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The continuous generation of mature blood cells from primi- gene. Three transgenic lines having 1, 3, and 4 copies of
tive multipotent progenitor cells requires a highly complex the transgene, respectively were produced and analyzed.
series of cellular events that are still largely unknown. To Administration of ganciclovir (GCV) to these mice induced
examine the molecular events associated with the commit- a severe thrombocytopenia, which was due to the depletion
ment of these hematopoietic progenitor cells to the mega- of the entire megakaryocytic lineage, as shown by bone mar-
karyocytic lineage, the a subunit of the platelet integrin row (BM) culture and electron microscopy analysis. The time
aIIbb3 was used as marker. Despite an abundance of informa- required to attain a severe thrombocytopenia was depen-
tion regarding the role of this integrin in platelet adhesion dent on the level of the expression of the transgene and
and aggregation, the mechanisms that control the expres- varied from 7 to 11 days. This condition was completely
sion of the genes that code for these proteins are poorly reversed when GCV treatment was discontinued. Progenitor
understood and the earliest hematopoietic cell capable of cell assays showed that the aIIb promoter was active in prim-
expressing them has not been clearly identified. Thus, a itive hematopoietic progenitor cells possessing myeloid,
strategy was developed to eradicate, using a conditional erythroid, and megakaryocytic potential and that the tran-
toxigene, all the hematopoietic cells capable of expressing scriptional activity of the promoter decreased progressively
the aIIb gene in mice. This was achieved by targeting the

as differentiation proceeded towards the erythroid and my-expression of the gene encoding the herpes simplex virus
eloid lineages.thymidine kinase (tk), specifically to these cell types, using
q 1997 by The American Society of Hematology.a 2.7-kb fragment of the 5*-flanking region of the murine aIIb

P cell populations, however, this may only suggest that the
gene is expressed at an early stage of megakaryocytic differ-

LATELET GLYCOPROTEIN aIIb is known to be a
marker of the megakaryocytic lineage. It constitutes

the alpha subunit of the platelet integrin aIIbb3 , which func- entiation.11 Thus, further studies are required to address this
issue. Its unequivocal definition is of considerable impor-tions as a receptor for adhesive proteins and plays a critical

role in the formation of the platelet plug at the site of vessel tance, as this could specify, at the genetic level, the mecha-
nism(s) by which the megakaryocytic phenotype is estab-injury.1 The gene encoding the human aIIb glycoprotein has

been cloned2,3 and analysis of its 5*-flanking region has been lished during the differentiation of hematopoietic cells.
To avoid the limitations inherent to in vitro cell cultureperformed using primarily transient transfection assays in

permanent cell lines exhibiting megakaryocytic features. systems, we have developed an in vivo transgenic model to
monitor the transcriptional activity of megakaryocytic pro-This approach has allowed the identification of cis-acting

elements within the first 820 bp of the human 5*-flanking moters. In an earlier report, the feasibility of such a
transgenic mouse model was demonstrated by using a 0.8-sequence, including an erythromegakaryocytic enhancer,

composed of GATA and Ets binding sites, and a negative kb promoter fragment of the human platelet glycoprotein aIIb

gene to drive the expression of the herpes simplex virusregulatory element.4-6 The negative regulatory domain has
been shown to downregulate the expression of the aIIb gene thymidine kinase (tk) gene.12 The strength of this model

resides in the fact that administration of an antiherpetic drugin permanent cell lines with nonmegakaryocytic features and
also to diminish the transcriptional activity of the aIIb pro- such as ganciclovir (GCV), selectively eradicates cycling

cells that are capable of expressing the tk gene, hence, identi-moter during megakaryocytic differentiation of K562 cells.
The rat aIIb promoter has also been cloned and comparisons fying in this manner the precise stage at which the promoter

is active during the developmental process. When thesewith the human gene have shown that the position and the
nucleotide sequence of most regulatory domains are similar
suggesting that the molecular mechanisms that control the From the Commissariat à l’Energie Atomique (CEA), Laboratoire
expression of this megakaryocytic gene may be highly con- de Transgenèse et Différenciation Cellulaire, Département de Biolo-
served. Although significant differences in gene expression gie Moléculaire et Structurale, CEA-Grenoble, Grenoble Cedex; and
were observed between the rat and human aIIb promoters Laboratoire d’Hemobiologie, U.M.R. 5533 CNRS - Hôpital Cardio-

logique, Pessac, France.when using primary cultures of bone marrow (BM) cells or
Submitted February 5, 1997; accepted June 9, 1997.immortalized cell lines, respectively, these differences were
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that these proteins may be present in a totipotent stem cell.8,9

‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely to
In contrast, using a similar approach, Levene et al10 could indicate this fact.
not detect its presence in uncommitted progenitor cells. The q 1997 by The American Society of Hematology.
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TROPEL ET AL2996

Fig 1. Schematic representation of the MaIIbtk transgene. The proximal promoter region of the murine aIIb gene (up to the EcoR1 site)
was amplified by PCR to mutate the endogenous aIIb ATG initiation codon (at position "32) to ATC. The distal 5*-flanking region was then
added to replace the PGK promoter in pPNT plasmid. The tk gene starts at site HincII (open box). The 4.2-kb HindIII fragment excised from
the plasmid for the production of transgenic animals is represented by arrows.

agarose gel and further purified on Elutip-d columns (Schleicher andtransgenic animals were exposed to GCV, an acute on de-
Schuell, Dassel, Germany). The DNA fragment was diluted in 10mand cessation of megakaryocytopoiesis was obtained,
mmol/L Tris-HCl, pH 7.5, 0.1 mmol/L EDTA and used to producewhich could be reversed by discontinuing the GCV treat-
the transgenic lines.ment.12 While this response was predictable, a coincident

Production and screening of mice transgenic for MaIIbtk. Thesuppression of erythropoiesis during GCV exposure was an
hybrid gene, named MaIIbtk, was microinjected into fertilized eggs

unexpected finding given previous in vitro evidence showing resulting from mating (C57Bl/6 1 DBA2) F1 pronuclei using estab-
that the same 0.8-kb promoter fragment was specific for lished procedures.17 Transgenic offsprings were identified by South-
permanent cells with megakaryocytic features and was not ern blot analysis of genomic DNA (10 mg) extracted from tail sam-
active in the erythroid cell line K562.13 Results obtained with ples. Transgenic mice harboring the tk gene under the control of the

human aIIb promoter, named HaIIbtk, described previously,12 werethis transgenic model suggested that the regulatory elements
used for comparison purposes in this study.contained within 0.8 kb of the 5* flanking region of the

RNA isolation and reverse transcription (RT)-PCR amplification.human aIIb gene were active in vivo in megakaryocytic, as
BM cells of transgenic and nontransgenic littermates were flushedwell as in erythrocytic cells. The question remained, how-
from the femoral cavity with phosphate-buffered saline (PBS) sup-ever, whether these findings were the result of species dif-
plemented with prostaglandin E1, using a syringe fitted with a 25-ferences or an absence of cis-acting elements involved in
gauge needle. Cells were separated from the core matrix by manual

the regulation of the expression of the aIIb gene. These pipeting, washed twice, recovered in PBS, and counted. Total RNA
possibilities were therefore examined by using a 2.7-kb frag- was extracted from these cells using an isolation kit based on the
ment of the murine aIIb 5*-flanking region in a homologous thiocyanate method (5* Prime -3* Prime, Inc, Boulder, CO).
system. These new transgenic lines reported here, appear For the RT-PCR amplification, 5 mg of total RNA was first treated

with 1 U of RQ1 DNase (Promega Corp, Madison, WI). After inacti-to present a similar phenotype to that observed with mice
vation of the enzyme (907C for 5 minutes), RNA was denatured fortransgenic for the human aIIb promoter,12 consequently
10 minutes at 707C and used as a template in a 50-mL cDNA synthe-allowing us to show that both the murine and the human aIIb
sis reaction using Moloney Murine Leukemia Virus (MMLV) re-promoters are transcriptionally active in multipotent primi-
verse transcriptase (GIBCO-BRL, Gaithersburg, MD) and randomtive hematopoietic cells. This activity was maintained in
hexanucleotides (Pharmacia Uppsala, Sweden). A 5-mL aliquot ofmonopotent progenitor cells of all lineages at very low levels
the RT mixture was amplified by PCR in a Techne PHC-3 thermocy-

and was progressively turned off during erythroid and my- cler (Techne Corp, Cambridge, MA). PCR reactions were performed
eloid lineage differentiation. under standard Perkin Elmer-Cetus conditions, for 30 cycles (947C,

1 minute; 557C, 1 minute; 727C, 1 minute), followed by 3 minutes
MATERIALS AND METHODS at 727C. The number of PCR cycles corresponded to the high end

of the range in which a linear increase in products could be detected.Cloning of the promoter for murine aIIb and transgene construc-
PCR products were run through a 1.5% agarose gel and transferredtion. The l fix II phage 129SVJ mouse genomic library (Stra-
to Hybond N/ nylon membrane (Amersham, Little Chaffont, En-tagene, La Jolla, CA) was screened for clones containing the 5*-
gland). Filters were hybridized with end-labelled internal specificflanking regulatory region of the aIIb gene with a 548-bp fragment
oligonucleotides. Routine controls performed in each experimentof the previously isolated murine (M) aIIb proximal promoter.14 Three
included a cDNA reaction mixture without addition of RT as a checkdifferent overlapping clones were identified, following four rounds
against genomic DNA contamination and a PCR control without anyof screening, one of which was selected for further analysis. Partial
template added. The sequences of the sense primer (A), the antisenserestriction mapping of this clone indicated that a 6.5-kb HindIII
primer (B), and the internal oligonucleotide (I) were as follows:fragment contained up to 2.7 kb of the 5* region of the aIIb gene,

which was inserted 5* of the HSV1-tk gene in pPNT plasmid.15 The
aIIb A: 5*-CAGAGCCTCCTGCGCATGGC-3*endogenous ATG initiation codon situated in the first exon (position
aIIb B: 5*-GCAACGGGTTGCACTTGCC-3*/32) was mutated to ATC by the polymerase chain reaction (PCR)
aIIb I: 5*-CTAGGACCCAAGAACAGTGGTG-3*method.16 For the production of transgenic mice a 4.9-kb fragment
tk A: 5*-CCCCTGCCATCAACACGCG-3*composed of the tk cDNA under the control of 2.7 kb of 5*-aIIb

tk B: 5*-CGATGGGGATGGCGGTCGAAG-3*putative regulatory sequences was excised from the plasmid by
HindIII digestion (Fig 1). The product was electrophoresed on an tk I: 5*-GGCCGCGAGAACGCGCAGCCTGG-3*
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TRANSCRIPTIONAL ACTIVITY OF THE aIIb PROMOTER 2997

The tk primer sequences were deduced from previously published
work,18 whereas the aIIb primer sequences were derived indepen-
dently.

In vivo GCV administration. The nucleoside analog GCV (Cy-
mevan, Roche, Basal, Switzerland) was administered to mice daily
by intraperitoneal (IP) injection. The dose of GCV was 0.1 mg/
day/g body weight. The duration of the treatment varied between
experiments as specified in the text.

Cell counting procedures. Blood was collected from tail vein
bleeds or by cardiac puncture into an anticoagulant consisting of
acid citrate dextrose (ACD) and prostaglandin E1 (10 mmol/L) (10
vol blood:1 vol anticoagulant). Automated blood counts were per-
formed with a Coulter T660 cell counter (Coulter, Miami, FL). The
mean values for control nontransgenic animals (n Å 10) were: plate-
lets, 1.0 { 0.2 1 106/mL (standard deviation [SD]); leukocytes, 11.2
{ 6.1 1 103/mL (SD); erythrocytes, 10.8 { 0.1 1 106/mL (SD) and
were within the normal range.19,20

Hematopoietic progenitor assays. For megakaryocyte progeni-
Fig 2. RT-PCR analysis of the expression of the tk gene driven bytors (CFU-Mk) assays, unfractionated BM cells (5 1 104 cells per

the aIIb promoter. A 5-mL aliquot of the cDNA derived from BM cellswell) were cultured in triplicate in plastic dishes (Nunclon Roskilde,
was amplified with a pair of specific primers for 30 cycles. One fifth

Denmark) in 1 mL of Iscove’s modified Dulbecco’s medium of the product was applied to 1.5% agarose gel for electrophoresis.
(IMDM) (Gibco, BRL) containing 0.3% agar (Difco Laboratories, Panels show the results of Southern hybridization of RT-PCR prod-
Detroit, MI) and supplemented with various other ingredients used ucts with the internal probe of each gene. Each experiment was
in serum-free cultures, as previously reported.21 The number of checked for reproducibility. Lane 1, nontransgenic mouse; lane 2,

HaIIbtk (1 copy); lane 3, MaIIbtk (1 copy); lane 4, MaIIbtk (3 copies);megakaryocytic colonies was evaluated in situ on dried agar discs
lane 5, MaIIbtk (4 copies); lane 6, PCR performed without RT as con-stained by the acetyl cholinesterase (AchE) method.22 For erythroid
trol against contamination. Amplification of endogenous aIIb tran-progenitors (burst-forming unit-erythroid [BFU-E] and CFU-E)
scripts were performed with aIIb-specific oligonucleotides on theassays, BM cells (5 1 104 cells per well) were cultured in triplicate
same samples.in plastic dishes (Nunclon, Roskilde, Denmark) as described.12 In

vitro cultures of late erythropoietic progenitor cells (CFU-E) were
performed essentially the same as for BFU-E cultures, except that
0.5 U/mL of recombinant murineerythropoietin (rMuEPO) was used with a phosphorimager. By comparing the intensity of the
and rMuinterleukin 3 (rMuIL3) was omitted from the medium. Colo- band corresponding to the transgene with that for the endoge-
nies were counted after 48 hours of incubation under the conditions nous aIIb gene, it was determined that founder animals con-
indicated. Granulomonocytic-erythroid–megakaryocytic colony tained 1, 3, 4, 8, 11, and 14 copies of the MaIIbtk transgene
forming units (CFU-GEMMk), mixed progenitors (CFU-MIX: CFU- (data not shown). Females carrying 1, 3, and 4 copies were
GMMk, CFU-GME, CFU-EMk), and granulomonocytic colony

subsequently used to establish breeding lines, as males hav-forming cells (GM-CFC) assays were performed as described.12

ing 8, 11, and 14 copies were found to be sterile. SterilityAssessment of BM cellularity and morphology. To perform ultra-
of mice harboring HSV-tk as a reporter has been describedstructural analysis, BM was removed from the femur of mice, being
by others and has been correlated to tk expression in thecareful not to disturb its native structure, and fixed in 1.25% (vol/

vol) glutaraldehyde (Fluka AG, Buchs, Switzerland). Samples were testes from a cryptic promoter located within the coding
then prepared for electron microscopy as previously described.23 region of the gene.24

Ultrathin sections were cut with an Ultracut E ultramicrotome To test for the expression of the chimeric gene, total RNA
(Reichert, Vienna, Austria) and subsequently examined at 80 KV prepared from BM of MaIIbtk transgenic animals was ana-
using a Jeol JEM-1010 transmission electron microscope (Croissy- lyzed for tk-specific transcripts by semiquantitative RT-PCR.
sur-Seine, France). A minimum of two BM samples was analyzed The integrity of the RNA samples was verified by ethidium
for each of the following groups of animals: (1) nontreated non-

bromide staining following gel electrophoresis. As shown intransgenic mice; (2) GCV-treated nontransgenic mice; (3) GCV-
Fig 2, the predicted amplification product of 400 bp corre-treated HaIIbtk mice containing one copy of the transgene, and (4)
sponding to the size of the tk message was found in allGCV-treated MaIIbtk mice harboring several copies of the
MaIIbtk transgenic lines, indicating that the transgene wastransgene. The BM samples of transgenic HaIIbtk and MaIIbtk mice

were analyzed when their platelet counts were approximately 50,000/ functional. The level of tk transcripts was higher in mice
mL. carrying several copies of the transgene compared with mice

carrying only one copy. No tk transcripts were found in
RESULTS nontransgenic littermates. This was confirmed by Northern

blot analysis (data not shown). The endogenous aIIb messageGeneration of mice transgenic for MaIIbtk. Mice
transgenic for HSV-tk under the control of a 2.7-kb DNA was amplified using aIIb specific primers as a control for

reproducibility. In this case, the levels of RT-PCR productsfragment of the 5*-flanking region of the murine aIIb gene
were created. Six transgenic founder mice carrying the fusion were similar between all the mice, suggesting that the differ-

ences seen in tk expression were significant (Fig 2). Severalgene were identified by Southern blot analysis of tail DNA
using a tk probe. The number of copies of the transgene other tissues besides BM were also tested for the presence

of tk message to verify the tissue-specific expression of thepossessed by each founder mouse was determined by hy-
bridizing these blots with an aIIb probe followed by analysis tk reporter gene driven by the aIIb promoter. Because tk

AID Blood 0032 / 5h3f$$$621 09-15-97 15:30:21 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/90/8/2995/1414982/2995.pdf by guest on 02 June 2024



TROPEL ET AL2998

Table 1. GCV-Induced Toxicity on Blood Cell Counts

Platelets (1106) Erythrocytes (1106) Leukocytes (1103)

D0 D9 D0 D9 D0 D9

Nontransgenic 1.10 { 0.20 1.25 { 0.4 10.26 { 1.4 8.00 { 0.75 11.53 { 3.2 10.27 { 3
HaIIb-tk (1) 1.15 { 0.25 0.3 { 0.25 10.2 { 2.7 8.42 { 1.59 10.6 { 2.6 9.53 { 2.65
MaIIb-tk (1) 1.02 { 0.17 0.35 { 0.13 9.95 { 2.5 10.4 { 0.6 9.26 { 1.14 8.5 { 1.6
MaIIb-tk (3) 1.25 { 0.65 0.15 { 0.12 10.9 { 1.30 4.2 { 1.9 11.4 { 3.6 5.05 { 3.75
MaIIb-tk (4) 1.05 { 0.25 0.12 { 0.41 10.45 { 2.45 3.1 { 1.3 11.27 { 5.5 2.85 { 2.6

Mean peripheral blood cell counts ({SD) of control nontransgenic, HaIIb-tk, and MaIIb-tk mice (n Å 5), before (D0) and after 9 days (D9) of
GCV administration (0.1 mg/day/g body weight). The counts shown are per mL of blood volume. The number in brackets refers to the integrated
copies of the transgene.

expression was found in blood (not shown), animals were an active tk protein, which eradicated platelets in the pres-
ence of GCV and toxicity was dependent on the level of tkcannulated and perfused with PBS before removal of tissue

samples to eliminate any blood from the vasculture that synthesized. Higher levels of tk synthesis lead to a reduction
in the number of erythrocytes and leukocytes suggesting thatcould potentially yield false positive results. BM and spleen

showed the highest levels of expression of the tk gene fol- the enzyme was probably synthesized at an early stage of
the differentiation process.lowed by the testes and adrenal glands. It should be noted,

however, that message detected in the spleen may have been Primitive multipotent progenitor cells are sensitive to
GCV. To characterize the precise stage of hematopoieticdue to the presence of megakaryocytes in this tissue, whereas

the expression detected in the testes may be due to the cryptic differentiation at which the expression of the hybrid gene
was initiated, the toxic effect of tk was examined both inpromoter present within the tk coding region, which can

drive its expression in this organ regardless of the upstream vivo and in vitro using progenitor cell assays. In the first
set of experiments, BM was extracted from GCV-inducedpromoter used. This same pattern of expression had been

observed previously in HaIIbtk transgenic animals12 and thrombocytopenic transgenic mice and cultured in vitro on
methylcellulose. This allowed us to monitor the clonogenicshows that both, the 2.7-kb fragment containing murine aIIb

sequences and the 0.8-kb of the human aIIb promoter appear capacity of myeloid multipotent progenitor cells remaining
in BM of mice after in vivo administration of GCV. Theto exhibit similar transcriptional specificity.

Effect of GCV treatment on blood cell counts. To test results showed a dramatic inhibition of multipotential CFU-
GEMM colonies, as well as all other CFU-mix colonies infor the function of the tk protein produced by the transgene

and to measure the eventual in vivo toxic effect of GCV BM cultures of the new transgenic MaIIbtk lines (Table 2).
The growth of these progenitor colonies was also inhibitedadministration on blood cellularity, 5-week old transgenic

mice were treated with 0.1 mg of GCV/day/g body weight. when BM of HaIIbtk transgenic mice having received the
same treatment were assayed in the same manner. TheseThis concentration was determined on the basis of pilot stud-

ies in which the effects of different concentrations of GCV progenitor cells were easily detectable in BM cultures of
control GCV-treated or untreated nontransgenic mice. Thus,were evaluated. No apparent toxic effects were observed in

normal mice at the concentration chosen. After 9 days of similar in vivo inhibition of primitive hematopoietic cells
was found when the expression of tk was driven by eitherdaily IP drug administration, a thrombocytopenic state was

observed in all MaIIbtk transgenic mice and the degree of
platelet eradication was dependent on the level of transgene

Table 2. Number of CFU-MK, BFU-E, CFU-E, GM-CFC, CFU-mix,expression (Table 1). Mice harboring only one copy of the
and CFU-GEMM Colonies Derived From BM Cells of ControlMaIIbtk transgene exhibited a moderate thrombocytopenia

Nontransgenic, HaIIb-tk, and MaIIb-tk Mice Treated With GCV
(approximately 30%) with no significant effect on erythro-

CFU-cyte or leukocyte counts. This coincides with previous results
CFU-MK BFU-E CFU-E GM-CFC CFU-mix GEMMKusing mice transgenic for tk directed by the human aIIb pro-

Control 6 { 2 10 { 3 52 { 12 62 { 9 10 { 3 7 { 2moter, which also had a single integrated copy of the
HaIIb-tk 1 { 1 0 { 1 46 { 8 60 { 6 0 { 1 0transgene. In contrast, mice harboring three and four copies
MaIIb-tk 1 { 1 1 { 1 37 { 12 59 { 4 0 { 1 0 { 1were more sensitive to the toxic effect of GCV. Greater

Marrow cells from control, HaIIb-tk (one copy of the transgene inte-than 85% inhibition of thrombopoiesis was induced in these
grated) and MaIIb-tk (several copies integrated) mice treated with 0.1animals in the same period of time, which was accompanied
mg of GCV/day/g body weight were obtained by femoral aspirationby a decrease in circulating erythrocyte and leukocyte counts
cultured as described in Materials and Methods. Each number ({SD)(Table 1). Blood cell counts of the nontransgenic littermates
is the mean of three wells in three different experiments. CFU-mix

were unaffected by the treatment. When GCV administration colonies consisted of erythroid and megakaryocytic component, gran-
was interrupted, the process was reversed in the transgenic ulocytic, macrophagic, and erythroid component, or granulocytic
animals and the circulating cell counts returned to normal macrophagic megakaryocytic without an erythroid component and
values 10 to 12 days following withdrawal of the drug. From multipotent CFU-GEMMK (granulocytic, erythrocytic macrophagic and

megakaryocytic components).these results we concluded that all of the transgenes produced
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Table 3. Analysis of the GCV Sensitivity of Committed and Mixed Progenitor Cells Derived From BM Cells of Control,
HaIIb-tk, and MaIIb-tk Mice in Individual Semisolid Assays

GCV CFU-MK BFU-E CFU-E GM-CFC CFU-mix CFU-GEMMK

Control 0 20 { 2 24 { 2 108 { 7 98 { 5 16 { 2 7 { 1
0.5 18 { 3 24 { 2 98 { 11 86 { 2 13 { 1 5 { 1
1 12 { 5 22 { 2 84 { 6 70 { 4 9 { 1 7 { 1
5 13 { 4 24 { 7 77 { 8 71 { 9 9 { 1 6 { 1

HaIIb-tk (1) 0 17 { 3 22 { 2 98 { 6 88 { 13 9 { 2 4 { 1
0.5 ND ND 90 { 4 ND ND ND
1 2 { 2 1 { 1 62 { 10 46 { 8 0 0
5 1 { 1 0 50 { 10 3 { 1 0 0

MaIIb-tk (1) 0 24 { 4 17 { 2 70 { 9 70 { 2 11 { 1 7 { 1
0.5 3 { 2 5 { 1 43 { 7 45 { 3 3 { 1 2 { 1
1 5 { 3 3 { 1 53 { 11 28 { 1 3 { 1 1 { 1
5 3 { 2 1 { 1 56 { 8 10 { 1 1 { 1 0 { 1

MaIIb-tk (3 or 4) 0 20 { 2 23 { 4 93 { 17 116 { 7 6 { 1 3 { 1
0.5 0 { 1 0 { 1 34 { 4 5 { 1 0 0
1 0 0 11 { 2 0 0 0
5 0 0 3 { 1 0 0 0

Marrow cells (5 1 104 per well) were cultured in 0.33 mL complete IMDM supplemented with predetermined optimal concentrations of
cytokines as described in Materials and Methods.

Abbreviation: ND, not determined.

the human or the murine aIIb promoters, indicating that no of untreated MaIIbtk and HaIIbtk transgenic animals, as
well as their nontransgenic littermates were plated on meth-significant species differences exist, and that the addition of

1.9 kb of regulatory elements to the promoter did not change ylcellulose in the presence of different concentrations of
GCV. This showed a drastic inhibition of the growth ofthe pattern of expression.

To further determine the sensitivity of these early multipo- transgenic CFU-Mk and BFU-E colonies at the lower concen-
tration used. Higher doses of GCV were needed to inhibittent progenitor cells to GCV, a separate set of experiments

was performed in vitro in which intact BM cells from un- the growth of GM-CFC and CFU-E colonies compared with
CFU-Mk colonies (Table 3), consistent with a higher leveltreated MaIIbtk, HaIIbtk, and nontransgenic animals were

cultured in methylcellulose in the absence or presence of of tk expression in megakaryocytes. From these results, we
concluded that either 2.7 kb of murine or 0.8 kb of humanvarious concentrations of GCV. CFU-GEMM and CFU-mix

colonies from all transgenic animals were determined to be aIIb promoter sequences were active in primitive totipotent
progenitors and that there was a progressive loss of theirsensitive to the drug and their growth was inhibited at the

lowest GCV dose used of 0.5 mmol/L, whereas early progeni- transcriptional activity during the course of differentiation
towards the erythroid and the myeloid lineages.tors derived from nontransgenic animals were insensitive to

the drug (Table 3). Thus, similar toxic effects due to GCV Changes in the cellular composition of BM following GCV
administration. Electron microscopy analysis of BM ex-administration were observed both in vivo and in vitro, con-

sistent with the expression of the tk gene in primitive tracted from thrombocytopenic transgenic animals was per-
formed to evaluate morphologic modifications induced inmultipotent progenitor cells.

Expression of the transgene in committed progenitors. BM following GCV administration. Any possible ultrastruc-
tural changes in the composition of the BM due to the admin-To determine whether the expression of the tk gene directed

by the aIIb 5*-flanking region detected in multipotent progeni- istration of GCV per se was first evaluated. No detectable
structural differences were observed in the organization oftors persisted in megakaryocytic and nonmegakaryocytic

progenitor cells following differentiation, BM of transgenic the BM of normal mice that were treated with GCV (not
shown). In contrast, major morphological changes were ob-and nontransgenic littermates treated with GCV for a period

of 9 days were cultured using individual semisolid progenitor served within the BM of the thrombocytopenic transgenic
animals following GCV treatment. The number of cells ofcell assays. The development of CFU-Mk and BFU-E was

drastically inhibited in these cultures and colonies were the megakaryocytic lineage was dramatically reduced in the
BM of HaIIbtk transgenic animals. Residual polyploidbarely detectable. Surprisingly, CFU-E colonies were only

moderately affected and the number and size of granulo- megakaryocytes were occasionally observed (data not
shown) and the number of erythroblastic islets was also de-monocytic colonies were in the control range (Table 2).

These unexpected results appeared to be in contrast with creased. The granulocytic cells were apparently unaffected
as shown by the presence of normal numbers of maturingthe absence of mixed and early progenitor colonies. It was

rationalized that if the expression of tk in these cell types is neutrophils and eosinophils (Fig 3A). Furthermore, an in-
creased level of large cells with an intense phagocytic activ-very low, it should be possible to inhibit their growth by

increasing the concentration of GCV within the culture. ity was observed. These cells contained a higher number of
phagocytic vacuoles within their cytoplasm as shown in FigsThus, in vitro cell assays were performed in which BM cells
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Fig 3. Morphologic changes
in BM of GCV-induced throm-
bocytopenic mice. (A) BM of a
HaIIbtk transgenic mouse. No
megakaryocytes are present and
cells from the erythrocytic lin-
eage are decreased. Granulo-
cytic cells such as neutrophiles
(,) predominate in this BM com-
partment showing that the gran-
ulocytic lineage is unaffected.
Large increase on the amount of
macrophage-like cells (M) show-
ing phagocytic activity in their
cytoplasm was seen. Bar ! 5
mm. (B) Section of BM obtained
from a GCV-induced thrombocy-
topenic MaIIbtk mouse
having several copies of the
transgene integrated. Mature
cells of the megakaryocytic,
erythrocytic, and granulocytic
lineage are severely decreased.
Large macrophage-like cells
with dense bodies suggesting
phagocytic activity invade the
BM. Cytoplasmic processes ex-
tend around the few resting he-
matopoietic cells. Poorly differ-
entiated mononuclear cells (*)
with high nucleocytoplasmic ra-
tio, having the morphology of
progenitor cells, seem to be
present in higher amounts. Bar
! 5 mm.
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Table 4. GCV Sensitivity of tk Nonexpressing Cells in the Presence of tk Expressing Cells

MK GM BFU-E

GCV 0 / { 0 / { 0 / {
0 19 { 2 10 { 1 16 { 2 36 { 3 32 { 4 28 { 4 11 { 2 15 { 2 13 { 2
5 mmol/L 17 { 2 0 8 { 1 26 { 1 0 25 { 3 10 { 1 0 6 { 1

BM cells (1 1 105) of transgenic (/) mice or nontransgenic littermates (0) were plated in the presence of 5 mmol/L GCV or in its absence and
cultured for 6 days. For the mixed-cultures ({), 75,000 cells/mL of nontransgenic BM cells were cultured in the same well as 75,000 cells/mL of
transgenic cells.

3A and B. The MaIIbtk mice harboring several copies of on methylcellulose, liquid cocultures were also performed
leading to identical results (data not shown).the transgene showed even more dramatic changes in their

BM morphology. Megakaryocytic, erythroid, and granulo-
DISCUSSIONcytic lineages were all extremely depleted. The BM was

essentially aplastic and considerably disorganized with very Stem cell commitment and differentiation is governed by
few mature cells present. In contrast, the number of two the regulated transcriptional activation and repression of a
different cell types was found to be increased. Hematopoietic host of genes. The cellular and molecular analysis of these
spaces were invaded by large cells with extending processes processes has been hampered by the difficulty in obtaining
containing dense bodies suggesting an important phagocytic homogeneous stem cell populations, by a low representation
activity (Fig 3B), and with poorly differentiated mononu- of these cells in BM, and the limited availability of in vivo
clear cells with a high nucleocytoplasmic ratio, having the assays. In particular, the analysis of the transcriptional regu-
same morphologic features of stem cells. The results of these lation of the aIIb gene has been limited to studies of the
ultrastructural studies show that all myeloid lineages were human and rat promoters in immortalized cell lines or BM
affected and are therefore in agreement with the changes cells transfected in vitro, which fail to take into account the
observed in peripheral blood counts. dynamics and complexity of the hematopoietic process as it

The toxic effect of GCV is restricted to transgene-express- occurs in vivo.
ing cells. A possible explanation for the GCV sensitivity With this in mind, we have developed a methodology
of early nonmegakaryocytic progenitors could be that non- based on the generation of transgenic mice to monitor the
specific toxicity occurred as a result of the general release transcriptional activity of specific promoters during hemato-
of toxic phosphorylated GCV from dying cells specifically poietic differentiation. In the initial model, the expression
expressing tk. Although this bystander effect has been de- of the tk gene was directed by a 0.8-kb 5*-flanking region
scribed in other systems,25,26 it would seem to be an unlikely of the human aIIb gene. In these mice, a severe and reversible
event, as most cells are impermeable to phosphorylated nu- thrombocytopenia could be produced on demand by adminis-
cleotides. Nonetheless, this possibility was tested by cultur- tration and withdrawal of the antiherpetic drug GCV.12 There
ing a mixture of BM cells obtained from transgenic mice was, however, evidence that the toxic effect was not limited
possessing one copy of the transgene and control animals. to cells committed to megakaryocytopoiesis. Although less
These two populations of cells were mixed in equal propor- pronounced, GCV administration was found to induce sup-
tions and were grown in the presence of GCV and specific pression of erythropoiesis suggesting that, in this system at
cytokines that stimulate the development of erythrocytic, least, the activity of the aIIb promoter was not limited to
megakaryocytic, and granulomonocytic colonies. Colony de- cells of the megakaryocytic lineage. The question arose
velopment in these cultures was compared with cultures of whether this was, in fact, due to species differences between
separately grown non-tk–expressing or tk-expressing BM the promoter and the host animal or to the absence of cis-
cells under identical conditions. Coculturing BM cells of acting elements involved in the regulation of the expression
nontransgenic mice in the presence of transgenic BM cells of the aIIb gene.
in a 1:1 ratio did not reduce the number of colonies expected In this study, we have developed novel transgenic mice
by culturing the same number of nontransgenic BM cells in which the expression of tk is driven by 2.7 kb of the 5*-
under megakaryocytic or erythrocytic conditions (Table 4). flanking region of the murine aIIb gene. This allowed the
In GM-CFC plates, although the transgenic cells were found analysis of the promoter activity in a homologous system.
to be eliminated as expected, another cell type appeared that Three transgenic lines carrying 1, 3, and 4 copies of the
was morphologically distinct from either the initial MaIIbtk transgene were established. All three lines ex-
transgenic or nontransgenic cells. The proliferation of these pressed tk within their BM. The level of tk transcripts was
cells could be induced by the secretion of cytokines or found to be higher in mice having several integrated copies
growth factors from the dying transgenic cells. Other than of the transgene compared with those having only one copy.
this one unexpected finding, in all cases the presence of This may however only reflect differences in the sites of
transgenic tk expressing cells did not inhibit the growth of integration of the transgenes within the genome. To derive
neighboring nontransgenic bystander cells. To eliminate the a statistically significant correlation between copy number
possibility that the results obtained on semisolid media were and expression level, more data are needed from high-copy–

number lines to validate copy number dependence. The dif-not due to the inability of the phosphorylated GCV to diffuse
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ferences in tk levels synthesized is correlated with the level hematopoietic defect in null mpl mice is not confined to cells
of the megakaryocytic lineage, as they were found to beof thrombocytopenia induced in vivo following injection of

GCV into these mice. In fact, greater than 90% platelet deficient in progenitor cells of multiple lineages.37,38

Stem cell commitment to a monopotent lineage impliesreduction could be induced after 9 days of drug administra-
tion in mice with the highest level of tk expression. This that the expression of particular genes persist in a specific

hematopoietic route with a concomitant decline in other lin-was accompanied by a concomitant reduction in erythrocytes
and to a lesser extent of leukocytes. This was in contrast to eages. To determine whether the expression of the tk gene

directed by the aIIb 5*-flanking region persisted in separatemice synthesizing lower levels of tk in which only platelets
were reduced in the same period of time. There was no monopotent progenitors, individual CFU-Mk, BFU-E, CFU-

E, and GM-CFC monopotent progenitors were assayed. Re-apparent evidence of atrophy of spleen, adrenals, or testes
following GCV administration. sults of methylcellulose cultures showed that the growth of

CFU-Mk and BFU-E colonies was drastically inhibited inTo determine the earliest hematopoietic cell expressing
the transgene, GCV was administered to mice until a severe the presence of GCV and that of CFU-E and GM-CFC was

moderately affected showing that there is a progressive de-thrombocytopenia was obtained. Detailed examination of the
composition of methylcellulose colonies derived from cells crease of tk production as the course of differentiation pro-

ceeds towards the erythrocytic and myeloid lineages. Theremaining in BM of GCV-induced thrombocytopenic MaI-
Ibtk mice showed a dramatic inhibition of CFU-GEMMk and possibility that tk expression in nonmegakaryocytic cells re-

sulted from leakage of tk phosphorylated GCV from lysisCFU-mix colonies in all transgenic lines. BM cellularity
of nontransgenic littermates was not affected by the GCV of the primary tk-expressing cells following cell death was

considered and accounted for by coculturing BM cells oftreatment, as highly proliferative progenitor cells, capable
of giving rise to CFU-GEMMk, CFU-mix progenitors, and transgenic and nontransgenic animals. The results obtained

provide strong evidence that this is not the case, as onlyindividual colonies of myeloid, erythroid, and megakaryo-
cytic lineages could develop in culture. The absence of the cells expressing tk were affected.

The toxicity induced by GCV on early erythroid progeni-primitive progenitors from the BM of the GCV-induced
thrombocytopenic mice suggested that the transgenes were tors is in agreement with previous studies showing that

megakaryocytic and erythroid lineages are closely related inbeing expressed in an early progenitor cell before commit-
ment to the megakaryocyte progenitor, CFU-Mk. ontogeny and both cell types appear to derive from a com-

mon progenitor cell.39-41 Moreover, transcription factors in-Whether the expression of the aIIb gene begins in hemato-
poietic stem cells or in committed megakaryocytic progeni- cluding NF-E2 and GATA-1 appear to regulate genes within

these two lineages supporting the possibility of commontors has long been a source of controversy. The results re-
ported in this study using 2.7 kb of the 5*-flanking region programs or mechanisms of activation.42-44

The presence of CFU-E and GM-CFC colonies obtainedof the aIIb gene are in agreement with earlier publications8,9

and those described by other investigators who have shown in methylcellulose by culturing BM of GCV-treated mice
was unexpected considering the absence of most of thethe presence of the aIIbb3 complex on multipotent progenitor

stem cells. In fact, Basch et al27 showed through immunocy- multipotent progenitors. However, a similar result was ob-
tained in mpl 0/0 mice, in which the reduction of the num-tochemical staining that in addition to platelets and mega-

karyocytes, antibodies raised against purified glycoprotein ber of neutrophil, granulocyte, macrophage, erythroid, multi-
potential, and CFC-mix was not reflected in the mature cellb3 or platelet membrane glycoprotein aIIbb3 react with other

BM cells, albeit less intensely. On the basis of light scattering populations.37 Moreover, peripheral blood hematocrit and
white blood cell counts were normal in these mpl 0/0 miceproperties, these cells appeared to be immature cells and

monocytes. Immunocytochemical staining of monocytes by despite the reduction of early progenitors. This raises the
interesting possibility of the existence of compensatoryaIIbb3-specific monoclonal antibodies has also been reported

by others.28-29 In addition, Murray et al30 have shown that mechanisms during the final stages of maturation or the
emergence of alternative differentiation pathways to producefetal BM CD34/ and CD41/ positive cells have high prolif-

erative potential in vitro and give rise to cells of megakaryo- myeloid cells in pathological conditions. While the molecu-
lar basis for such a proposal has yet to be elucidated, therecyte, granulocyte, macrophage, and erythrocyte lineages.

The finding that a marker previously presumed to be spe- is growing support that distinct developmental routes may
exist in normal and pathological conditions, as already sug-cific for cells of a particular lineage is also expressed in

other cell types is not without precedent, as exemplified by gested for the erythroid and the B-cell lineages,45,46 including
unilineage route of differentiation from hematopoietic earlythe c-mpl gene. Initially, the presence of c-mpl and the re-

sponse to thrombopoietin (TPO) was thought to be strictly progenitors.47,48 Taken together, the establishment of the new
transgenic line presented in this report supports the followinglimited to cells of the megakaryocytic lineage.31-33 However,

using both normal and myelosuppressed mice, Kaushansky conclusions: first, a high degree of similarity exists in the
mechanisms controlling hematopoiesis in mammals. This iset al34 found that erythroid, granulocyte-macrophage, and

megakaryocytic progenitors are also sensitive to TPO treat- based on the similar phenotypes obtained with transgenic
mice possessing the tk gene driven by either the human orment concluding that the effect of TPO administration may

be wider than initially anticipated.35 This conclusion is con- the mouse aIIb promoters along with the high conservation
of regulatory elements found in these two promoter se-sistent with the expansion of primitive progenitor cells with

TPO found by independent investigators.36 Similarly, the quences.14 Second, the 1.9-kb nucleotide sequence located

AID Blood 0032 / 5h3f$$$621 09-15-97 15:30:21 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/90/8/2995/1414982/2995.pdf by guest on 02 June 2024



TRANSCRIPTIONAL ACTIVITY OF THE aIIb PROMOTER 3003

12. Tronik-Le Roux D, Roullot V, Schweitzer A, Berthier R,adjacent to and upstream of the initial 800 bp sequence of
Marguerie G: Suppression of erythro-megakaryocytopoiesis and thethe 5*-flanking region of the aIIb gene does not appear to
induction of reversible thrombocytopenia in mice transgenic for thecontain any other significant transcriptional regulatory do-
thymidine kinase gene targeted by the platelet glycoprotein aIIbmains involved in the tissue-specific expression of the aIIb
promoter. J Exp Med 181:2141, 1995gene in early hematopoietic cells. Third, the toxic effect

13. Uzan G, Prenant M, Prandini MH, Martin F, Marguerie G:
arising following GCV administration is restricted to those

Tissue-specific expression of the platelet GPIIB gene. J Biol Chem
cells that express the transgene and the severity of the toxic 266:8932, 1991
response is dependent on the level of tk synthesized. Finally, 14. Denarier E, Martin F, Martineau S, Marguerie G: PCR cloning
primitive hematopoietic progenitor cells possessing myeloid, and sequence of the murine GPIIb gene promoter. Biochem Biophys
erythroid, and megakaryocytic potential appear to possess Res Commun 195:1360, 1993
the transcriptional capacity required to activate the promoter 15. Tybulewicz VLJ, Crawford CE, Jackson PK, Bronson RT,

Mulligan RC: Neonatal lethality and lymphopenia in mice with aused in this study. This potential tapers off, however, as
homozygous disruption of the c-abl proto-oncogene. Cell 65:1153,differentiation proceeds further towards the erythroid and
1991myeloid lineages. This is consistent with the repressor ele-

16. Saiki RK, Gelfand DH, Stoffel S, Scharp SJ, Higuchi R, Hornment identified within the rat and human aIIb promoters5,6

GT, Mullins KB, Erlich HA: Primerdirected enzymatic amplificationplaying a role in this process. This new and evolving
of DNA with a thermostable DNA polymerase. Science 239:487,

transgenic technique used to study the regulation of the aIIb 1988
gene shows the necessity of studying gene regulation in a 17. Hogan B, Beddington R, Constantini F, Lacy E: Manipulating
dynamic system and offers tremendous potential in providing the Mouse Embryo: A Laboratory Manual. Cold Spring Harbor, NY,
new insights into the molecular basis of platelet production. Cold Spring Harbor Laboratory, 1994

18. Wagner MJ, Sharp JA, Summers WC: Nucleotide sequenceACKNOWLEDGMENT
of the thymidine kinase gene of herpes simplex virus type 1. PNA

The authors gratefully acknowledge Dr Alan Giles for helpful 78:1441, 1981
discussions and Yotis Senis for many valuable comments on the 19. Green EL: Biology of the Laboratory Mouse (ed 2). New
manuscript. York, NY, McGraw-Hill, 1966, p 351

20. Levin J, Ebbe S: Why are recently published platelet countsREFERENCES
in normal mice so low? Response. Blood 83:3829, 1994

1. Phillips DR, Charo IF, Parise LV, Fitzgerald LA: The platelet 21. Berthier R, Valiron O, Schweitzer A, Marguerie G: Serum
membrane glycoprotein IIb-IIIa complex. Blood 71:831, 1988 free medium allows the optimal growth of human megakaryocyte

2. Prandini MH, Denarier E, Frachet P, Uzan G, Marguerie G: progenitors compared with human plasma supplemented cultures:
Isolation of the human platelet glycoprotein IIb gene and character- Role of TGFb. Stem Cells 11:120, 1993
ization of the 5* flanking region. Biochem Biophys Res Commun 22. Long MW, Williams N: Immature megakaryocytes in the
156:595, 1988 mouse: Morphology and quantitation by acetyl cholinesterase stain-

3. Heidenreich R, Eisman R, Surrey S, Delgrosso K, Bennett ing. Blood 58:1032, 1981
JS, Schwartz E, Poncz M: Organization of the gene for platelet

23. Hourdille P, Pico M, Jandrot-Perrus M, Lacaze D, Lozano
glycoprotein IIb. Biochemistry 29:1232, 1990

M, Nurden AT: Studies on the megakaryocytes of a patient with the
4. Prandini MH, Uzan G, Martin F, Thevenon D, Marguerie G:

Bernard Soulier syndrome. Br J Haematol 76:521, 1986
Characterization of a specific erythromegakaryocytic enhancer

24. Al-Shawi R, Burke J, Wallace H, Jones D, Harrison S, Buxton
within the glycoprotein IIb promoter. J Biol Chem 267:10370, 1992

D, Maley S, Chandley A, Bishop JO: The herpes simplex virus type
5. Fong A, Santoro SA: Transcriptional regulation of aIIb integrin

1 thymidine kinase is expressed in the testes of transgenic micegene expression during megakaryocytic differentiation of K562 cells.
under the control of a cryptic promoter. Mol Cell Biol 8:4207, 1991J Biol Chem 269:18441, 1994

25. Moolten FL: Tumor chemosensitivity conferred by inserted6. Prandini MH, Martin F, Thévenon D, Uzan G: The tissue-
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