of recombinant
AP1 site at nucleotides-72 to —66 (15), substantially decreases purified GST-PE1 on the assembly of proteiDNA

basal promoter activity, and PE1 and FGF2 have little effect on : . :
the minimal promoter activity of 50 MMPLUCH50 to+63). (B) complexes at the MMP1 AP1 cognate in gel shift assay, using

linked to the heterologous RSV basal promoter. Consistent with as a source of AP1 binding activit§%). As shown in Figure
the B-deletion analyses that map PE1 repression to nuclectidés 7, recombinant purified GST has no effect on formation of
to —51 in the MMP1 promoter in panel A, transient expression of Ap1 protein-DNA complexes (Figure 7A, lanes—4). By

PE1 markedly suppresses basal transcription driven by MMP- NP L 7.
(-123 to—61)y RS\F}EUC. By contrast, PElpexerts little eff)éct on contrast, GSTPEL markedly inhibits AP1 binding activity

transcription driven by the RSV basal promoter (RSVLUC). See N a dose-dependent fashion (Figure 7A, lanes8p Even
text for details. though GSTPEL1 readily binds the Ets cognate (Figure 4,

MMP(-123 to -61) RSVLUC RSVLUC
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above), it does not directly interact with the AP1 cognate in derepression6b), similar to our evolving model of MMP1
gel shift assay (Figure 7A, lane 10), indicating that it must promoter regulation by FGF25).
function via protein-protein interactions. Of note, all experi- We present for the first time the predicted full-length PE1
ments were carried out in the presence of excess BSA (BSA:protein sequence, verify protein size and predicted nuclear
GST—PEL1 ratio~200:1), indicating that the effects of PE1 localization in osteoblasts, and demonstrate that PE1 is a
on AP1 binding activity are not due to nonspecific inhibitory sequence-specific DNA binding protein that recognizes
effects of protein on DNA binding activity. In these same authentic Ets cognates present in the OPN and MMP1
MC3T3EL nuclear extracts, 5 complexes assemble on thepromoters. We identify that PE1 is in fact a promoter-specific
Spl DNA binding cognate (Figure 7B, lane 1, complexes transcriptional suppressor, as predicted by its homology to
A—E). Again, GST does not diminish the formation of these ERF. PE1 suppresses basal MMP1 promoter activity by 50
five DNA binding complexes (Figure 7B, lanes-3). By 60% but has little effect on transcription driven by the RSV
contrast, while GSFPEL perturbs four of these complexes promoter. Similarly, PE1 suppresses the basal OPN promoter
with differential potency (Figure 7B, lanes-4, complexes but does not regulate the osteocalcin promoter (not shown).
B—E), it does not decrease (weakly augments) the formation Our studies of PE1 point to an important role for protein
of a fifth proteir-DNA complex assembled on the Spl protein interactions for Ets-dependent repression. Remark-
cognate (Figure 7B, lanes#%, complex A). GSFPE1 does  ably, mPE1 does not require the Ets cognates to suppress
not bind the Spl cognate in gel shift assay (Figure 7B, lane the MMP1 promoter. Rather, PE1 usurps AP1 prot&iNA
8), indicating that modulation of complex formation occurs interactions that support MMP1 promoter activity in osteo-
via PE1 proteir-protein interactions. Thus, PE1 negatively blasts. Mechanistically, this model closely resembles that
regulates DNA-protein interactions at the MMP1 promoter evolving for transcriptional repressors such as Ms&8) (
AP1 cognate. Suppression of DNA binding by PE1 is and YY1 7). Like the homeodomain repressor Msx2, PE1
selective, since the “dose-dependent” downregulation of is rich in proline. Moreover, homeodomain proteins and Ets
heterologous DNA binding activities by recombinant GST  proteins are members of a larger structural class of helix
PEL1 is complex-specific. turn—helix DNA binding proteins §8, 69), a fact that may
suggest similar mechanisms of transcriptional regulation.
DISCUSSION Interestingly, although largely dependent upon promoter
The molecular details of Ets-dependent gene transcriptionactivity driven by the bipartite EtsAP1 motif, PE1 weakly
are only beginning to be elucidated] g). In every detailed  decreases transcription directed by the minimal MMP1-
analysis to date, cooperative interactions between the Ets(—50 to+68) and RSV{-51 to+35) promoters-driven only
factor and a second, more potent transcriptional activator areTATA box and Inr elements. This suggests that PE1 may
necessary for transcriptional activation by the Ets protein interact with components of the preinitiation compl&6)(
(1, 8). For the prototypic Ets family members, Ets1 and Ets2, and additionally usurp the interactions of transactivators with
the transcriptional activation function maps to N-terminal the basal machinery. Indeed, Msx2 and YY1, prototypic
domain residues far upstream of the C-terminal DNA binding transcriptional repressors, suppress transcription by decreas-
Ets domain 2, 3). These residues are necessary for pretein  ing the binding activities of supportive transactivatoss, (
protein interactions and recruitment of CBP/p300, transcrip- 67) and by targeting general transcription factors of the
tional platform proteins that also bind AP&9). Although preinitiation complex 48, 67). However, unlike Msx246,
these platform proteins possess histone acetyltransferasd8), PE1 does not repress OC promoter activity, and the
(HAT) activity that remodels chromatin3), N- and C- specific proteir-protein and proteirDNA interactions
terminal regions of CBP that lack HAT activity appear negatively regulated by these two repressors must be distinct.
adequate to promote Ets-dependent transcrip@pnCither Of note, while this work was being completed it was
Ets activators also function via recruitment of CBP/p380 (  published that ERF repression of the prolactin promoter
60); whether HAT activity is required has yet to be occurs in part via inhibition of Pitl binding to its cognate
established. Additionally, the SUR2/DRIP130/CRSP130 (44). Thus, both PE1 and ERF repress transcription at least
subunit of the novel mammalian Srb/Med/DRIP coactivator in part by usurping the DNA binding activities of transac-
complex 61) has been identified as interacting with the Elk1 tivators that support gene expression.
Ets transactivation domair62, 63). Importantly, however, Cheung and co-workergl®) recently identified that the
the N-terminal transactivation domain present in these tumor suppressor p53 markedly suppresses MMP1 via the
prototypic Ets transactivators that is required for coactivator proximal promoter region we identify as being regulated by
recruitment 2, 3, 62) is absent in the Ets repressors ERF PE1. As we observe, they described that MMP1 promoter
(40) and PEL1 (this paper). suppression by p53 is independent of a p53 cis element;
Little is known of the molecular mechanisms whereby Ets rather, p53-dependent repression is achieved at least in part
repressors downregulate transcription. The best-characterizedhy secondary downregulation of AP1-dependent promoter
protein to date is ERF4Q, 64, 65). ERF constitutively activity. Previously, others have demonstrated that pretein
represses the Ets2 promoter via a promoter-proximal Etsprotein interactions between the glucocorticoid receptor and
cognate 40). Human ERF repressor function is negatively AP1 downregulate MMP1 promoter activitgX, 70). Thus,
regulated by a Ras-initiated MAPK cascade that phospho-our data demonstrating that PE1 suppresses the MMP1
rylates Thr-526 in the C-terminugl@). Thr-526 phospho-  promoter via perturbation of proteDNA interactions at
rylation of ERF directs the rapid export of the phosphoprotein the AP1 cognate adds to the increasing evidence that negative
from the nucleus to the cytoplasm, antagonizing ERF regulation of this important matrix metalloproteinase occurs
transcriptional suppressor functicdgf. Thus, Ras potentially  largely via the regulation of AP1 activit2(, 57). Recently,
activates ERF-regulated expression in part via transcriptional Shemshedini and co-worker4d2) have expanded upon the
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