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Matrix Gla protein (MGP) is an 84-residue vitamin
K-dependent protein initially isolated from bovine
bone. MGP is also expressed at high levels in heart,
kidney, and lung and is up-regulated by vitamin D in
bone cells. To characterize the genomic sequences re-
sponsible for the regulated expression of this gene, we
screened a human genomic library using a MGP ¢cDNA
probe and obtained two clones containing the MGP
locus. The human MGP gene spans 3.9 kilobases of
chromosomal DNA and consists of four exons separated
by three large intervening sequences which account
for more than 80% of the gene. Southern analysis of
total human genomic DNA indicated the presence of a
single copy of the MGP gene. Hybridization of the
hMGP cDNA to a series of Chinese hamster X human
hybrid clones assigned this gene to the short arm of the
human chromosome 12 (12p). The N-terminal se-
quences of the known vitamin K-dependent vertebrate
proteins reveal a transmembrane signal peptide, fol-
lowed by a putative y-carboxylation recognition site
and a Gla-containing domain. Each of these regions
correspond to a separate exon in MGP. MGP also con-
tains a fourth exon of unknown function which codes
for 11 residues and lies between the transmembrane
signal peptide and the putative recognition site for the
~v-carboxylase. This four-exon organization is essen-
tially identical to that of bone Gla protein and is quite
different from the two exon organization encoding this
region in the other known vitamin K-dependent pro-
teins. Analysis of the MGP gene promoter revealed, in
addition to the typical TATA and CAT boxes, the pres-
ence of a number of putative regulatory sequences
homologous to previously identified hormone and tran-
scription factor responsive elements. In particular, two
regions of the promoter were delineated containing
possible binding sites for retinoic acid and vitamin D
receptors.

Matrix Gla! protein (MGP) is one of two small vitamin K-
dependent proteins which have been isolated from bone. Un-
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like bone Gla protein (BGP), which has proven to be specific
to calcified tissues (1), MGP has recently been shown to be
expressed in many different tissues including heart, lung and
kidney. In each tissue, MGP synthesis is restricted to a
discrete set of tissue-specific cells (2). Although MGP con-
tains a high percentage of hydrophilic residues, it is excep-
tionally water-insoluble (solubility < 10 ug/ml). The MGP
¢DNA structure predicts an 84-residue mature protein and a
19-residue transmembrane signal peptide (3, 4), MGP being
the only known vitamin K-dependent protein which lacks a
propeptide. The two forms of MGP that have been so far
isolated from bone contain 79 (3) and 83” residues and are
missing 5 and 1 residues at the C terminus.

Vitamin D;, through its hormonally active form 1,25-dihy-
droxyvitamin Dj;, has been shown to produce a rapid, 15-fold
increase in the level of MGP message in several bone cell
lines (5). MGP is one of the few proteins to be significantly
up-regulated by vitamin Dj, the others being BGP (6-9) and
the calbindins (10, 11). As has also been shown for the
calbindins (12, 13), the regulation of MGP by vitamin D
appears to be tissue-specific.® A vitamin D-responsive element
has recently been identified within the promoter of the rat
(14) and human (8) BGP genes, and the structures of the
calbindin genes have been determined (15-17). In order to
compare the MGP gene with the genes for other vitamin D-
regulated proteins, we have cloned the human MGP gene and
characterized its molecular organization including 5’-pro-
moter elements and 3’-flanking DNA. The promoter region
of the hMGP gene contains several putative regulatory ele-
ments homologous to previously well characterized factors,
including possible vitamin D- and retinoic acid-responsive
elements. Comparison of the MGP gene with the genes for
other vitamin K-dependent proteins has revealed that, al-
though they may all share a common ancestor, only BGP
seems to have followed the same exact pattern of exon evo-
lution as MGP.

MATERIALS AND METHODS

Cloning of the Human MGP cDNA—Two rat MGP ¢cDNAs, rMGPs,
and rMGP,; (see Ref. 3) were used to screen a human lung Agtll
¢DNA library (Clontech, Palo Alto, CA). Bacteriophage were plated
and transferred to nitrocellulose filters (18). Two replica filters were
lifted from each plate. Following hybridization to the **P-labeled rat
¢DNAs, positive phage plaques present in both filter replicas of the
same plate were plaque-purified and DNA prepared from the phage
stocks (18). The ¢cDNA inserted into the phage was excised with
EcoRI and subcloned into an appropriate plasmid vector for further
characterization and sequencing.

Cloning of the Human MGP Gene—Both rat and human MGP

2 J. E. Hale, M. K. Williamson, and P. A. Price, unpublished results.

3 Results obtained with normal rat kidney cells show that the
expression of the MGP gene in this system is not vitamin D-depend-
ent (J. D. Fraser and P. A. Price, unpublished results).
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Structure of the Human MGP Gene

¢DNAs (see above) were used to screen a library derived from partially
digested human leukocyte genomic DNA cloned into the bacterio-
phage EMBL-3 (Clontech). Approximately 7 X 10° phage plaques
were screened by in situ hybridization (18). Positive clones were
plaque-purified and DNA was prepared following established proce-
dures (18). Further characterization of the genomic positive clones
was accomplished by digestion with restriction endonucleases and
Southern hybridization analysis (19). Selected genomic restriction
fragments were subcloned into the BamHI, Hindlll, or Xbal site of a
plasmid vector for further characterization and sequencing.

DNA Sequence Determination—Sequencing of the human MGP
c¢DNA and gene was performed on DNA fragments subcloned into
the Bluescript (Stratagene, La Jolla, CA) plasmid vector using a
modified DNA polymerase (Sequenase, obtained from United States
Biochemical Corp.) and the dideoxy chain termination method of
Sanger (20). Sequence data were obtained from various subcloned
restriction fragments as well as from 5’- and 3’-unidirectional dele-
tions of cDNA and genomic DNA cloned into pBluescript and gen-
erated using the Erase-A-Base system (Promega, Madison, WI). The
nearly full length cDNA, as well as the complete gene and its 5’- and
3’-flanking DNA, extending from —1063 to +4277, were sequenced
from both strands at least twice. Genomic DNA sequences located
further upstream from the start site of transcription (from —1064 to

(-19) (=10)
MetLysSerLeulleleuLeuAlalleLeuAlaA
CTGAGACTGACCTGCAGGACGAAACCATGAAGAGCCTGATCCTTCTTGCCATCCTGGCCG
(-1 (1) (10)
laLeuAlaValValThrLeuCysTyrGluSerHisGluSerMetGluSerTyrGluLeuA

60

CCTTAGCGGTAGTAACTTTGTGTTATGAATCACATGAAAGCATGGAATCTTATGAACTTA 120
{20) (30)
snProPhelleAsnArgArgAsnAlaAsnThrPhelleSerProGlnGlnArgTrpArgA
ATCCCTTCATTAARCAGGAGAAATGCAAATACCTTCATATCCCCTCAGCAGAGATGGAGAG 180
(40) (50)
laLysValGinGluArgIlleArgGluArgSerLysProvalHisGluLeuAsnArgGlua
CTAAAGTCCAAGAGAGGATCCGAGAACGCTCTAAGCCTGTCCACGAGCTCAATAGGGAAG 240
(60) (70)
laCysAspAspTyrArgleuCysGluArgTyrAlaMetValTyrGlyTyrAsnAlaAlaT
CCTGTGATGACTACAGACTTTGCGAACGCTACGCCATGGTTTATGGATACAATGCTGCCT 300
{80) {84)
YrASNArgTyrPheArgLySArgArgGlyTRELY S«xx
ATAATCGCTACTTCAGGAAGCGCCGAGGGACCARATGAGACTGAGGGAAGAAAAAAAATC 360
TCTTTTTTTCTGGAGGCTGGCACCTGATTTTGTATCCCCCTGTAGCAGCATTACTGAAAT 420
ACATAGGCTTATATACAATGCTTCTTTCCTGTATATTCTCTTGTCTGGCTGCACCCCTTT 480
TTCCCGCCCCCAGATTGATAAGTAATGAAAGTGCACTGCAGTGAGGGTCARAAGGAGAGTC 540
AACATATGTGATTGTTCCATAATAAACTTCTGGTGTGATACTIIC-poly (Al tail 585

F16. 1. Nucleotide sequence of the cDNA encoding human
MGP. The derived amino acid sequence is shown above the DNA
sequence. Amino acid residues are numbered according to residue 1
of the mature protein. Numbering of nucleotides is shown on the
right margin. The stop codon is marked by asterisks and the polyad-
enylation signal is underlined twice. Sequences present in our cDNA
and not previously reported (4) are underlined. A single difference
between our sequence data and the previously published sequence
was noted and is marked in bold as well as the corresponding amino
acid.

Fic. 2. Map and exon/intron or-
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—3398) were sequenced from at least two different clones and ap-
proximately 40% was sequenced from both strands.

Computer Analysis—Identification of putative regulatory elements
within the hMGP gene and flanking DNA was accomplished using
the Staden ANALYSEQ program (21) and the Los Alamos SE-
QUENCE HOMOLOGY program (22). Identification of repetitive
DNA elements was performed by comparing our sequence with those
present in the GenBank data base using the Lipman-Pearson FASTA
programs (23, 24). All programs were run on a Digital Equipment
Corp. VAX 11780 computer system,

Isolation of Human Genomic DNA—Cells (human MG-63 osteo-
sarcoma cells, American Type Culture Collection, CRL 1427), grown
to confluency in the presence of newborn calf serum were trypsinized,
washed twice in ice-cold phosphate-buffered saline, and pelleted.
Genomic DNA was prepared following a previously described proce-
dure (25). Briefly the cell pellet was resuspended in 1 ml of digestion
buffer (100 mM NaCl, 10 mM Tris-HCI, pH 8.0, 25 mM EDTA, pH
8.0, 0.5% sodium dodecyl sulfate) per 10° cells and 0.1 mg/ml protein-
ase K (Boehringer Mannheim). The samples were incubated with
shaking overnight (18 h) at 50 °C in tightly capped tubes. Nucleic
acids were extracted and cleaned as described previously (25), resus-
pended in TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) and kept at
4 °C until restriction enzyme digestions were performed.

Southern Analysis—Genomic DNA from human MG-63 osteosar-
coma cells, prepared as described above, was digested with different
restriction endonucleases, electrophoresed on a 0.8% agarose gel, and
transferred to Nytran (0.45 um, Schleicher & Schuell). Hybridization
was performed at 42 °C under the conditions recommended by the
manufacturer (26) using a random primed, **P-labeled human MGP
cDNA probe at the concentration of 3 X 10° cpm/ml of hybridization
solution (specific activity was approximately 10® cpm/ug of labeled
DNA). The membrane was washed at 65 °C under high stringency
conditions (26) and autoradiographed for 2-5 days at —70 °C with
intensifying screens. For the chromosome localization, the PstI-di-
gested DNA fragments from each of the hybrid and parental control
cell lines were separated on 0.8% agarose gels and Southern trans-
ferred to Hybond N membranes (Amersham Corp.). The filters were
prehybridized, hybridized with the hMGP c¢cDNA (**P-labeled by
random priming to a specific activity of 7 X 10* cpm/ug following the
method of Feinberg and Vogelstein (27)), rinsed, and washed as
described previously (28). All filters were exposed to Kodak X-Omat
AR films with two intensifying screens at —70 °C for various lengths
of time,

Labeled DNA Probes—Plasmid vectors containing MGP cDNA or
genomic fragments were labeled with [**P]dCTP (>3000 Ci/mmol,
PB10205 from Amersham Corp.) using a Nick Translation System
(Amersham Corp.). Gel-purified MGP cDNA inserts were labeled
with [*P]dCTP (>3000 Ci/mmol) using a Multiprime DNA labeling
system (Amersham Corp.). An average of 10° to 107 cpm were used
per ml of hybridization solution.

Ribonuclease Protection Assay-——Mapping of the hMGP mRNA

Genemic clones

ganization of the human MGP gene.
The top two kines represent the location
of the overlapping phage clones ALCjy,
and ALC; containing the entire hMGP
gene. The middle line shows a partial
restriction endonuclease map of the
MGP locus (X, Xbal, Ba, BamHI; E,
EcoRV; B, Bgll; P, Pstl). The box indi-
cates the location of the hAMGP gene and x
it is expanded below to show its exon/ | |

intron organization and location of the
Alul repeats. Each exon encodes a dif-
ferent region of the protein. Dotted box
I'=5'-untranslated region + pre-domain
of the protein; black box II = a-helical

domain; white box 1IT = putative y-car-
boxylase recognition site; hatched box IV
= Gla-containing domain + 3’-untrans- |
lated region. The structure of the corre-

sponding hMGP ¢DNA is shown at the

bottom. The location of the splice junc-

tions within the ¢cDNA is indicated by

the vertical arrows and the asterisks.
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CCAGTGAGAAAGCTCATCACTTGGTCTCCTTTAAGGCCAGTTGGCTGCCTAACAATTTTT
TAAATAAGAGGAGCCAGTATTAAATTTTTGTTCAAAGAGCACACTTGATGCATGAGACAG -3279
GGCCCATATCTGTATTTTTCTCTACTGTATTTCCAGCCTAGAGTTGACAAACAGTAGATG
CTCAGTACATTTGTTGGCTAGATAGATAACTTGATGGATGGCTGGCTGGCTGGCTGGCTG -3159
GCTGGATGGATGGATGGATGGGAGAATTATGARATCATGAAGCTCCTTCTGGCCCTGACA
GGCATGGTCATTCTTCTCTTTTCTGCCTGAGAGTAGGTGGAATAGGAGATCTGTATTACT -3039
CCATGGCTTCTCTTGCTTCAGTTCCTACGTTGCCAACCTCACATGAGGAGAATCCTACAC
ATGTTTAARAACTGGCAATCATATCACTGTCTCATATTTCTGTTATCACTTCTGGGAGTT -2919
TCTTCAAATATTCTCTCCTCTGAATAACACTTCTTTTTTGTTAAGGGAAAATGTCTATAT
AAGTGTCTTTCATAATTATCTAAAATCTAATTAGAATTTAGAGTTTCATGTGGTCTCGTC -2799
TTGACAAGATATCCCAATTAAGAAAATGCAAACTAGCTGGCAARATTAATTTGTTCAAAT
TTCAATATTTTCTGAAAATTTTCAGACAGTATTCTGCAATCTCAAACAATGCTATTCCTA -2679
AccAAAGCAAcTTTTATTTCTcTGTTCcCATGTCTCGCTTTTAATA:EEE£EQCCTTCTA
AP; enh.core (R)
CAACTGCCTCCGTTTTTCTCTGICACTCAGTCTCTACCTAAAACTCACCCAGCABACCAR -2559
ATTGGTAAGGCTCTTCTCATTTCCCCTTCTC%%?E;;;TTTTTTTTCCTACTTCCATTCT
TTTCTTCTGTCTTCTCTCAGAIéié;;;ATCTTGGTCCTTTCTAATGCAAAGCTCCCATC -2439
CCTGCTTCATGCGTTAGTCCAAGTCCTCATCATAAAAACATATGACTGGAGTTGGCATTC
ACAAAGTTGTCTTTGAAATGGGGAGTAAGGTGACAGAGGAGAAAAAGARGAGCTCTGGAT -2319
TCTCAGACATGTTAATAATTTTTACATATCATATATAAATGGGATTTTGCAGAGA:ZZAQ
CaéigAIAGAIEGGAﬁAﬁCAATGGACAGGAAAGGCAGATGAGGGACCGAAGAGACACAGC -2199
TCCCAARAGAAAGTTAGCCTTACAAAAACCAAGACGATAAAGAGAAATGCTTAAGTTTAG
GGAATCCAGTGGAAGCAGTGATTTAAGGTGAACQ;Z;GGTGAACCTTAAGTTGAAATGAG -2079
AAGTGTAGGATTTTCAAGTTTAGTTTCTGGGAGTGTAAAAATAAAAAAACAATTGIEQ;;
TCAGAGGCTGARAGATTATAGTTGTCATTTGAACT TGGGGATAAAGGAGACATCTATGAC -1959
enh.core (R}

TTGGCTGGAAAAGACAGAGCTAATGTACATTGCAAAGCACATATTTATAGCAGGAAAATG
GGAAGATTTCTCTTTAATTCTGGAGATGGAGTGGGGATGGGGAGAGTAGACTACTCATTT -1839
TAAGGGTGAAACATTGGAATTCAACTTGTTTGATGTTATATTAATTGGTGGTTAATTACT
AAGCTAAGTACGTATAARACTTTTATCTATGGCTAGCTTGTCCCCCCARRGTCATGCAAT -1719

enh.core (R) ap, Pal _ APy
ATAGTGAACTGGCTTTCGCACTTTAAATTATTCATTGATCATGTAATGATTCAGATGATT
§§TchggggkAgggégACTGAAAcTAACACTCATAGTAGGTTE?&@EE}ZAAGAGTGGA ~1599
ACAACCGCCAGTCTCATTAGTGGAAATTGTGATGGTTGAATTTATCAAGGATGAACATAC
ACGGTCTTCTTTCTGAGATTTTCTTTAAGATTTTCGCACAGATAATCTATTTCTTAGGTT -1479
TTGGAGAGAAARACTTGAATTTTATTGATCCCTCAGAACTCAATCTTTCAGATTTCAAAGG
AGCTATTTCTTTTAATGGGGACTCTGTTAATATTTATAAAAGCTCTTCACAGGATGGAGE -1359
GTGGGAGGGAARACTCCATCCCAACAAGACAAAAAGAATGAAGCATGAGGCTCCACCTAGT
TCATCACTGCTCCTTGAAATACATCAGTATTGAAAGACACATCCACCCCACCCCCAACCE -1239
AGCCCTATTGCTGTTCCAGCTCAAGAGTCAGAGGTCCCGAAGCTGTAGCTCTTCTACAAT
CTGCTGCTCTGTGACTTCAAGTCTGTTGTCTGCAAAGARRACTATTGGGTTCCCAAGCAA -1119

MRE (R) GAGA BOX

GAGAGGCACATCTGGTAGGACAGATTTTGTGATTGCAAARGAAGGGGGAARAAAAGAAAG
AAAGAAAAGACCTCTCTATACAAGATAACCAGAGGCATCAAACTGAAATCCTCCTGTGGA -999

FiG. 3. Sequence of the human MGP gene. The nucleotide
sequence of the entire MGP gene plus 5'- and 3’-flanking DNA is
shown. The major CAP site is designated as 4+ and is indicated by
a vertical arrow and the corresponding nucleotides are bold. The two
nucleotides corresponding to the two other possible start sites of
transcription (—5 and —7) are also bold. Nucleotides are numbered in
the right margin. Sequences upstream from the CAP site are indicated
by negative numbering. Positive numbering indicates sequences 3’
from the CAP site. Amino acids of the predicted protein are numbered
above the sequence, according to residue 1 of the mature protein. The
stop codon is identified by asterisks. Alu repeats within intron 2 and
3 and in the 3’-flanking sequence are underlined. The short flanking
repeats on each end of the Alu sequences are marked by horizontal
arrows under the sequence. The polyadenylation signal is underlined
with a thick line. In the promoter region (between —1 and —3398),
sequences underlined represent putative regulatory elements. The
TATA, CAT, BGP, and GAGA boxes, the enhancer core-like se-
quences (enh.core), putative metal responsive elements (MRE), pu-
tative regulatory elements for AP1, AP2, and cAMP-dependent tran-
scription factors as well as possible hormone responsive elements
(HRE, and HRE,) are indicated above the respective sequences.
Sequence motifs in reverse orientation are indicated by (R). Pal
indicates specific palindromes.
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AAATARGCTAGTACTTCTGGGCCTGATGGTGTAGTGAARACCTGTGCTTGAGGATACATT

enh

ACAGTGAAAGAGCAAAGTGAATAGTAAGTAGCTATTACTTACCTCCTTAGGGAGGTGTGT
core BGP BOX MRE HRE1

IGTTTGTCTGTACATCCCCCACAGCACCTAGCACAGTACCTTGCATCTCACCTIGCCACTC

ACTAAAAAGTCTATCAAGTTAGTTAATTATCGAGACAACGCCCTCAGARATGAGAGAACA
MRE ENH.CORE (R)
GTACCCTCTTATCCTTGCTIGCACTTTCCAGCACTGATACGCTGCCTAARAGAGGACTAGG

GCACAGGTTTGAATTAATGTCACAAAACTGGATGGGCAAGTTACAACGGTGTTGATTAAG

GAAACAGAACTCATGGGGCACCGGATATCTCCATCCTGATGAACCCTTGGAAAARATGCCA
AP Pal RCAT

AAGATGCATATCCQS&EQEEAATGCCTGATTAGTCTGGGATTGATAGAIIQQTCTAGGAT

—_—

TCAGCCCTACTGGGAAGATGTCTAAATTATARTCAGTGTAGAAAGCGAAGTTCTCCTAGA
GAGA BOX CAMP -
AGAAGAGGCAAAGGTTAAAAAGAAGAAAAGAAARAGAAAGIGAAGTCCTTTCTCCCCCARA
BGP
ACCTCTCATCAATCAATCAGGGTAACAAACAGAACACTAGGGCTCTGTCTGTGGACCAAR
BOX
CCCARAAGCCCTGCGGTCAGGGCCAGGAGGGTAGATCATGTGTT TGTGGCAACTTCCTCT

AP APp
GTGGGCTTTTGLCCAGGTCTGTCCCCAAGCATACGATGGCCARAACTTCTGCACCAGAGT

AGCATCCTGTGTAACACAGTCAGGTCCAGCAGTTAGGGAAARCTGCCCACTCAGAGTAGA

TAATATCTGGAAGGAATGACTGTTTGGGAARAGTTCCAATGCTAGTTCAGTGCCARCCCT

TATA

TCCCCACCTTCTCCAGCTCTCTCCCACTGGTTCCTCCCCTCTCAACTGCTCTGGTTCITA
+1

v
TABAAACCTCACAGCCTTCCACTAACATCCCATAGGAGCCTCTCTCCCTACTGCTGCTAC

(-19)

MetLysSerLeulleLeuleuAlall
ACAAGACCCTGAGACTGACCTGCAGGACGAARRCCATGAAGAGCCTGATCCTTCTTGCCAT
(-10) (-1} (1)
eLeuAlaAlaLeuAlavValValThrLeuCysTyrG
CCTGGCCGCCTTAGCGGTAGTAACTTTGTGTTATGGTGAGARACTTTTCTCCCATTTCTE

TGTGTTTACTTTTCTGCCTCTGACTTTGGCTTACTTCTATTTTTCCTCTCCCTCCTCCTC
TTCTTCCCCCTTTCTCTGTTATAATC TTAAAGTACCATTACTTTCACATTTCCCAGTCTC
CGCAGAAACTGATCTGTTCTATTAAGTCTTTTTTATATCCTAAATATCCAGAGTCTTATG
CAACTTAACAGGCAAACCCGTTCAGTGGTAAGTCTCTGTATATC TAGAAACTCATATTTC
AGAAAGAAGATACCAAATTCCCAGCCCCCTGCATCCTCATTTTTAAGGATATTTATTTAG
ACTTTGGTATCAATGGGTTAAGGGTATTGTTTARACCACTTGCC TTTGAGAAAATCCATT
TTTATGTGAAGTATTAAGTATAGCCCTTTCTAGGGACTGGACAATCTCATGAACTTACTA
TGTTTGTTCAGTTAATTAATTTTAAAATAAAGTTTTACATCARAAGAATTTTAGARARGA
ATCATTTTCATAACTCCTGTTGTCAGAAAATAAATTTTGCCTGT TTTCTATATGTCATTA
AATATACCTGCATTTGTTCAAAGCTTATAAARGGAAATCTGAAGCAARAGTTATTTACTTA
TTTCAGTCTTTTGTTTCAATTACCTAGATATTTTCATTGTTTTAAAATTTAAATTACATT
AACAACCATAAAGATTATGCTTCTCACTCTTGTATTCACAAATT TTCTGTATTAGAGGAT
TTGATTTCTTCACCTCCTTTTTAAGT TTTGAAGAAAATTCACTTGCTGGCAAATATTAAT
AGAAGCTTCTTATTCCAAAATTTATCTGCTGTGCTCAGGAGAGT GGCAGAAAGARAGAARA
CTTCGGCTTTGATATCGTTTCAGTTCTCTCTCTGAACTGGCATCGTGCCCAGGGTGAGCT
GTCAGCTGGAGCTAGTGGTTTCTGTGGCTGCCAATTTAACACAGGTTCTTAAGAGGCTTT
CGGAACCCTCTTAGAABCCTGCCCTAGTAAGCCCAGCAGAGCAACTGCCCTGTAGTTCTC
TTGCCTGGAGAAACCTGGCTGTCTTCTGGATCCTTCTTAATCCTCTTTGACCCTGTTCTC
AAACAGGCTCTGAATAAATCAGAGAAGAAGGTTCTCTGGAGACTTCTGTACAGCACTTAA
AGTGTCTTATTTTGCTTGTCTGAAGACGTCATAGCCCTTGGGAAATTTTAGCTGARAATG
GCCACTCCCTCCTTCAACATCAGAGAAACTAAAATATAGAGATATCCACAGCAAGGCCAG
AGCTAGAGAAAAACCTCATAAATCCTAAATTCCTGAAATTTCTAATAACCACACTGCTAA
ATATATTCTTCATGTTTTTAGACTCTTTCCTCTTCTTCCATCCCTGTATTTARACTATCA
CAGTGTCTAAATTGATAAATAATAACATAATGAATCATGGATAAATATTGATATAATGAA
(10)
luSerHisGluSerMetGluSerTyrGluLeuA
TCTTTTTTTTTTAATTTCAGAATCACATGAAAGCATGGAATCTTATGAACTTAGTAAGTG

AATATTTAACTTCTTTATTCAAATCCCTTGCATTAAAGAACCTCTTCTTATTTTTARATA
AACAAGATGGAARGATATATAACAGGGAGGGAAAAGGGGGCCTCTTTTGGAARACTARAG
TAAATTTTTAAATCTAATGACTATAAAAATTGCCAAAGGAGCAATTTTTTAAGTTTGARG
TAGTGCAATATGGGATTTAAGCTACAGGCGACATATTTAGAAGCCATARRATCTCATTTG
GAAATTTTAAATTGGCACCACGTCAACTGCACAGATGGAAAACGAGGAGTAATGACAAAT
GGTAAAGCACAGAGCTGGACGCCAAGTCAGCTGGGAGACCACAGGCGCCACGTTAAGCTG

AGTGCTGTTTIGGTTTTTTIGTICTT T TCTTTCTTGTTITITITTTTGAGACAGTGTCTC
_—

ACTCTGTCGCCCAGGCTAGAGTGCAGTGGTGTGATCTCCGCTCGCCGCAACCTCCACCTC
CCAGGTTCAGGCAATTCTCATGCCTCAGCCTCCTGAGTAGCTGGGATTACAGGCCCATGA
CATCATGCCTGGCTAATTTTTGTATTTTTAGTAGAGATGGGGTTICACCATGTTGTCCAG

GCTGGTCTCGAACTCCTGGCCTCAAGTGATCCACCCACCACAGCCTCCCARAGTGCCGRG
ATTACAGGCATGAGCCACCACACCCAGCCAGCTGATTGCTGTTGAATAGCTGGATTTATA
—_

AAGACTGAGCATAGGAGGAAATGGCACATCACTCTCATTTTTAATTTATTCATTATTTTT
ATAGTGTTTAAACTGTTCATGTATCGGCAATCTAGTTATGCTTCATAAATCCTCAGGACA
GAGAATTTCTCCTCAAAAGGAATTTAAAATCTACCAAGTAGAAATACAGAAATTARGAAA
GGCAAAGTGATCGTCCARACTCAAAACCAACAAAGCCTATATGACAAGTCTCTAAGACAC
ATGGATTGATTACTGATTTCATTTGATCAGGAAGTTAATGAAATCTACTTTATACTCTCC
TTTAATTTTTGCCAATCTCCGTTTATATGAGTTGCATAAGTTAAGGCACTTTCAAATATA
TTTGTGTCAAGGAATATTCACGGAAATATTTCCAGCTATGTGTCGCTAAAACTGCATTTA
(20)

snProPhelIleAsnArgArgAsnAlaAsnThrPheIleSerP

TTTATTTTCTGTTCTAAGATCCCTTCATTAACAGGAGAAATGCAAATACCTTCATATCCC

roGlnGlnArgTrpArgAlalysValGlnGluAr
CTCAGCAGAGATGGAGAGCTARAGTCCAAGAGAGGTCAGTAACAAAACTTCATGAGGAGT

GGTCATTTTTCCCAGTGTAGATCACAGATCTGAATTGGAGTGGGARACAGCTTTTTCATC

ATATACATTATTTCTAATTGTATCTTTAAAATCAAAAAACTTARAAGCAATATTCAGAAA

ACAACTGAATTATTAGAAAATTATTTGGGGARAGATCCGGARAGGAGAAGGAAGGAGGAG

AGAAAGGAGGACAGAAAGAAAACTTCTATTTTCATTAAAAAAAAAAAARRAATCTCCTGT

TCTGCCTTCCCTCCCTGGTTTTTTTTTTGGTTGGTTGGTTGGTTTTTCTGAGACAGAGTC

TCACTCTGTTGCCCAGACTGGATTATAGTGGCACTATCTCGTGCCTCAGCCTCCCARGTA
—

GCTGGGATTATAGGCACGTGCTACCATGTCCAGCTATTTTTIGCATTTTITGTAGAGACGE

GGITITGTICATGTTIGGCCAGGCTAGTCTTGAACTCCTGACCTCAAGTGATCCACCCACCT
CAGCCTCCCARAGTGCTGGGATTACAGGCCTGAGCCACCGCACCCAGCCTCTCCCTGTTC
—

TTTRAATATCTCTTAATATAGGGGGGCATGGAGAGAAAGTCTCTCCAATATTTTCTTCTT
CTTTTCCATTTTTGTATTTTTCCACTTTATCCTTCTCAATTTTGGCCTCTTCTTCCACTT
(40) (50)
gIleArgGluArgSerLysProvalHisGluLeuAsnArgGluAlaCysAspAsp
TCTAGGATCCGAGAACGCTCTAAGCCTGTCCACGAGCTCAATAGGGAAGCCTGTGATGAC
{60} (70)

F1G6. 3—continued

-879

-759

-639

~519

-399%

-279

~159

-39

+82

+202
+322
+442
+562
+682
+802
+922
+1042
+1162
+1282
+1402

+1522

+1642

+1762
+1882

+2002

+2122

+2242

+2362
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TyrArgLeuCysGluArgTyrAlaMetValTyrGlyTyrAsnAlaAlaTyrAsnArgTyr

TACAGACTTTGCGAACGCTACGCCATGGTTTATGGATACARTGC TGCCTATAATCGCTAC
(80) (B4)

PheArgLysArgArgGlyThrLys***

TTCAGGARGCGCCGAGGGACCARA TEAGACTGAGGGANGAARAAARATCTCTTTTTTTCT

GGAGGCTGGCACCTGATTTTGTATCCCCCTGTAGCAGCATTACTGAAATACATAGGCTTA
TATACAATGCTTCTTTCCTGTATATTCTCTTGTCTGGCTGCACCCCTTTTTCCCGCCCCC
AGATTGATAAGTAATGAARAGTGCACTGCAGTGAGGGTCAAAGGAGAGTCAACATATGTGA
TTGTTCCATAATARACTTCTGGTGTGATACTTTCATCTTGTARATCTGCTTTCTTTTGGG

+3682

+3802

+3922

ARGATATTGAGATATTTAAATCATGGCCCACCTTACCCARARTAGGAGATTCTGTTCATC  +4042
TCATA AGTATTAATTAGAAAAATAACTACATANAAAG AR A2 ARAGAA 5
—
CACTCAGCCATAAATTCTCTAAACCCTCTCTACCTTGGRATCCGTGAATGGARTCTGGTA — +4162
TGTTTTITGCAGGATTTTCCTATTGTAAATTGTGGCARATACAGGGCTCCCTTCATTTGE
TTTTCATCTCTTATGCATCARAGTCARAAACATTTCTGAATCAAGATAATCTAGA +4277
F1G. 3—continued
nt 12 34 56
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F1G. 4. Mapping of the hMGP mRNA CAP site. RNase pro-
tection assay was performed as described under “Materials and Meth-
ods.” Lanes I and 2, 5 and 10 ug of cytoplasmic RNA from human
fetal osteoblasts (FOB cells); lanes 3, 4, 5 and 10 ug of total RNA
from FOB cells; lanes 5, 6, 5 and 10 ug of total RNA from MG 63
cells. The lengths of the protected fragments are shown on the left
and were determined using *P-labeled fragments generated by Mspl
digestion of pBRs:, as well as an unrelated sequencing ladder which
wgre loaded on adjacent lanes and used as size markers. nt, nucleo-
tides.

CAP site was performed essentially as described (29). Total and
cytoplasmic RNA from FOB cells (human normal fetal osteoblasts)
and total RNA from MG-63 cells (human adult osteosarcoma cells)
were isolated by the guanidinium isothiocyanate/cesium chloride
method (18, 30). A 5'-EcoRV/3'-Xbal genomic DNA fragment ex-
tending from —669 to +308 (according to the ATG start codon of the
hMGP gene) was subcloned into pBluescript immediately adjacent to
the T7 promoter. The construct was linearized by the restriction
enzyme Sall and transcribed in vitro using the T7 RNA polymerase
(Stratagene). The resulting *P-labeled complementary RNA frag-
ment was hybridized overnight to 5 or 10 ug of RNA, at 45 °C. RNA
hybrids were RNase-treated for 40 min at 30 °C and then digested
with proteinase K for 15 min at 37 °C, phenol/chloroform-extracted,
and ethanol-precipitated. RNA pellets were resuspended in 5 pl of
sequencing dye, heat-denatured (5 min at 80 °C), and loaded on a 6%
acrylamide (38/2 acrylamide/bis-acrylamide, w/w), 7 M urea sequenc-
ing gel. The size of the protected fragments was determined from
DNA markers loaded on adjacent lanes and consisting of **P-end-
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labeled Mspl restriction fragments of the plasmid pBRs.», and an
unrelated sequencing ladder.

Somatic Cell Hybrids—Primary chromosomal assignment of the
MGP gene in human was carried out with a panel of 11 hybrid clones
which were derived from five independent fusion experiments be-
tween Chinese hamster and human cell lines (for summary see Ref.
31). Two Chinese hamster % human hybrids from series XXI con-
taining different regions of human chromosome 12 were used for
regional mapping.

RESULTS

Human MGP ¢DNA Structure—As an initial step toward
the complete characterization of the human MGP gene, a
human MGP cDNA clone was isolated from a human lung
cDNA library by screening with *P-labeled rat MGP ¢cDNA
(3). A nearly full length clone was obtained and entirely
sequenced in both directions. This 585-bp clone contains 26
bp of 5'-untranslated message and extends to the site of
insertion of the poly(A) tail (Fig. 1).

Our sequence analysis revealed a cDNA structure nearly
identical to the recently reported sequence for the hMGP
c¢DNA (4). A single difference was noted at the site encoding
amino acid 83 of the mature protein, which in our clone reads
[ACC] and codes for threonine (see Fig. 1) and in the previ-
ously reported sequence (4) reads [GCC] and codes for alanine.
The sequence of the hMGP gene reported here confirms the
presence of a threonine and not alanine at position 83. Our
clone also contains an additional 20 base pairs of sequence
upstream from the 5’ end of the previously reported hMGP
c¢DNA (Fig. 1, Ref. 4), and the insertion point of the poly(A)
tail is located slightly further downstream from the AATAAA
polyadenylation signal than previously reported (4).

Isolation of the Human MGP Gene—Screening of a human
leukocyte genomic library resulted in the identification of two
positive clones, ALLCs and ALC,. (see Fig. 2). Upon further
characterization by Southern analysis, ALCs (spanning nearly
14 kb of chromosomal DNA) was found to contain a 3.9-kb
Xbal fragment which hybridized to both the rat and human
MGP ¢DNA clones. This fragment contains most of intron 1
and extends 340 bp 3’ past the polyadenylation signal. ALC,,
(spanning nearly 13 kb of chromosomal DNA) was found to
overlap ALCs by approximately 1.5 kb and to extend more
than 10 kb upstream from the human MGP gene. A 6.0-kb
BamHI fragment overlapping ALCs by approximately 1100 bp
was subcloned into pBluescript and used to obtain the re-
maining sequence of the human MGP gene as well as the
sequence of nearly 3.5 kb of 5’-flanking DNA (Figs. 2 and 3).

Organization of the Human MGP Gene—The human MGP
gene spans 3937 bp of chromosomal DNA from the major
start site of transcription (Figs. 3 and 4) to the polyadenyl-
ation signal and contains four exons separated by three large
intervening sequences which account for nearly 85% of the
total DNA of the MGP gene. The main CAP site of the h(MGP
mRNA was identified to a CC motif located 33 bp downstream

TABLE 1
Exon and intron organization of the human MGP gene
The nucleotides surrounding the splice donor and acceptor sites for each of the three introns are indicated. Exon

and intron lengths are given in base pairs.

Exon Exon length Splice donor ;2:11'[1):“;& Splice acceptor
bp bp
I 61° + 5-NT* TATG| GTGAGA 1 (1485) C(T)10ATTTCAG| AATC
11 33 CTTA| GTAAGT 2 (1165) (T)CTGTTCTAAG| ATCC
111 6 AGAG| GTCAGT 3 (691) CTTCCAC(T);CTAG| GATC
v 139" + 3’-NT

¢ Only protein-coding nucleotides are counted.
® NT, nontranslated region.
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FiG. 5. Southern analysis of the
human MGP gene locus. A, hybridi-
zation of the full length human MGP
¢DNA to digests of human genomic
DNA. Following restriction enzyme
digestion, DNA samples were electro-
phoresed on a 0.8% agarose gel, trans-
ferred to Nytran, and hybridized to the
hMGP ¢DNA as described under “Ma-
terials and Methods.” Size markers are
shown on the right margin. B, localiza-
tion of the restriction enzyme sites
within and surrounding the human MGP
gene as obtained from the mapping of
the genomic clones. The positions of the
sites marked with asterisks were con-
firmed by sequencing analysis.
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from the TATA box and corresponding to protected fragments
of 116/117 bp in length (Fig. 4). The first C residue was taken
as the +1 nucleotide. Two additional fragments were found
to be protected (122 and 124 bp in length) corresponding most
likely to two weaker transcription start sites located at posi-
tions —5 and —7 (Figs. 3 and 4). No protected fragments were
detected when using RNA from MG 63 cells which do not
express MGP (unpublished results).

The nucleotide sequences flanking the exons of the hMGP
gene are characteristic of eukaryotic genes. The three introns
are bounded by consensus 5'-(GT) and 3'-(AG) splicing se-
quences following the rule of Breathnach and Chambon (32)
(Table I). The existence of a unique polyadenylation signal is
in agreement with the presence of a single size of message for
MGP in human (results not shown) and rat tissues (2, 5).

Three Alul repeats, a common feature of the transcribed
portion of the human genome, are found within the MGP
gene structure, one each in introns 2 and 3 and in the 3’-

BamH|

flanking DNA (see Figs. 2 and 3). The first two repeats share,
respectively, 90 and 84% identity with the Alul consensus
sequence (33), while the last repeat is much less conserved.
Also typical of Alu-repetitive DNA is the presence of short
flanking repeats at each end of the Alu sequence (33). Such
flanking sequences are found at the 5" and 3’ ends of the Alu
repeats in the h(MGP gene (Fig. 3).

Identification of Putative Regulatory Elements within the
MGP Gene Promoter—The genomic sequence flanking the 5’
end of the MGP gene is typical of RNA polymerase II tran-
scribed genes. Immediately upstream from the transcription
initiation site there is a consensus TATA sequence at position
—33 bp (TTATAAAAA) (Fig. 3) (34). Two CAT boxes are
located at —119 bp (CCAAT) and —527 bp (ATTGG = reverse
motif) (35).

The human MGP gene promoter contains a number of
sequence elements which are homologous to previously iden-
tified consensus sequences known to interact with well char-
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acterized regulatory factors (Fig. 3). These include putative
binding sites for the transcription factors AP1 (TGACTCA)
(36) and AP2 (CCCAGGC) (37) as well as possible binding
sites for cAMP-dependent transcription factors (TGACG-
TCA) (38) and a number of metal responsive elements

[TGCECEC) (39) (consensus sequences are in parentheses).

Many of these putative regulatory sequences are flanked
by enhancer-like core elements (consensus sequence

GTGGIXIG, Ref. 40) which are known to exert a potent

effect on gene expression (41).

Given the possibility that the 1,25-dihydroxyvitamin D,
receptor complex is a trans-acting modulator of MGP gene
expression, we have searched the MGP gene promoter se-
quence for the presence of a motif (GGTGA, CCACT) known
to be part of the vitamin D receptor binding site in the human
and rat BGP gene promoters (8, 14). Two regions of interest
were located. One contains two copies of the reverse repeat
CCACT in opposite orientation (—819 to —832) and the other
contains two copies of the direct repeat GGTGA in tandem
(—2095 to —2112). Interestingly, the second of these sequence
motifs is nearly identical to the retinoic acid responsive ele-
ment recently identified within the promoter of the retinoic
acid receptor 3-gene (42). The possibility that these sequences
may indeed represent hormone binding sites is currently being
investigated.

Other noteworthy motifs include: a perfect palindrome
(CAGGCAAATGCCTG) overlapping an AP, consensus se-

1 2 3 4 5

4.3 »

38 »

Pst |

Fic. 6. Hybridization of **P-labeled human ¢DNA probe to
a Southern blot of Pstl-digested DNA from Chinese hamster
x human hybrid cell lines and controls. Lane I, Chinese hamster
cells V79/380-6; lane 2, human diploid lymphoblastoid cells; lanes 3-
5, Chinese hamster X human hybrid cell lines. Only the hybrid in
lane 5 is positive for the human fragment.
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quence and located immediately upstream from the reverse
CAT box (—564 to —551). A palindrome (TTCCAAGATGG-
AC) located between —1654 and —1642 which is immediately
preceded by two AP, sites in tandem. Both of these motifs
share some homology to the consensus sequences for steroid
hormone responsive elements previously identified (for a re-
view, see Ref. 43).

Two other types of sequence elements were identified. The
MGP promoter contains three boxes showing a moderate
homology (66-70% identity) with a sequence recently identi-
fied in both rat and human BGP promoters (6) and termed
“osteocalcin or BGP box” (Fig. 3). Several [GA] motifs called
GAGA boxes and first identified within the promoters of
osteonectin (44, 45) and rat BGP (7) genes are also present
in the MGP promoter (Fig. 3).

The MGP Gene Is a Single Copy Gene within the Human
Genome—To further characterize the human MGP gene, sam-
ples of human genomic DNA were digested with several
restriction endonucleases and the resulting fragments ana-
lyzed by Southern blot hybridization. For most of the en-
zymes, only those restriction fragments expected from the
mapping of the human MGP locus were observed (Fig. 5).
Since there is also full agreement between the exon sequences
and the cDNA sequence for hMGP, these results strongly
suggest the presence of a single copy of the MGP gene within
the human genome. An additional restriction fragment was
observed when the genomic DNA was digested with SstI (only
two fragments are predicted from the mapping of the hMGP
gene; see Fig. 4, A and B), which is indicative of the existence
of a restriction fragment length polymorphism for this en-
zyme. This possibility is currently being investigated.

The MGP Gene Is Located in Human Chromosome 12p—
The MGP gene was mapped to human chromosome 12 by
hybridizing the **P-labeled hMGP c¢cDNA to Pstl-digested
genomic DNA from Chinese hamster X human somatic cell
hybrids and controls. A single Pstl fragment of approximately
3.8 kb was detected in human DNA (Fig. 6, lane 2) correspond-
ing to the genomic fragment originated from PstI sites located
at +42 and +3887 bp in the hMGP gene, and a 4.3-kb
fragment was observed in Pstl-digested Chinese hamster
DNA (Fig. 6, lane 1). Both the 3.8-kb human and the 4.3-kb
Chinese hamster signals were present in hybrid clones con-
taining human chromosome 12 (Fig. 6, lane 5). The human
band was absent in hybrids not containing human chromo-
some 12 (Fig. 6, lanes 3 and 4). The human MGP signal was
in perfect concordance with the presence of human chromo-
some 12 in hybrid cell lines. All other human chromosomes
were excluded by 2 to 6 discordant hybrids (Table II). We
have further localized MGP to the short arm of chromosome
12 (12p) by studying two hybrids that contain only partially

TaBLE 11
Correlation of human MGP sequences with human chromosomes in rodent X human somatic cell hybrids

The numbers of hybrids that are concordant (+/+ or —/—) and discordant (+/— or —/4) with the human MGP
sequence are given for each chromosome. Hybrids in which a particular chromosome was structurally rearranged

or present in fewer than 10% of cells were excluded.

Hybridization/ Human chromosomes
chromosome 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X
+/+ 2 2 2 1 0 4 1 1 1 1 2 4 1 2 3 2 0 3 2 3 4 3 2
=f= 6 6 4 5 4 5 4 4 5 6 4 7T 2 1 3 4 4 3 4 4 4 2 1
+/= 2 2 1 1 4 0 3 3 2 3 1 0 3 2 1 2 4 1 2 1 0 1 0
—/+ 1 0 3 1 2 2 1 3 2 1 2 0 3 4 4 2 2 4 3 3 2 4 2
Discordant hybrids 3 2 4 2 6 2 4 6 4 4 3 0 6 6 5 4 6 5 5 4 2 5 2
Informative hybrids 11 10 10 8 10 11 9 11 10 1 9 11 9% 9 11 10 10 11 11 11 10 10 5
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F1G. 7. Localization of the inter-
vening sequences within the struc-
ture of the human MGP. The first
amino acid of the mature protein is iden-
tified as residue +1. Negative numbers
correspond to the pre-peptide region (—1
to —19). The five putative Gla residues
are indicated by larger circles and bold
letters. The position of the three introns

BSSCO0CCO0COSOCOSCTLT

Structure of the Human MGP Gene

within the protein sequence is indicated
by the numbers enclosed within open
triangles. Numbers adjacent to amino
acid residues indicate codon positions.
The location of the disulfide bond is

noted.

TABLE III

Relationship between protein regions and genomic organization
of the human MGP: comparison with gene structures of other
vitamin K-dependent proteins

Protein regions and corresponding exons

Transmembrane . y-Carboxylase Gla-containing

signal a-Helical recognition site domain
hMGP* 120} I {11} I1I {26} IV {46}
hBGP I{21} IT {11} IIT {24} 1V {42}
rBGP 1{21} 1I {11} III {24} IV {43}
hFVII I, I {20, 22} 11 {54}
hFIX I {29} 1I {55}
hFX I {23} II {54}
hPC I {24) II {56}
hPt {19} 11 (54}

¢ Abbreviations and references: hMGP, human MGP (Fig. 7);
hBGP, human BGP (46); rBGP, rat BGP (6, 7, 9, 47); hFVII, human
factor VII (48); hFIX, human factor IX (49); hFX, human factor X
(50); hPC, human protein C (51); hPt, human prothrombin (52).

® Number of amino acid residues per exon; an amino acid residue
was counted as member of a given exon if at least two nucleotides of
the spliced codon were part of that exon.

“Due to alternative splicing, the leader sequence can be encoded
by one or two exons in the factor VII gene.

overlapping regions of human chromosome 12. Hybrid I,
containing the long arm of human chromosome 12 (12q), did
not hybridize to the h(MGP ¢DNA whereas hybrid I1, spanning
the entire short arm (12p) as well as a portion of the long arm
{12411-12421) of human chromosome 12 gave a strong hybridi-
zation signal.

Relationship between Genomic and Protein Structures—
Comparison between the organization of the hMGP gene and
the corresponding protein structure shows that each exon
corresponds to a separate functional region of the protein
(Fig. 7, Table III). Exon I contains the 5’-nontranslated region
as well as the sequence encoding the transmembrane signal
peptide. Exon II encodes an «-helical domain defined by
residues 2-12 of the mature protein. This region shares no
homology with other proteins and is of unknown function.
Exons III and IV encode, respectively, the putative y-carbox-
ylase recognition site and most of the Gla-containing domain.
These two exons show some amino acid sequence identity
with corresponding exons in the bone Gla protein gene and
with a single exon spanning both protein domains in the other
characterized vertebrate vitamin K-dependent proteins (3).

DISCUSSION

MGP as a Member of the Vitamin K-dependent Protein
Family—The protein domain structures and genomic organi-

zation of the presently known vitamin K-dependent verte-
brate proteins are compared in Table III. As can be seen, the
five vitamin K-dependent proteins involved in blood coagu-
lation have an identical two exon genomic organization of
their N-terminal protein sequence (48-52), and the second
exon in each case corresponds to the y-carboxylase recogni-
tion site plus the Gla-containing domain. In contrast, MGP
and BGP (46, 47) have a four exon organization of their N-
terminal protein sequence, with the «y-carboxylase recognition
site on exon three and the Gla-containing domain on exon
four. The essentially identical genomic organization of MGP
and BGP is consistent with the fact that the N-terminal
regions of these two proteins have a somewhat higher level of
sequence identity than either protein has to the vitamin K-
dependent coagulation proteins, although the overall level of
sequence identity is quite low (3). Exon two of MGP and BGP
codes for eleven amino acid residues and has no counterpart
in the other known vitamin K-dependent proteins (see Table
ITI). The amino acid sequences encoded by exon two of BGP
and MGP have no significant level of sequence identity (Refs.
46 and 47 and Fig. 7). Furthermore, while this sequence
represents the N terminus of mature MGP, it is the N
terminus of the propeptide in BGP. Therefore, it seems un-
likely that exon two in BGP and MGP have analogous roles
in biosynthesis or function.

Analysis of the MGP Promoter—The DNA sequence up-
stream from the hMGP gene contains a number of putative
hormone regulatory elements {HRE) including potential vi-
tamin D (HRE,) and retinoic acid (HRE;) responsive ele-
ments (see Fig. 3). The direct repeat (GGTGAACAAAAGGT-
GAAC) found within HRE, is also found in reverse orienta-
tion within the recently reported (42) retinoic acid responsive
element of the retinoic acid receptor §-gene (GTTCACCGAA-
AGTTCACT). Although no data are available as yet concern-
ing a possible regulation of MGP gene expression by retinoic
acid, this hormone is a powerful morphogen and known to be
involved in cell differentiation. MGP has been found to be
expressed only in some lines of osteoblasts and its expression
is thought to be associated with the development of a partic-
ular cell phenotype (5).

An interesting feature of the MGP promoter is that these
putative hormone responsive elements are in each case di-
rectly flanked by sequences similar to known transcription
factor binding sites. A similar promoter organization has been
previously observed for other steroid hormone responsive
genes such as the chicken lysozyme gene (53, 54) and the
human metallothionein IIA gene (55). It has also been shown
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that well characterized transcription factors are able to act
synergistically with the steroid hormone receptor complex in
order to induce activation of an adjacent promoter (56-58).
By testing combinations of the DNA binding sites for steroid
hormone receptors and for different transcription factors,
Schiile et al. (57) were able to show that there is cooperativity
in the binding of hormone receptors and other transcription
factors to neighboring sites on DNA. Furthermore, these
authors showed that the observed cooperativity is mediated
by protein:protein interactions (58) and suggested that steroid
hormone responsive units consist of one or several hormone
responsive elements combined with other transcription factor
binding sites. Since there is an analogous clustering of tran-
scription factor binding sites near possible hormone respon-
sive elements in the MGP promoter, it seems likely that these
putative hormone receptor binding sites could be functionally
significant and that the corresponding hormones will, in some
cells, regulate MGP gene activity.

It is noteworthy that each putative regulatory cassette also
contains a BGP box and a GAGA box. The function of these
elements is unknown. BGP boxes have been described as a
conserved sequence motif present in the promoter of rat and
human BGP genes (6) and we have also located a possible
BGP box within the human alkaline phosphatase genes.* The
GAGA boxes were identified in the promoter of the osteonec-
tin gene and found to be associated with a S1 nuclease binding
site (45). These homopurine/homopyrimidine-rich sequences
can form a “hairpin triplex” structure (61) and contribute to
the generation of local regions of altered DNA conformation
which are often found within regulatory regions of active
genes and are thought to play an important role in the
regulation of gene transcription (for review see Ref. 62).

Vitamin D is known to modulate the expression of MGP in
bone cells. The vitamin D-dependent stimulation of MGP
synthesis is consistent with a receptor-mediated primary gene
response (63, 64), as evidenced by the rapid, 15-fold increase
in MGP message after 1,25-dihydroxyvitamin D; treatment
(5). The identification within the MGP gene promoter of at
least one possible vitamin D receptor binding site which is
located within a putative steroid hormone responsive unit is
therefore quite exciting since very few proteins are known to
be directly up-regulated by vitamin D. So far, only one vitamin
D-responsive element has been conclusively identified within
the promoter of the rat and human BGP genes (8, 14). The
availability of the MGP promoter with its putative hormone
binding sites will allow us to further investigate the regulation
of the MGP gene expression and the involvement of the
identified putative regulatory elements in both the basal and
the tissue-specific, hormone-mediated transcription of this
gene.

Chromosome Assignment—We have mapped the MGP gene
to the short arm of human chromosome 12 by somatic cell
hybrid analysis. Since only a single PstI fragment was present
in human and in Chinese hamster DNA, we are convinced
that MGP is a single copy gene in both species. This confirms
the results obtained by Southern analysis of different digests
of human genomic DNA (Fig. 5). Many other genes, A2M,
C1R, C1S, CD4, CD9, ENO2, F8VWF, GAPD, GNR3,
KRAS2, LDHB, MPE, PTHLH, PZP, and TPI1, have been
mapped to the short arm of human chromosome 12 (65). The

* This sequence motif is located in both the intestinal and placental
human alkaline phosphatase genes within the first 30 nucleotides
following the 5’ splice junction of intron 7 (59, 60). It shares 75%
sequence identity with the human BGP box motif (the sequence in
the human alkaline phosphatase genes is: ATGACCCCCTTC-
CTGCCCTGGCA, regions of identity are underlined).
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short arm of human chromosome 12 and mouse chromosome
6 appear to be conserved, since CD4, GAPD, TPI1, LDHB,
PTHLH, and KRAS2 have also been mapped to mouse chro-
mosome 6 (65). We were unable to map the MGP gene in
mouse, because the human MGP cDNA probe did not cross-
hybridize with mouse genomic DNA. However, it is very likely
that MGP is also on mouse chromosome 6 since MGP seems
to be a member of this conserved group of genes.
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