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Functional Characterization of the Human Platelet Glycoprotein V Gene
Promoter: A Specific Marker of Late Megakaryocytic Differentiation

By Adeline Lepage, Georges Uzan, Nadége Touche, Martine Morales, Jean-Pierre Cazenave, Francois Lanza,
and Corinne de la Salle

Glycoprotein V (GPV), a subunit of the platelet GPIb-V-IX
receptor for von Willebrand factor and thrombin, is specifi-
cally found in platelets and mature megakaryocytes. Studies
of the GPV gene can therefore provide insight into the
mechanisms governing megakaryocyte differentiation. The
human GPV promoter was isolated, and elements important
for its tissue specific transcriptional activity were localized
using systematic DNase | protection and reporter deletion
assays. A —1413/+25 fragment inserted into a luciferase
reporter construct displayed promoter activity in Dami and
HEL but not in K562, HL60, or HeLa cells. Progressive 5' to 3’
deletion showed a putative enhancer region in the —1413/
—903 segment that contained closely spaced GATA and Ets
sites protected from DNase | digestion in Dami extracts.

—816 and —610, with the first exhibiting repressor activity in
Dami and HEL cells and the second protected from DNAse I.
Deletions from —362 to —103, an area containing protected
sites for Spl, STAT, and GATA, induced a progressive de-
crease in activity. The —103/+1 fragment, bearing a proximal
Ets footprinted site and a GATA/Ets tandem footprint, dis-
played 75% activity relative to the full-length promoter and
retained cell specificity. In summary, this work defines sev-
eral regions of the GPV gene promoter important for its
activity. It contains megakaryocyte-specific signals, includ-
ing erythro-megakaryocytic GATA, and Ets cis-acting ele-
ments, GPlIb-like repressor domains, and binding sites for
ubiquitous factors such as Sp1, ETF, and STAT.
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Regions similar to a GPIlIb gene repressor were found at

CHALLENGING QUESTION in hematopoiesis is how differentiation, suggesting that GATA-1 is a dominant regulator
lineage-specific patterns of gene expression can arisef maturation to this lineag¥.
from a common precursor cell. The problem appears to be even The original knock-out experiments did not show any direct
more complex in the case of megakaryocyte differentiation,link between GATA-1 and megakaryocytic differentiatigri?
because megakaryocytes and erythrocytes exhibit commoGATA-1-/~ mice present severe anemia with a total arrest of
features at different stages along the differentiation path. Thuserythroid differentiation at the proerythroblastic stage, and these
several transcription factors, such as GATA-1, Tal-1, Ets-1, ancprecursors later die by apoptos?s:* Megakaryocyte-specific
NF-E2, are detected in both lineagedn this context, how can  GATA-1 knock-out mice have been obtained more recently.
a similar subset of transcription factors differentially influence These mice have reduced platelet numbers, in association with a
cell maturation into megakaryocytes or erythrocytes? deregulated proliferation of megakaryocytes and a block in their
Strong evidence has been obtained for the implication ofterminal cytoplasmic maturatidd. In addition, mice with
GATA-1 in regulation of the transcription of many megakaryo- disruption of GATA-1 express normal amounts of GPllb and
cytic genes:® GATA-1 is also important in vivo and in vitro to - MPL (the thrombopoietin receptor) together with about 50-fold
direct the differentiation of definitive hematopoietic progenitors higher levels of GATA-2, which would suggest that GATA-2 is
along either the erythroid or the megakaryocytic pathway.compensating for the loss of GATA-1 and that GATA-1
Overexpression of GATA-1 led to megakaryocytic differentia- negatively regulates GATA-2 during normal erythroid matura-
tion of the primitive myeloid cell line 416B, whereas no tjon 16
erythroid or mast cell differentiation was observed. Levels of Because the GATA-1 gene is located on the X chromosome,
GATA-2 and GATA-3 transcripts in these cells remained which is randomly inactivated in every cell, heterozygous
undetectable, which would suggest that GATA-2 and GATA-3 females can bear either a wild-type or a mutant GATA-1 allele
lie upstream of GATA-1. Moreover, enforced expression of and consequently display variable anemia or thrombocytopenia.
GATA-2 or GATA-3 in 416B cells also induced megakaryocytic sych heterozygous mutant mice have a phenotype analogous to
that of human myelodysplastic syndrome. There is marked
splenomegaly, anemia, and thrombocytopenia; proerythroblasts
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mature megakaryocytes and binding sites for this factor foundines, unlike other platelet-specific proteins such as PF4, GPlIlb,
in megakaryocytic genes like those of glycoprotein Ilb (GPAb) or even GPIlb-IX. This suggests that GPV could participate in
and B thromboglobulin BTG).24 Overexpression of PU.1 in later stages of megakaryocyte maturation and respond to late
mice induced erythroleukemia through blockage of erythroidappearing growth factors or transcription factors. Characteriza-
differentiation?> and the overexpression of PU.1 on thesetion of the GPV promoter could thus help to identify transcrip-
murine erythroleukemia cells reduced their NF-E2 expressiortional elements involved in the coordinated expression of
and the DNA-binding activity of GATA-2¢ Similarly, overex- ~ GPIb-V-IX and in modulating the timing of megakaryocyte
pression of Fli-1 in K562 cells induced a megakaryocytic maturation.
phenotype characterized by markers such as GPHti-1 has
further been shown to transactivate the GPland GPIX
genes

In summary, GATA-1 blocks erythroid differentiation in _CeII lines. Cell lines (American Type_CuIt_u_re Colleption, Rock:
erythroblasts and induces the hyperproliferation of megakaryo¥!'®: MD) were as follows: Hela (epithelioid carcinoma), Raji

. . Burkitt’'s lymphoma), K562 (chronic myelogenous leukemia), HL60
cytic progenitors. Other factors, such as NF-E2, PU.1, an promyelocytic leukemia), HEL (erythroleukemia), and Dami. The

Fli-1, also have distinct effects on erythrocyte and megakaryobami cell line originally described as a megakaryoblastic leuk&mia
cyte precursors, suggesting that the same factor could plajas now been recognized as an HEL derivatiall cell lines were
different roles depending on its cellular context. grown in RPMI 1640 (GIBCO BRL, Gaithersburg, MD) supplemented
A traditional approach to identifying the mechanisms in- with 10% fetal calf serum (Boehringer, Mannheim, Germany), 2
volved in megakaryocytopoiesis is to examine the transcrip-mmol/L glutamine, and 100 U/mL penicillin and streptomycin (GIBCO
tional control of megakaryocyte-specific genes in variousBRL).
differentiated cell types. At the functional level, the promoters Flow cytometry and antibodies.Cells were washed in phosphate-
most studied to date are those of GPAbland platelet factor buffered saline containing 1% bovine serum albumin (PBS-BSA) and

4 (PF4)32:33The MPL3 andBTG?*3 promoters have also been re;uspended in PBS-BSA at a final cqncentratlon ok 510§/mL.
. . . Aliquots of cells (5x 10* per tube) were incubated for 20 minutes at
analyzed in functional studies.

. 4°C with a primary antibody (20 pg/mL), washed in PBS-BSA,
The GPIb-V-IX complex is a receptor necessary for the von esyspended in the same buffer, and labeled for 20 minutes at 4°C in the

Willebrand factor-dependent adhesion of platelets to the subenyark with fluorescein isothiocyanate-conjugated goat Baimtimouse
dothelium of damaged blood vess&s’ Absence or defective |gG (FITC-GAM; 15 ug/mL; Jackson ImmunoResearch Laboratories
expression of this complex leads to a severe hemorrhagitnc, West Grove, PA). After further washing in PBS-BSA, the samples
disorder known as Bernard-Soulier syndrome. GPIb-V-IX isresuspended in the same buffer were analyzed on a Becton Dickinson
composed of 4 subunits: GRI{145 kD) is disulfide-linked to FACSort flow cytometer with CellQuest software (Becton Dickinson,
GPIbB (28 kD) to form GPIb, which is, in turn, noncovalently Mountain View, CA). _ '

bound to GPIX (22 kD) and GPV (82 kD) in, respectively, 1:1 1€ monoclonal antibody (MoAb) 5B12, which recognizesdfyBs

and 2:1 stoichiometr§38 All 4 proteins are members of the integrin (GPIIb-llla), was obtained from DAKO (Glostrup, Denmark).

. . . . . Murine MoAbs against GPt (ALMA.12), GPIX (ALMA.16), and
leucine-rich g'ycof?mt,e'“ (lfRG) family of gdheswe receptrs. GPV (V.1) were produced in our laboratd¥whereas the mouse MoAb
GPlhx _contalns binding sne_s for von Willebrand factor _and Gi 27 recognizing GPIB was provided by S. Santoso (Justus-Liebig
thrombin#%-42The exact functions of GPghand GPIX are still University, Giessen, Germany).
unknown, whereas GPV contains a cleavage site for thrombin, Gpv mRNA analysis. Total RNA was extracted from cell lines by
but its role in platelet physiology is likewise unclear. the thiocyanate-guanidium meth&tCells (10) were lysed in 1 mL Tri

The GPIl,> GPIX843and GPV genes are restricted in their Pure (Boehringer) and extracted into 0.2 mL chloroform, and the
expression to the platelet lineage and appear late in megakary@xtracts were centrifuged at 12,@fr 15 minutes at 4°C. RNA was
cytopoiesis® Cloning and characterization of the GPV géne precipitated from the aqueous phase with isopropanol, and the pellet
have shown it to comprise a short intron in tHeuBitranslated ~ Was washed in 70% (vol/vol) cold ethanol.

region and a coding sequence contained entirely in the second Re_}’_er;eltr"’:‘;crr'p_got’;] Wis nper;(_’;me‘:, °:t 1t(_)0d”g tT"tg[AzNé#g'”g a
exon. The 5flanking region contains several putatives- specitic primer in the noncoding orientatiori-f&

. . . - .. ACT GAAGGT GCC GGG GGC AA-3from nt 2715 to nt 2687; GPV
acting regulatory elements, including consensus binding Slteﬁumbering throughout the manuscript according to Lanza é¢ al,

for GATA and Ets transcription factors, as in megakaryocyte-gyig|/Genbank: HSGPV-223091). Oligonucleotides were synthesized
specific gened}“¢-*%and for ubiquitous factors such as Sp1. The jn an Oligo 1000 synthesizer (Beckmann, Fullerton, CA). The reaction
rat and mouse genes are identical in structure and hav@as performed in 30 pL polymerase chain reaction (PCR) buffer, pH
conserved many of the putative human regulatory sequéfces.8.3, containig 1 U reverse transcriptase (Moloney murine leukemia
In the present study, we chose to undertake a functionaVirus [MMLV]-RT; GIBCO BRL), 0.1 umol/L P1 primer, and 1.25

characterization of the human GPV gene promoter for thd.lmOl/L of each dNTP for 30 minutes at 37°C. PCR amplification was
following reasons. First, GPV associates in 1:2 stoichiometryPerformed in the same tube by adding 0.4 pmol/L each of P1 and a
with GPIb-IX and is absent or found at low levels in most €04iNg P2 primer (P2:'SAGT TAC TTT GGA GTG CAG AAC CAT
Bernard-Soulier patients, suggesting a possible coordinate TC-3' from nt 1433 to nt 1459) and 1 U Taq polymerase (Perkin Elmer

trol of t it S d GPV late | K etus, Norwalk, CT) and cycling in a DNA Thermal Cycler (Perkin
controf ortranscription. second, appears late In megaxaryog o Cetus). After denaturation for 2 minutes at 94°C, 30 cycles of 1

cyte differentiation (Lepage et al, manuscript submitted), Un-yinyte at 94°C, 2 minutes at 55°C, and 2 minutes at 72°C were
like, for instance, the early GPIIb and MPL genes, which arefojiowed by a final extension for 7 minutes at 72°C. The 324-bp PCR
present in CD34CD38" hematopoietic progenitof8:> GPV  product was separated by electrophoresis on a 2% agarose gel and
is also absent from a majority of megakaryocytic leukemic cellvisualized by ethidium bromide staining and UV illumination. Contami-

MATERIALS AND METHODS
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nation through the PCR amplification of genomic DNA would give a NaCl, 1% sodium dodecyl sulfate [SDS], and 10 mmol/L EDTA)
1,282-bp fragment due to the presence of the 958 nt intron. containing 100 pg/mL proteinase K and 25 pg/mL tRNA. After
Nuclear extracts and DNase | protection assaybluclear extracts  phenol/chloroform extraction and ethanol precipitation, the one-end-
were prepared from Hela, Raji, K562, HL60, HEL, and Dami cells by labeled DNA fragments were separated on denaturing 8% polyacryl-
the modified method of Dignam et @All steps were performed at4°C. amide gels. The gels were dried and autoradiographed under an
The cells (0.5 to 1x 107) were rinsed twice in PBS, pelleted by intensifying screen.
centrifugation at 1,85§ for 10 minutes, resuspended in 5 times the  Plasmid constructs, cell transfection, and gene reporter assa4a.
pellet volume of hypotonic buffer (10 mmol/L HEPES, pH 7.9, 1.5 approximately 1.5-kb length of the GPV gene flanking region was
mmol/L MgCl,, 10 mmol/L KCI, 0.2 mmol/L phenylmethylsulfonyl amplified by PCR with the primers C1'¢6AA GAT CTT CCC GCG
fluoride [PMSF], and 0.5 mmol/L dithiothreitol [DTT]) and allowed to ATA CCT GGC AGA GGC AGT GGC-3 nt 50—48) and C2 (5GAA
stand for 10 minutes. The resulting sediment was resuspended in twicGAT CTT CTG CAC TCC AAA GTA ACT GAA AGA CT-3, nt
the volume of hypotonic buffer and centrifuged at 185@fter 1451-1425), which carry tw@gl Il sites (underlined). This segment
discarding the supernatant, the nuclei pellet was resuspended in half theas subcloned into thggl Il site of the pGL3-basic plasmid (Promega),
volume of cold low salt buffer (20 mmol/L HEPES, pH 7.9, 1.5 mmol/L which contains the firefly luciferase gene and the polyadenylation signal
MgCl,, 20 mmol/L KCI, 0.2 mmol/L EDTA, 25% [vol/vol] glycerol, 0.2  from SV40, to generate the plasmid pGE3/413. A series of pGL3/
mmol/L PMSF, and 0.5 mmol/L DTT), and the same volume of cold —1413-deleted constructs was obtained by unidirectioriato53'
high salt buffer (low salt buffer containing 1.2 mol/L KCI) was added progressive digestion of pGL3/1413 with exonuclease Ill/ mungbean
slowly. This extract was gently homogenized for 30 minutes and then(Promega) and religation with T4 DNA ligase (Promega).
clarified for 30 minutes at 25,000 After dialysis against 500 mL Activity of the —103/+25 region was studied further by mutating the
storage buffer (20 mmol/L HEPES, pH 7.9, 20% [vol/vol] glycerol, 100 GATA-71/Ets-66 domain. PCR amplification using the pGL3413
mmol/L KCI, 0.2 mmol/L EDTA, 0.2 mmol/L PMSF, and 0.5 mmol/L plasmid as a template was used to generate 4 constructs with mutation
DTT) for 5 hours, the dialysate was centrifuged at 25¢@6r 20 of GATA-71 (GATA-71 mut), deletion of GATA-71 (GATA-71A),
minutes and the precipitate was discarded. The supernatant containingutation of Ets-66 (Ets-66 mut), and double mutation of GATA-71 and
the nuclear extract was frozen in aliquots and stored&Qa°C. Ets-66 (tandem mut). The different constructs were obtained using
Fragments of GPV promoter for DNase | protection assays wereantisense primer M1 (8GCT TAC TTA GAT CGC AGA TCT AAT
obtained by PCR. PCR amplification was performed in an Expand HighGGT TCT GC-3, nt 1457-1447 of GPV promoter attached to nt 36-56
Fidelity PCR System (Boehringer) in a 100 pL reaction volume with of pGL3-basic) and 1 of the following sense primers. TREATCC”
200 pmol/L of each dNTP, 0.4 umol/L of the reverse and forward GATA-71 site was mutated toCCGTCC” using primer M2 (3-GGG
primers, 1.5 mmol/L MgGl 2 uL cDNA, and 2.6 U of a mix containing GTACCTACT CTG GTAAAG TCT CCG TCC TCAGGATGC AAG
Taq and Pwo DNA polymerases. PCR conditions were as describe®-3', nt 1339-1376). The first 3 bases of thETA TCC” GATA-71 site
above, except for the annealing temperature, which ranged from 52°C tavere deleted using primer M3 '‘@&GG GTA CCT ACT CTG GTA
59°C, depending on the primer pair. The primer pairs were as follows:AAG TCT TCC TCA GGA TGC AAG G-3, nt 1339-1376). The
fragment I, FP1S (5GGAACT GAAAGATCT CCC GCG ATAC-3, “CA GGATGC” Ets-66 site was mutated to “CAAGTGC” using
nt 6-30) and FP1AS (5TGA TGA ACT CGA GCA CCT TTT CAC primer M4 (5-GGG GTA CCAAAG TCT TTATCC TCAAAG TGC
AT-3', nt 408-383); fragment Il, FP2S '@&TA TCT TCT GAG ATC AAG G-3', nt 1351-1376). The TTATCCTCAGGATGC” GATA/Ets
TAG CCT TTG TCA-3, nt 163-189) and FP2AS (85CC GCT CAC tandem was mutated tocCCGTCCTCAAAG TGC” using primer M5
ATC TCG AGT TTAACT GGG G-3, nt 600-573); fragment Ill, FP3S  (5'-GGG GTA CCAAAG TCT TTATCC TCAAAG TGC AAG G-3,
(5'-TTTTGC CTATAG ATC TAT GGG CAAAAG-3, nt314-340)and  nt 1351-1376). Primers M2-M5 and primer M1 carri€pn | andBgl Il
FP3AS (B3-TCA AGC AAT TCT CGA GCC TCG GCC TC-3 nt sites, respectively (underlined), to allow cloning in the pGL3-basic
800-775); fragment IV, FP4S (BAGA AGC ACA GGA GAT CTC vector creating a—94/+25 or —82/+25 construct ahead of the
ACAAAT GGC A-3’, nt 498-524) and FP4AS (5'CT CAAATC CTC luciferase gene.
GAG TTT TTT CTT CC-3, nt 992-967); fragment V, FP5S(&GT All constructs were sequenced to check the exact boundaries and
AAA ACC CCA GAT CTA CTA AAA TAC AA-3 ', nt 698-726) and  ensure that no errors had occurred during the procedure. The pRL-TK
FP5AS (B-GTG ATA CAG CTC GAG CAC TGC AGT AG-3, nt plasmid (Promega) expressing sea pansy luciferase under the control of
1174-1149); fragment VI, FP6S '®&€AA GTT CAA AGA TCT TCT the thymidine kinase promoter was used as an internal standard, and the
TAG CCT TA-3, nt 929-954) and FP6AS (JAGG TCC CTA TCT pGL3/SV40 plasmid containing the firefly luciferase gene driven by the
CGA GCC CTT GTT CT-3, nt 1332-1306); and fragment VII, FP7S SV40 promoter was used as a control of transcription efficiency.
(5'-ATG AAAAGG AAG ATC TAG GGG AAG TG-3', nt 1203-1128) Cells were transfected by electroporation using a CellJect apparatus
and FP7AS (5GTT CTG CAC TCG AGA GTAACT GAA A-3, nt (Eurogentec, Seraing, Belgium) at 340}, and 1,500 pF. Assays
1453-1429). The fragments were cloned in the pCR2.1 vector using avere performed with 20 ug GPV promoter construct, 5 ug pRL-TK, and
TA Cloning Kit (InVitrogen, Leek, The Netherlands). After digestion 5 g herring sperm DNA per 8 10° cells in a total volume of 800 pL.
with EcdRl, the fragments were dephosphorylated, purified, labeledThe cells were harvested 48 hours after transfection and cell extracts
with [y32P] ATP and T4 polynucleotide kinase (Boehringer), digested were obtained by addition of LucLite from the FireLite kit (Packard,
on the 3 side, and repurified. Footprinting studies were performed Meriden, CT). Firefly luciferase activity was measured in a BCL Book
essentially as described by Ohlsson and EdfinBriefly, nuclear luminometer (Promega) and initially expressed in arbitrary units. Sea
extracts (50 pg) were incubated for 20 minutes at room temperatur@ansy luciferase activity was then measured in the same luminometer
with 2 pg poly(didC).poly(didC) in a final volume of 50 uL HEPES after the addition of RenLite substrate. The firefly luciferase activity
buffer (25 mmol/L HEPES, pH 7.8, 50 mmol/L KCI, 0.05 mmol/L was normalized against the sea pansy luciferase activity to correct for
EDTA, 0.5 mmol/L DTT, 0.5 mmol/L PMSF, and 5% [vol/vol] variable transfection efficiencies among different samples.
glycerol). A 5-end-labeled DNA fragment (2 ng, 30,000 cpm) was  Primer extension. Total RNA was extracted from Dami cells and
added, and the mixture was incubated for 40 minutes at roomplatelets as described for mRNA analyses and poly(ARNA was
temperature and then digested for 1 minute on ice with 1 to 3 U ofpurified with a commercial kit (Pharmacia, Uppsala, Sweden). The PE1
DNase | (RQ1; Promega, Madison, WI) in the presence of 5 mmol/Loligonucleotide (5AGC ACC GCG CAC AGT AGA GTC-3, nt
MgCl,. The enzyme was inactived by incubation for 20 minutes at 37°C2453-2433) was labeled withy$2P] using a 5-end-labeling kit (Amer-
with 100 pL Tris buffer (100 mmol/L Tris-HCI, pH 7.8, 100 mmol/L sham, Uppsala, Sweden). Thisénd-labeled synthetic oligonucleotide
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was annealed to total or poly(A)RNA and extended with MMLV  transcription start site to nt 1433, located 29 nt upstream of the
reverse transcriptase according to the manufacturer’s instructionsntron donor splice site. Additional longer extension products
(Superscript 1l plus kit; InVitrogen). The reaction products were matching positions 1419 and 1407 were found in platelets,

analyzed by electrophoresis on denaturing 6% polyacrylamide gels. : . . : o
: i consistent with the frequent observation of multiple start sites in
Reverse transcriptase-PCR (RT-PCR) ma T-PCR assays
v P ( ) mapping S  TATA-less genes:*2

were performed in a Titan RT-PCR System (Boehringer) using total . . .
RNA from Dami cells and poly(A) mRNA from platelets. Briefly, 100 The start site at position 1433 was confirmed by RT-PCR

ng RNA was incubated in 50 uL RT-PCR buffer containing 0.2 mmol/L mapping of this region (Fig 2B) using the direct primers PM1
of each dNTP; 0.3 umol/L of reverse primer PM4; 0.3 umol/L of direct (nt 1433-1450), PM2 (nt 1411-1428), and PM3 (nt 1376-1393)
primer PM1, PM2, or PM3; 5 mmol/L DTT; 5 U RNase inhibitor and the reverse primer PM4 (nt 2583-2566). PM1/PM4 ampli-
(Boehringer); 1.5 mmol/L MgGl 1 U avian myeloblastosis virus  fied a 193-bp fragment in accordance with a transcription start
(AMV)-reverse transcriptase; and 1 U Expand High Fidelity enzyme jia ot position 1433 (Fig 2C) from Dami cells and platelets.

blend (Tag and Pwo DNA polymerases) at 50°C for 30 minutes. The . ) .
primers were PM1 (SAGT TAC TTT GGA GTG CAG-3, nt PM2/PM4 amplified the expected 215-bp band with less

1433-1450), PM2 (5CAT GCA GAG CTC TAA GTC-3, nt 1411- efficiency and specificity, whereas no band was detected in most
1428), PM3 (5-GAT ACC ACC CTC TTC CTG-3, nt 1376-1393),and  PM3/PM4 assays. These results strongly suggest that platelet
PM4 (5-GTG CGT GAG GTT GGT GGG-3 nt 2583-2566). PCR  GPV mRNA has 31 nucleotides of-bintranslated sequence and
amplification was performed in the same vial on a DNA Thermal Cycler that the first exon is 29-bp long. The GPV promoter region was
as described above, with annealing at 52°C for RVM4 and numbered accordingly (Fig 3B).

PM2+PM4 or at 54°C for PM3-PM4. This major transcription initiation region is 100% conserved
between human, mouse, and rat GP{Table 1), matches the
RESULTS consensus sequence for initiation found in the mouse terminal

Dami cells are GPV-positive megakaryocytic cellgo transferase gene, and is highly homologous to sit_es pr_esent in
study GPV promoter activity, cell lines with constitutive (Dami, Other megakaryocyte genes, such asifé® anda,* integrin,
HEL, Meg-01, and CHRF-288) or inducible (K562) megakaryo- uman PF4 and PR rat PF4%t BTG, * and GPIX? genes.
cytic features or negative cells (HL60) were screened for gpyThese regions correspond to the consensus initiator site for
expression by FACS analysis or for GPV mRNA expression byPromoters lacking TATA and CAAT boxés.
RT-PCR. Identification of multiple binding sites for nuclear factors on
GPV was detected only on the surface of Dami cells (Fig 1A),a 1,500-bp promoter fragment by DNase | footprintingseven
together with the GPIb-IX subunits (data not shown). GPV wasoVerlapping fragments (I to VII; Fig 3A) covering thel432 to
absent from the surface of HEL, Meg-01, K562, and HL60 cells +21 S-flanking region were generated by PCR amplification
(data not shown), although the first 2 cell lines are positive forand blunt-end cloned in the pCR2.1 vector. The fragments were
the ayp B3 integrin 5859 Similarly, GPV mRNA was absent from ~ excised withEcoRI, 5'-end labeled with P], and cut with
HEL, K562, and HL60 cells when these cells were analyzed byselected restriction enzymes to generate one-strand-labeled
RT-PCR and was only shown in Dami cells (Fig 1B). Dami was fragments. These DNA segments were analyzed on both strands
therefore used as the reference megakaryocytic cell line exprester DNase | protection using nuclear extracts from megakaryo-

ing GPV in further studies of GPV promoter function. cytic (Dami and HEL) and nonmegakaryocytic (K562, Hela,
Identification of the GPV transcription start siteTo deter-  Raji, and HL60) cell lines.
mine the exact 5end of GPV mRNA, we isolated poly(A) No protected region was detected on fragment 1432 to

RNA from platelets and Dami cells and performed primer —1025). Fragment Il {1270 to —833) contained 3 protected
extension analyses (Fig 2A). In both cell types, comparisonsites (data not shown) that were confirmed on fragment llI
with the reported genomic sequence led us to assign a majqr—1119 to—633; Fig 4). One 15-bp footprint centered-a989

A

Counts

324 bp

10° 10! 100 10
FL1-H

Fig 1. Expression of GPV in Dami cells. (A) Dami cells were analyzed by flow cytometry using MoAbs against GPV (V.1) or the GPllb-llla
complex (ALMA.17) and FITC-conjugated goat antimouse IgG. Histograms are representative of 5,000 cells. Neg corresponds to isotype-matched
negative control. (B) RT-PCR analyses were performed on total RNA from HL60, K562, HEL, and Dami cells. The GPV PCR products were identified
by 2% agarose gel electrophoresis and ethidium bromide staining and neg corresponds to RT-PCR without reverse transcriptase.
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Fig 2. Identification of the transcription start site of the human GPV gene. (A) Primer extension mapping of the 5'-ends of GPV transcripts
from Dami cells and platelets (numbering according to Lanza et al*®). (Bold arrowhead) start site common to platelet and Dami RNA; (open
arrowheads) additional upstream sites in platelet RNA. (B) Positions of the primers used for PCR mapping are indicated by arrows: PM1 (nt 1433
to 1450), PM2 (nt 1411 to 1428), PM3 (nt 1376 to 1393), and PM4 (nt 2583 to 2566). The intron sequence is in lowercase characters and the GPV
intron donor and acceptor splice sites are in bold characters. (C) RT-PCR mapping of the 5’-ends of GPV transcripts. The primer pairs defined in (B)
were tested on Dami total RNA and platelet poly(A)* RNA and neg corresponds to RT-PCR without reverse transcriptase. PCR products were
identified by 2% agarose gel electrophoresis and ethidium bromide staining.

was specifically protected from nucleolytic attack when tested(Fig 6). The first 25-bp footprint, which was centered-290,
with Dami cell extracts. This domain contained 2 inverted was protected by all of our nuclear extracts. It contained a
sequences, named GATA-989 and GATA-984, that resemble th&’-GGGGTGTGGC-3 sequence resembling an Spl binding
consensus GATAbdX 5'-WGATAR-3' (W =AorT;R=Aor site and was named Sp1-292. A second 20-bp domain, which
G). A second 25-bp footprint, centered-af62, contained the was centered at216 and named STAT-213, was protected by
5'-CAGGAAGT-3 motif, whereas a third 20-bp domain was all nuclear extracts and contained a STAT-likeTIATG-
centered at—938 and contained the AGAGGAAGC-3 GAAA-3’ motif (STAT consensus mofff. 5'-TTNNNGNAA-
motif. These 2 regions, named Ets-960 and Ets-936, match th&'). The third 25-bp region was centered-st77 and contained
consensus sequence for an Ets #io%'-RSMGGAWRYY-3 the 5-AATCA-3’ motif that corresponds to an inverted GATA
(R=AorG;S=CorG;M=AorC;W=AorT;Y=CorT) site. It was named GATA-175, presented an apparent DNAse
and were protected by Dami (Fig 4), Raji, HL60, K562, and hypersensitive site shown in Fig 6, and was protected only by
HEL extracts (data not shown), but not by HeLa extracts. Dami extracts (Fig 7). A fourth 10-bp domain, named GATA-
Fragment IV (935 to —441) showed 2 footprinted areas 147, also matched a GATA binding site but was less cell
(Fig 5). The first, a 19-bp sequence centered-&04, was  specific, because it was protected by HelLa, Dami, Raji, and
protected only by HelLa extracts. It contained thd ®GAGCC-3 HL60 extracts.
motif, which has been named;{610 due to its resemblanceto ~ The proximal fragment VIl {362 to +28) also contained 4
the 5-TGAGTCC-3 motif in the B sequence of the GPIIb gene protected areas (Fig 7), with the first corresponding to GATA-
(—120), which is known to exhibit repressor activiypA second  175. A second 15-bp domain, which was centered Bt1 and
28-bp domain was centered at560 and displayed no cell named GATA-111, contained thé-BGATAG-3' motif and was
specificity, because it was protected by all of the nuclearprotected only by Dami extracts. The third region differed
extracts tested. This site, named ETF-566, contained a polydepending on the strand analyzed. In the coding strand, a 15-bp
pyrimidine 5-CCCCTCCC-3 motif matching the consensus sequence centered at68 was protected by Dami and HelLa
binding site for ETFE>a member of the Sp1 family. FragmentV extracts, as shown by a strong DNAse hypersensitive site in
(=735 to —259) contained 2 footprints already identified in Dami and HelLa nuclear extracts, whereas the 27-bp footprint
fragment IV as R,-610 and ETF-566 (data not shown). centered at-68 in the noncoding strand was protected by all of
Fragment VI (504 to—101) displayed 4 protected regions our nuclear extracts. This domain combined 2 motifs, an

¥20z Ae Lz uo 3sanb Aq jpd-99€€/9069591/99€€/0L/6/4pd-8l0IlE/POO|gAaU suoRedlqndyse//:diy Wwouy papeojumoq



PLATELET GPV PROMOTER 3371

-1432

11

-1270 -833 v

-935 -441

7
-1025 2735 -259
1119 AL -633 362 Vil

-504
B

-1432 TGATCGGAAC TGAAAGACCT CCCGCOGATAC CTGGCAGAGG CAGTGGCTCT TCCCTGTGGT CCAGGGCTGA -1363
Fig 3. Sequence of the GPV 136 crGACTTTGA AGGTAATTTC AGTCAACCCA GCCTTTACTG GGOTCTGACT GCATTAGGCT GCATCAAAGG ~1293

gene promoter and DNA frag-
-1292 GGATTGGATC CCATGATTCT TTATATCTTC TGACATTAAG CCTTTGTCAG CTATAGGTGT TACAAATATC -1223

ments of the 5’-flanking se-
quence used for DNase | protec- ~-1222 TTTAGTTTGT GGTTTATCTT TTCCCCTTTT TTATGGTGTC TTGAAGGATA GAAGTCTTAA TGCAGACAGC -1153

-1432

Vi 4101

tion assays. The GPV promoter ~ -1152 ATTATCAGTG TGTTCAAAAG ACAGCTAGAC ACGTTTTGCC TATAGACAAA TGGGCAAAAG GAAACCCAGC -1083
was numbered from an arbitrary ~ -1082 TTTCTCAAAT GAAGCACAAG TGGGCCTTAA TTATGTGAAA AGGTGTTCAA GTTCATCATT AAACAGGGAA -1013
start site common to Dami cells  _1012 AGGAAAAGTT AAAACCATGC TGAGATATCT TTCATAGAAA TGGCAAAAAG CAGGAAGTGC CACGTGTGGE -943

and platelets, which conforms to

-942 CAGAGAGGAA GCACAGGAAC TCTCACAAAT GGCAGGTGTC ATCGTAGACC AACACAACCA CTTTGGAGAG -873
the consensus start of platelet
TATA-less gene (Table 2). (A) -872 CAGTTTGACT TTCCCCAGTT AAACTGAACA TGTGAGCGGC CGGGCGTGGT GGCTCATGCC TGTAATCCCA -803
Alignment of the fragments | to -802 GCAGITTGGG AGGCCGAGGC GGGCGGATTG CCTGAGCTCA GGAGTTCAAG ACCAGCCAGG GCAACACGGT -733
VIl with the —1432/421 GPV 5'- ~732 AAAACCCCGT CTCTACTAAA ATACAAAAAA TTAGCTGGGC GTGATGGTGT GTGCCTGTAA TCCCAGCTAC -663
flanking segment. The fragments -662 TTGTGAGGCC GAGGCAGGAG AATTGCTTGA ACCAGGGAGC AGGAGGTTGC AGTGAGCCGA GATCGCACCA -593

were checked by sequencing be-
fore 5'-end-labeling and use in
DNase | protection assays. Foot-

-592 CTGCACCCCA GCCTGGCGAC AGAGTCCCCC TCCCCCACCA AAAAAACAAC AAGTGAGCAT CCTGCAACCT -523
-522 AGCAATGCCA TTGTTGAACA AGTTCAAAGA TGTTCTTAGC CTTATTAGTC CCAAAAGGAA GAAAAAAATG -453

inti - AAAAAAAAAA -
printing analyses of Ill, IV, VI, and 452 GAGGATTTGA GAATGTTCTT AGCTTTATTG CTAAGCGGAG AAAGAAAAAC AACACATACC 383
Vil are reported in Figs 4 through -382 AAAAAAAAAA AAAAAAACAA AAAACCTGGG TGGGAAATTA GGGCCATGTG GCATGAAAAG GAAGACCCAG -313
7. (B) Sequence of the GPV pro- -312 GGGAAGTGTG GCCCATCTAG GGGTGTGGCT ACTGCAGTGA TCCAGCTGTA TCACTGAACT TCCCTGGCAT -243
moter. The transcription start site ~242 CATAGAGTTA TATTGTGCCA TTTATGGAAA AACTCTCCCC ACTGCTCTTG GCTTTGACAG TAGGAATCAG -173

is denoted +1, the intron se-
. -172 GTTATATATG GTCTCTCGGT TTGAAGATAT TTGTCATTAA AAACCAGAAC AAGGGCTCTG AGATAGGGTC -103
quence is in lowercase charac-

ters, and the intron donor splice -102 CTTTCCTGAC CTACTCTGGT AMAGICTTTA TCGTCAGGAT GCAAGGATAC CACCCTCTTC CTGTGGAAAG — -33
site is in bold characters. -32 TGTCGAATCA CATGCAGAGC TCTAAGTCTT TCAGTTACTT TGGAGTGCAG AACCATTTCA Ggtaaggcca — +38

inverted GATA sequence (5TTATC-3') and an Ets site (5 putative megakaryocyte-restricted binding properties (Table 2).
CAGGATGC-3), which were named GATA-71 and Ets-66, A number of regions proved to be highly conserved between
respectively. The last 20-bp region, named Ets-42, was onlthuman, mouse, and rat GPV. Regiong 810 and ETF-566,
detected on the plus strand, where it was centereed@, and  present on the human Alu sequence, were, however, absent from
was evident when using the lowest (1 U) DNase | concentrationthe rat and mouse genes due to lack of the Alu repeat in these 2
It contained the 5SCTTCCTGT-3 motif, a putative Ets binding  species.
site. Localization of positive and negative regulatory regions
In summary, this systematic DNase | scanning of 1132 ysing reporter gene deletion constructsTo determine its
to +21 5-region of the GPV promoter showed a total of 14 promoter strength, the 1413 to+25 region of the human GPV
protected domains. Six of these corresponded to GATA and 4jene was inserted into the pGL3-basic vector upstream of the
corresponded to Ets binding sites, and several sites displayggciferase reporter gene. This construct (pGEBA13; Fig 8A)

was transfected into the GPV-positive megakaryocytic Dami

Table 1. Comparison of the Transcription Start Sites of and the GPV-negative Hela cell lines. pGE3/413 displayed
Platelet-Specific Genes With the Human GPV Transcription Start significant promoter activity amounting to 81% 4% of the
Site Common to Dami Cells and Platelets control SV40 activity in Dami cells but was inactive in HelLa
Py Py Py Py|-1 +1|Py Py Py Py cells (Fig 8B). The same region inserted in the inverse
Tdt c ¢c ¢c 1T|C A|T T C T orientation gave a completely inactive construct (pGL3/
oy, integrin G G C ¢C C A T T C C —1413R).
@ integrin - C T C TjlC A jJC C G G The regulatory regions were mapped by creating a series of
GPIX AT CoCHC AT A G A 5'-deletions. Deletions from position1413 to position—903
PF4human G A G T |C A [T T G G . IR .
PFa,human G A G T|C Alc T 6 c resulted in a s_teep 73% decrease of promqtgr activity in Darm
PEA rat 6 A 6 clc alec 7 6 7 cells, suggesting the removal of strong positive elements. This
GPVhuman C T T T|lc Ale T T A region contains the GATA-989, GATA-984, Ets-960, and Ets-
GPV rat c T T T|C A|G T C A 936 sites identified by DNase | footprinting. A further deletion
GPVmouse C T T T|C A |G T C A from position—903 to position—816 induced a 107% increase
BTG A A G C|C AJC T T A in promoter activity relative to the-903/+25 construct (pGL3/

Bold characters represent nucleotides corresponding to the consen- —903), which is compatible with the presence of a negative
sus sequence PyPyPyPyCAPyPyPyPy of the TdT gene. regulatory element. Sequence analysis showed’'-&£T5
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GATA -989
GATA -984
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Ets -960

160 -951

Ets -936
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-ﬂ---

GATA -989/-984 : -995 TGCTGAGATATCTTT -981
Ets -960 : -975 AAATGGCAAAAAGCAGGAAGTGCCA -951
Ets -936 : -948 TGTGGGCAGAGAGGAAGCAC -929

Fig 4. DNase | footprint analysis of the GPV promoter fragment IlI
using Dami and HelLa cell extracts. The 5’-end-labeled fragment Ill (nt
—1119 to —633) was incubated with 50 ng HelLa or Dami nuclear
extract in the presence of 2 ng poly(didC).poly(didC) and digested
with 1, 2, or 3 U DNase |. Control corresponds to digestion of Il with
0.6 or 1.2 U DNase | in the absence of nuclear extract. Digestion
products were separated on an 8% acrylamide sequencing gel in the
presence of 8 mol/L urea, and bands were compared with those of a
DNA molecular weight marker (Hpa Il digest of pBR-322). The
protected regions are indicated on the right and named according to
their homology with known transcription factor binding sites (“GATA”
and “Ets” for putative binding sites for GATA and Ets transcription
factors). The corresponding protected nucleotide sequences are
indicated in the lower part of the figure and the consensus binding
sites are underlined and in bold characters.

CATG-3 motif, homologous in its reverse orientation to a

repressor domain in the GPIlb promotérnhat was named
Rip-817. Interestingly, the g domain R,-610 localized by

LEPAGE ET AL

—362 to—276 bp region was responsible for a 40% decrease in
activity, indicating the presence of a positive element, most
likely the DNase I-protected Spl-292 motif. Deletion from
—276 to —103 bp produced hardly any further change in
activity, despite the presence of 3 protected GATA sites. The
—103/+25 region still supported approximately 64% of full-
length promoter activity and must therefore play an important
role in basal transcription of the GPV gene. Subsequent
deletions from position—103 to position+10 progressively
suppressed promoter activity, indicating that the elements
required for minimal transcription of GPV are located in this
area. This domain includes the protected GATA-71, Ets-66, and
Ets-42 motifs, and the-103/+25 region is also extremely well
conserved between the human, mouse, and rat g&nes.

Further analysis of the-103/425 domain (Fig 9) showed
that deletion of the GATA-71/Ets-66 tandem left a construct

control

HeLa Dami Raji

0612 1 2 3

527

404

309

242
238

217
203
190
180

160
147

ETF -

123

-545
110

90

Ry, -610: -612 AGTGAGCCGAGATCGCACC -594
ETF -566 : -572 AGAGTCCCCCTCCCCCACCAAAAAAACA -545

Fig5. DNase | footprint analysis of the GPV promoter fragment IV

DNase | footprinting is located downstream and, hence, may b@sing HeLa, Dami, and Raji cell extracts. The 5'-end-labeled fragment

excluded from this putative negative regulatory region.

The—103 to+1 region is sufficient for efficient transcription

of GPV. Sequential deletions from816 to —362 bp caused

IV (nt —935 to —441) was analyzed as described in the legend to Fig 4,
using Hela, Dami, and Raji nuclear extracts. “R,,” is a putative
repressor binding site with homology to a repressor site in the GPIlb
promoter,3 whereas “ETF” is a putative binding site for ETF, a

little change in promoter activity. In contrast, removal of the member of the Sp1 family.65
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control HeLa Dami

06121 2 3 1 2 3

404

309

#

217 -302
I Sp1-292
190 -278
180
160
147
-226
123 STAT -213
110 -207
-190
GATA -175
-167
90
76
67
-152
GATA -147

-141

Sp1 -292 : -302 GCCCATCTAGGGGTGTGGCTACTGC -278
STAT -213 : -226 GCCATITATGGAAAAACTCT -207
GATA -175 : -190 TTTGACAGTAGGAATCAGGTTATA -167
GATA -147 : -152 TTGAAGATATTT -141

Fig6. DNase | footprint analysis of the GPV promoter fragment VI
using Dami and Hela cell extracts. The 5’-end-labeled fragment VI (nt
—504 to —101) was analyzed as described in the legend to Fig 4, using
HelLa and Dami nuclear extracts. “STAT” is a putative binding site for
a transcription factor of the STAT family.%¢

(pGL3/-53) still having 43% of full promoter activity. On the
contrary, deletion of the Ets-42 site completely abolished this
activity, suggesting a critical role of Ets-42 in basal GPV gata.111

promoter activity.

To analyze precisely the respective contribution of GATA-71
and Ets-66 on the activity of the 103/+25 region, these sites
were deleted or mutated by performing G to A replacements

3373

control HeLa Dami

o612 1 2 3 1 2

-190

I GATA -175
-167

-117
GATA -111 l

-103
-80
GATA -T1
Ets -66
-59

- ‘m -- 45

e
- . Ets-42
- e -

90

L il

—

-

76 .—“-—

GATA -175: -190 TTTGACAGTAGGAATCAGGTTATA -167
GATA -111 : -117 CTCTGAGATAGGGTC -103

GATA -71/Ets -66 : -80 AGTCTITATCCTCAGGATGCAA -59
Ets -42 : -48 CTCTTCCTGTGGAAAGTGTCGAA -26

Fig 7. DNase | footprint analysis of the GPV promoter fragment VII
using Dami and HelLa cell extracts. The 5’-end-labeled fragment VII (nt
—362 to +28) was analyzed as described in the legend to Fig 4, using
Hela and Dami nuclear extracts.

Table 2. Cell Specificity of DNase I-Protected Regions of the Human

GPV Promoter
Dami Hematopoietic Cells HeLa Ubiquitous
GATA-989/-984 Ets-960 Ry,-610 ETF-566
GATA-175 Ets-936 Sp1-292
Ets-42 (+strand) STAT-213

GATA-147
GATA/Ets-71/-66

The DNase I|-protected regions were classified as sites protected
only by Dami extracts, by extracts from a range of hematopoietic cells

Reporter assays (Fig_ 10) showed _that dOUbl_e mUtation_ Ofmegakaryocytic, erythrocytic, myeloid), or by HelLa extracts or ubiqui-
GATA-71 and Ets-66 sites or that a single mutation or deletiontous footprints. Sites conserved between human, mouse, and rat GPV
of GATA-71 completely abolished promoter activity in Dami are underlined.
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Fig 8. Analysis of GPV gene reporter/Exonuclease Il deletion constructs after transient transfection in Dami and HelLa cells. (A) Schematic
representation of the —1413 to +25 5’-flanking region of the human GPV gene linked to the luciferase reporter gene (luc) in the pGL3 vector.
Binding sites for transcription factors, functionally identified by DNase | footprinting or detected by sequence analysis in the case of R,-817, are
indicated by the symbols: (H) GATA, (0) Ets, (®) Spl family, (A) STAT, and (#) sites homologous to the GPIIb repressor. (B) On the left is a
schematic diagram of the different constructs: (upper) a control SV40 promoter construct (pGL3/SV40) used to set the 100% standard activity;
(middle) progressive 5’ to 3’ deletions of the —1413/+25 construct; and (lower) an inverted construct (pGL3/—1413R) of the —1413/+25 segment.
On the right, the luciferase activities of the constructs transfected into Dami (shaded histograms) or HeLa cells (open histograms) are given as
percentages of the control (pGL3/SV40) activity. Values were corrected for transfection efficiency by cotransfection with a sea pansy/luciferase
construct under the control of the thymidine kinase promoter. Points are the mean = SEM of at least 3 experiments performed in triplicate.

cells. Mutation of the Ets-66 site decreased activity by 80% asactivity in Dami and HEL cells, with maintenance in the
compared with the-103/+25 construct. These results suggest apGL3/—816 construct of an approximately 100% greater activ-
critical role of both sites of the GATA/Ets tandem in GPV ity in HEL as compared with Dami cells. A different pattern of
promoter activity, which was not shown by exonuclease Il evolution appeared after removal of the region containing
deletion analysis. Rib-610 and ETF-566. This deletion induced a significant
The 103-bp fragment was also tested for possible enhancedecrease in activity in HEL cells without affecting the activity in
repressor activity by placing it upstream of a weak SV40Dami cells, whereas from-362 to +10 bp, the 2 cell lines
promoter in the pGL3-SV40 vector (pGL3/SV40-103; Fig 9). A displayed comparable promoter activities.
modest 25% increase in activity was observed on comparison of
the effects of pGL3/SV40 and pGL3/SV40-103 in transfected DISCUSSION
Dami cells. On the contrary, the same construct yielded a 70% In this first functional study of the GPV gene promoter, we
decrease in SV40 promoter activity in HeLa cells. showed in gene reporter and-&eletion experiments that the
GPV promoter activity in Dami, HEL, and nonmegakaryo- region extending from-1 to —1413 behaves like a cell-specific
cytic cell lines. The —1413 promoter displayed no activity in promoter and identified several subdomains that act positively
Hela cells (Figs 8B and 9) or in the erythroid K562 or myeloid or negatively on its transcriptional activity. An exhaustive
HL60 cell lines (Fig 11). Surprisingly, 194% 3% of pGL3/  analysis of this region by DNase | footprinting further allowed
SV40 activity was observed in transfected HEL cells, which dothe identification of binding sites for cell-specific and ubiqui-
not express GPV, as compared with 81949% of pGL3/SV40  tous nuclear factors.
activity in Dami cells. Progressive deletion from1413 to One feature of interest of the GPV gene is its restricted cell
—816 bp led to a parallel decrease and then increase in promoteilistribution to megakaryocytes. Previous studies of the promot-
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Fig 9. Reporter deletion studies of the GPV —103/+25 region. On the left is a schematic diagram of the GPV promoter/luciferase constructs.
Sequential deletions of pGL3/—103 progressively removed the GATA-71/Ets-66 and Ets-42 domains and the luciferase activity was tested after
transfection into Dami and HelLa cells. The pGL3/—-103 construct containing the 103-bp flanking region upstream of the firefly luciferase gene is
the same as in Fig 8B and had 64% activity as compared with pGL3/SV40. The lower construct (pGL3/SV40-103), which corresponds to the
103-bp flanking region of GPV linked to pGL3/SV40, was used to search for enhancer activity. On the right, the luciferase activities of the different
constructs transfected into Dami and Hela cells are given as percentages of the control (pGL3/SV40) activity. Cotransfection with a sea
pansy/luciferase construct was used to normalize for transfection efficiency, and points are each the mean = SEM of at least 3 experiments
performed in triplicate.
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Fig 10. Reporter mutation analysis of the GPV GATA-71/Ets-66 tandem. On the left is a schematic diagram of the GPV promoter/luciferase
constructs. Crossed-out GATA-71 or Ets-66 corresponds to mutation of these sites and is noted as “mut” (see Materials and Methods). “A”
corresponds to deletion of the GATA-71 site. On the right are the luciferase activities of the constructs after transfection into Dami and HeLa cells.
Cotransfection with a sea pansy/luciferase construct was used to normalize for transfection efficiency. Each point is the mean = SEM of at least 3
experiments performed in triplicate.
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Fig 11. Comparison of the promoter activities of pGL3/—1413 and its deletion constructs in Dami, HEL, K562, and HL60 cells. On the leftis a
schematic diagram of the GPV promoter/luciferase constructs (see Fig 8). On the right are the luciferase activities of the constructs after
transfection into Dami, HEL, K562, and HL60 cells. Cotransfection with a sea pansy/luciferase construct was used to normalize for transfection
efficiency, and points are each the mean = SEM of at least 3 experiments.

ers of other megakaryocyte-specific genes were often perto sustain luciferase activity in Dami cells but was inactive in
formed in leukemic cell lines displaying megakaryocytic fea- nonmegakaryocytic leukemic cells or in nonhematopoietic
tures such as HEL or phorbol myristate acetate (PMA)-inducedHelLa cells, establishing the functionality and tissue specificity
K562 cells. The problem of different cell lines that we have of the GPV promoter. This activity was dependent on the correct
tested is that they are probably blocked at early stages obrientation of the promoter, because the construct in reverse
differentiation, because they express both erythroid and megaorientation was inactive. Progressive deletion of the promoter
karyocytic markers. In fact, none of these cells express GPVfegion then allowed the identification of 5 positive/negative
even at the mRNA level, whereas they express early markersubdomains.

such as GPllb, with the exception of Dami cells, despite recent The —1413/~-903 domain acts as a positive regulator and
demonstration that present stocks of Dami cells are subclones aequential deletions of this region almost abolished promoter
HEL cells. Our current Dami stock has been verified andactivity (10% residual activity). Footprinting showed 4 pro-
confirmed to be a HEL derivative (H.G. Drexler, personal tected areas corresponding to 2 closely linked GATA sites,
communication). These cells have developed a different phendSATA-989 and GATA-984, and 2 Ets binding sites, Ets-960 and
type, possibly as a result of modulation of their growth or Ets-936, with spacings similar to those of the GPIlb enhaffcer.
transcription factor expressiéh.The expression of GPV is The GATA-989 and GATA-984 sites contain the-AG-
accompanied by increased levels of GPIb-1X as compared wittATATCT-3' motif within the protected sequence, suggesting
HEL cells, suggesting the existence of common regulatorythat these domains interact with the nuclear factor GATE-1.
pathways for the 4 subunits of the GPIb-IX-V von Willebrand Strong evidence for the implication of GATA-1 in regulation of
factor receptor. This is consistent with our observation of thethe transcription of megakaryocytic genes has been obtained in
parallel appearance of these 4 subunits in the late stages of tlienumber of studie3®8 For example, a mutation in a GATA
megakaryocytic maturation of CD34cells from cord blood binding site of the GPIp promoter results in a Bernard-Soulier
(Lepage et al, manuscript submitted). Dami was chosen fosyndromé’.In megakaryocyte-specific GATA-1 knock-out mice,
these reasons as the reference cell line for GPV expressiothe terminal megakaryocyte maturation is abnormal and results
analyses. in severe thrombocytopenia in the surviving aninfalSurpris-

Our first step was to define thé-nd of the GPV mRNA ingly, the lack of GATA-1 does not affect the expression of early
obtained from platelets and Dami cells. Because the humamegakaryocytic markers such as Gllb or MPL likely due to
GPV gene bears multiple potential transcription start sites, theompensation as a result of GATA-2 overexpression, which is
site common to Dami cells and platelets was numberetiBs  likewise present in megakaryocytes. However, this compensa-
although some longer transcripts were isolated from plateletion must function only in the early stages of megakaryocytic
RNA. It corresponds to position 1433 of the GPV g€rend is  differentiation and be ineffective at later stages, leading to the
located 3 nucleotides upstream of the major site identified byobserved defects in late megakaryocytic maturation. GPV is a
Yagi et al®” This position matches the cap site of other later marker of megakaryocyte differentiation than GPIllb or
megakaryocytic and TATA-less gen@s. MPL and could be regulated by GATA-1 through different

We have first shown that the1413A-25 fragment was able mechanisms.
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Progressive deletion from903 to —816 bp was accompa- BTG, GPIX, and MPL genes. In fact, a proximal GATA/Ets
nied by an important increase in promoter activity, indicating tandem is a hallmark of megakaryocytic genes and seems to be
the presence of a potent repressor. This domain contains thenportant for their tissue-specific expression. Nevertheless,
motif R;,-817 that is homologous to but behaves differently these tandems are not sufficient by themselves to support
than the silencer region of the GPIIb promote?? The GPIlIb  megakaryocyte-specific expression, because (1) genes such as
repressor is responsible for GPIIb tissue-specificity. In the case, integrin and P-selectin expressed on megakaryocyte and
of GPV, removal of the-903/—816 repressor does not induce other cell lines contain active GATA and Ets binding sites in
any loss of cell specificity, because the repressor-deletetheir promoter® 74 (2) mutagenesis of these elements in the
promoter is not active in K562, HL60, or HelLa cells. Hence, GPIIb promoter decreases its activity but does not affect its
GPV gene transcription is strictly dependent on a megakaryocyteeell-specific expressidi’; and (3) the GPIlb proximal pro-
specific combination of transcription factors, and this specificmoter still contains an active GATA/Ets tandem and is ubiqui-
combination could be responsible for the late appearance afous3!

GPV during megakaryocyte maturation. Mutation analysis of the GATA/Ets tandem suggests that this

Another motif homologous to the GPlIb silencer,,F510, tandem is essential for GPV transcription and that both sites are
interacted with nuclear factors in footprint experiments. How- important for the activity of the GPV promoter in the megakaryo-
ever, removal of this site in the 816/—525-deleted fragment cytic lineage. Progressive deletion analysis showed that the
did not induce any increase in promoter activity. This could bemost proximal Ets site (Ets-42) is crucial for maintaining basal
due to the presence of a second strongly footprinted area in thactivity, because the 31/+25 fragment from which Ets-42 had
—816/—525 region, ETF-566, bearing a sequence homologoud®een removed was not active. Contrary to results obtained by
to the ETF transcription factor binding site. ETF binds to typical mutagenesis, Exonuclease Il deletion of the GATA/Ets tandem
GC box sequences and C-stretches and is a member of the Splid not significantly decrease activity compared witti03/
family, which is known to specifically stimulate transcription +25 construct. One possible explanation is that a multiprotein
from promoters without TATA boxe® The —816/—525 do-  complex is implicated for basal GPV transcription. In this
main thus contains a potential repressor elemepy-@0) and  model, the GATA/Ets tandem and Ets-42 bind their respective
a potential positive element (ETF-566), and the opposing actiortranscription factors and form a complex that is necessary for
of these 2 elements could explain the lack of effect of thetranscription (because pGL3103 presents~60% activity).
—816/-525 deletion on promoter activity. One may further Upon mutagenesis of the tandem, the complex cannot form and
hypothesize that the region including the g Rhotifs might be  Ets-42 cannot bind its nuclear factor probably due to an
important for regulation of the specific timing and level of GPV unfavorable DNA context (leading to a decrease in promoter
gene expression during megakaryocytic differentiation. Such activity). When the tandem is removed by exonuclease Il in the

combination is found in the GPdbgene in a similar environ- —53/+25 fragment, the Ets-42 site could be available to bind an
ment flanking an Alu repeat region. Ets factor and provide some promoter activity.
Sequential deletions from-362 to —103 bp induced a An interesting observation was made when placingti€3

gradual 50% decrease in activity from 120% to 60%. Thisbp fragment upstream of a weak SV40 promoter that could
sequence contains several protected areas: Sp1-292, STAT-21#&ovide some clues concerning megakaryocyte specificity of the
and the GATA-175, GATA-147, and GATA-111 sites. Acompari- —103 fragment. A slight increase in activity was observed in
son of the human, rat, and mouse GPV promoters shows thdbami cells and a remarkable 70% decrease of activity was
GATA-111, STAT-213, and Sp1-292 are conserved between théound in HeLa cells. The inhibitory effect in HeLa cells suggests
3 species, although Spl1-292 is replaced by an EKLF-likethe presence of a repressor domain active in nonmegakaryocytic
recognition site in the rodent gen®sSpl/EKLF and GATA cells.
sites can physically interact and synergize to induce high-level Mutations and deletion analysis favor an important role of
transcription, as, for example, in the GPHlpromoter. The  Ets sites in the-103 proximal region. Different members of the
presence of a footprinted STAT site, STAT-213, suggests thaEts family have been associated with megakaryocyte differentia-
GPV transcription could be regulated by a signal transductiortion. Overexpression of Fli-1 in K562 cells induces their
pathway and, if so, probably in response to thrombopoietinmaturation to a megakaryocytic phenotype and transfection of
(TPO)Z In platelets and megakaryocytes, which coexpressFli-1 into 293 cells increases the activities of the GPHnd
STAT1, STAT3, and STAT5, thrombopoietin induces the tyro- GPIX28 promoters. Deletion of the 11g23-11qter, which bears
sine phosphorylation of Jak kinases and, hence, STAT3 anthe Ets-1 and Fli-1 genes, leads to severe thrombocytopenia,
STATS activatiorf?”3 this would, in turn, lead to STAT whereas Fli-1 and Ets-1 also transactivate the MPL promoter in
homodimerization or heterodimerization, translocation into theheterologous cell&* PU.1, another member of the Ets family
nucleus, and transcription regulation. originally described for its role in myeloid and lymphoid cell
The proximal region from-103 to+1 bp could represent a differentiation’® was later reported to be involved in erythroid
core megakaryocytic promoter region, because it still accountslifferentiation?” It was recently identified to play a central role
for 80% of the activity provided by the-1413A-1 region, in the activation of the GPIlIb enhancer by TPO in UT7/MPL
exclusively in cells with megakaryocytic features (Dami and cells?® An active PU.1 binding site has also been identified on
HEL). This promoter fragment contains 2 Ets binding sites,the BTG promote’* and sequence analyses have shown
Ets-66 and Ets-42, and a GATA site, GATA-71. The GATA/Ets potential PU.1 binding sites (5AGGAA-3')78 on the GPIX
tandem of the—1034+1 domain resembles those of other promote Sequence analysis of the GPV promoter suggests
megakaryocyte-specific genes such as the GPIlb, PF4,.GPIb that the Ets-936 site corresponds to a PU box consensus,
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whereas Ets-960 (BCAGGAA-3') and Ets-42 (5TTCCTG- 5. Hashimoto Y, Ware J: Identification of essential GATA and Ets
3’) could also represent PU.1 binding sites. Finally, PU.1binding motifs within the promoter of the platelet glycoproteirx b
activates the Fli-1 promoté?, which would favor the close 9ene.JBiol Chem 270:24532, 1995 o
cooperation of Fli-1 and PU.1 during megakaryocytic differen- 6. ngd K, Doi T, Beeler D, Kuter D, Rosenberg R: Transcrlptlonal
tiation. The functions of the different members of the Ets family regulation of the rat platelet factor 4 gene: Interaction between an

. . enhancer/silencer domain and the GATA site. Mol Cell Biol 11:6116,
expressed in megakaryocytes may, in fact, overlap to SOMg o0,

extent, because PU-L mice do not display any megakaryo- 7. Martin F, Prandini M-H, Thevenon D, Marguerie G, Uzan G: The

cytic abnormalities:! transcription factor GATA-1 regulates the promoter activity of the
In view of the differential GPV expression in Dami and HEL platelet glycoprotein I1b gene. J Biol Chem 268:21606, 1993

cells, we expected the GPV promoter to behave differently in 8. Bastian LS, Yagi M, Chan C, Roth G: Analysis of the megakaryo-

these 2 cell lines. Surprisingly, gene reporter analyses showed@te glycoprotein IX promoter identifies positive and negative regula-

high level of promoter activity of the-1413H-25 construct in  tory domains and functional GATA and Ets sites. J Biol Chem

HEL cells, which do not express endogenous GPV. Deletion271:18554, 1996

analyses showed very similar patterns of positive and negative 9 Ludlow L, Schick B, Budarf M, Driscoll D, Zackai E, Cohen A,

regulatory regions, indicating that the same transcription factord®nkle B: Identification of a mutation in a GATA binding site of the

are expressed in HEL and Dami cells. Nevertheless, whereas tr%atelet glycoprotem IB promoter resulting in the Bernard-Soulier

—1413H-25 and —816/+25 promoter fragments were more syndrome. J Biol Chem 271:22076, 1996

L . . - 10. Visvader J, Adams JM: Megakaryocytic differentiation induced
strongly active in HEL than in Dami cells, after positior862, in 416B myeloid cells by GATA-2 and GATA-3 transgenes or 5-azacyti-

the streng.th of the promoter was roughly equivale_nt iq the 2 CeIhine is tightly coupled to GATA-1 expression. Blood 82:1493, 1993
types. This suggests that the upstream combination of the 11, pevny L, Simon MC, Robertson E, Klein WH, Tsai SF, D'Agati
GATA/Ets-containing positive element and the,Repressor v, Orkin SH, Constantini F: Erythroid differentiation in chimaeric mice
element had a more positive overall effect in HEL than in Damiblocked by a targeted mutation in the gene for transcriptional factor
cells. These results further suggest that slight differences (eg, iGATA-1. Nature 349:257, 1991
the concentrations of critical transcription factors) could influ- 12. Pevny L, Lin C-S, D'Agati V, Simon MC, Orkin SH, Constantini
ence the patterns of expression of megakaryocytic genes. F: Development of hematopoietic cells lacking transcription factor
In summary, this study raises perspectives relevant to oufPATA-1. Development 121:163, 1995

understanding of the regulation of megakaryocyte-specific 13. Fujwara Y, Browne QP’ Cunniff K, Goff SC, O.rk'n SH: Arrested
development of embryonic red cell precursors in mouse embryos

genes and, in particular, shows important 'd.lfferences. betw_ee[‘]ﬂcking transcription factor GATA-1. Proc Natl Acad Sci USA 93:
the GPV and GPllb promoters. GPIIb-specific expression reI|e312355’ 1996

on the activity of a strong repressor, and mutation of this 14 \weiss MJ, Orkin SH: Transcriptional factor GATA-1 permits
element leads to an ubiquitous activity of the promoter, whereasurvival and maturation of erythroid precursors by preventing apopto-
deletion of the GPV repressor does not reverse cell specificitysis. Proc Natl Acad Sci USA 92:9623, 1995

This study also shows that a proximal domain of the GPV 15. Shivdasani RA, Fujiwara Y, Mac Devitt MA, Orkin SH: A
promoter containing only 100 bp of thé fegion still behaves lineage-selective knockout establishes the critical role of transcription
like a generic megakaryocyte-specific promoter. Is the particufactor GATA-1 in megakaryocyte growth and platelet development.
lar combination of a GATA and 2 Ets binding sites sufficient for EMBO J 16:3965, 1997 .

the promoter specificity or does it contain another as yet 16. Weiss MJ, Orkin SH: GATA transcription factors: Key regulators

identified K t iG i | A of hematopoiesis. Exp Hematol 23:99, 1995
unidentified megakaryocyte-specifis-acting €lement s Amore 17. Takahashi S, Komeno T, Suwabe N, Yoh K, Nakajima O,

precise analysis of this region by linker scanning experimentSyishimura s, Kuroha T, Nagasawa T, Yamamoto M: Role of GATA-1 in
should provide new insights into the regulation of gene prgjiferation and differentiation of definitive erythroid and megakaryo-

transcription during megakaryocyte differentiation. cytic cells in vivo. Blood 92:434, 1998
18. Wall L, deBoer E, Grosveld F: The human beta-globin gene 3
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