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Megakaryocytes lacking transcription factor GATA-1 fail to com-
plete maturation in vivo and hyperproliferate. To define how
GATA-1 regulates megakaryocyte cell growth we searched for
mRNA transcripts expressed in primary wild-type, but not GATA-
1-, megakaryocytes. One differentially expressed transcript en-
codes inositol polyphosphate 4-phosphatase type | (4-Ptase ). This
enzyme hydrolyses phosphatidylinositol 3,4-bisphosphate and
also has lesser activity against soluble analogues of this lipid,
inositol 3,4-bisphosphate and inositol 1,3,4-triphosphate. Reintro-
duction of 4-Ptase | into both primary GATA-1- and wild-type
megakaryocytes significantly retards cell growth, suggesting that
absence of 4-Ptase | may contribute to the hyperproliferative
phenotype of GATA-1- megakaryocytes. Overexpression of
4-Ptase | also markedly reduces growth of NIH 3T3 fibroblasts.
Taken together, these data indicate that 4-Ptase | is a regulator of
cell proliferation.

Controlling the number of terminally differentiated cells
produced from stem/progenitor cells is vital for homeosta-
sis in all tissues. In the hematopoietic system where ~3-5 X 1010
differentiated cells are produced daily in the adult human this is
especially important. Many control mechanisms govern hema-
topoiesis as safeguards for regulating cell numbers in the
stem/progenitor compartment, for selection of lineage fates by
stem/progenitor cells, and lastly for expansion of differentiated
progeny from a progenitor cell. Failure of these control mech-
anisms can lead to blood disorders including anemias and
leukemias (1).

In hematopoietic cells the C,C, zinc finger containing tran-
scription factor GATA-1 plays a nonredundant role in differen-
tiation of selected lineages. In erythroid cells analysis of
GATA-1" mice, complemented by in vivo and in vitro analysis of
GATA-1~ embryonic stem cells, demonstrates that GATA-1 is
required for differentiation and survival of erythroid cells be-
yond the proerythroblast stage (2-5). Moreover, a threshold
level of GATA-1 is required for this process (6). Although many
erythroid-specific GATA-1 target genes are known, the pivotal
GATA-1 effector genes regulating growth differentiation and
apoptosis remain poorly defined. Recently, GATA-1 has been
shown to augment expression of the antiapoptotic gene Bcl-X1,
in erythroid cells, indicating one potential mechanism to fore-
stall apoptosis (7).

GATA-1 expression is also essential for full megakaryocyte
differentiation and platelet release (8, 9). Numerous megakaryo-
cyte-specific genes harbor functionally important GATA sites in
their cis elements (10-12). However, in contrast to red cells, loss
of megakaryocyte-specific GATA-1 expression does not lead to
apoptosis but to marked accumulation of immature megakaryo-
cytes (8, 9). In vivo, mutant mice exhibit a 10- to 100-fold increase
in megakaryocyte numbers in bone marrow and spleen. Al-
though the mechanism responsible for this megakaryocytosis is
uncertain, evidence suggests it is consequent to abnormal ex-
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pansion of megakaryocytes from a normal number of committed
progenitors. Colony assays reveal normal numbers of GATA-1~
megakaryocyte progenitors. However, a proportion of these
progenitors produce abnormally large colonies composed of
thousands of immature megakaryocytes. Such colonies are never
observed from wild-type progenitors. Excessive growth of
GATA-1~ megakaryocytes expanded from progenitors also is
seen in liquid culture; maximal megakaryocyte numbers are
16-fold higher from GATA-1" cultures compared with wild-
type, and mutant cultures persist for much longer than controls
(9). Taken together, prior studies indicate that growth and
survival of developing erythroid and megakaryocytic precursors
are regulated in part through GATA-1. Moreover, its role in
these processes is lineage-context-dependent.

To search for genes controlled by GATA-1 in megakaryocytes,
we performed subtractive hybridization between wild-type and
GATA-1~ primary megakaryocyte cDNAs. Among the tran-
scripts identified, one encoded inositol polyphosphate 4-phos-
phatase type I (4-Ptase I), which normally was expressed in
megakaryocytes but was absent in GATA-1- megakaryocytes. In
platelets, 4-Ptase I has been previously implicated in signaling by
regulating phosphatidylinositol 3-kinase (PI 3-kinase; refs. 13,
14). The cDNA of the two isoforms of 4-Ptases (types I and II)
that encode proteins with 37% amino acid identity have been
cloned and characterized (15, 16). Both are widely expressed,
although their patterns of expression vary among tissues.

In vitro, 4-Ptases catalyze the hydrolysis of the D-4 position
phosphate of the PI 3-kinase second messenger, phosphatidyl-
inositol 3,4-bisphosphate [PtdIns(3,4)P,]. In addition, these en-
zymes catalyze the hydrolysis of the soluble analogues of this
lipid, inositol 3,4-bisphosphate [Ins(3,4)P;] and inositol 1,3,4-
triphosphate [Ins(1,3,4)P3] (15-18). The PI 3-kinase signal path-
way has been shown to regulate cellular growth, differentiation,
and apoptosis in many cell types (19). PtdIns(3,4)P,, together
with phosphatidylinositol 3,4,5-triphosphate [PtdIns(3,4,5)Ps],
are rapidly produced after activation of PI 3-kinase. Several
intracellular targets of these two lipids have been identified
including isozymes of protein kinase C, protein kinase B
(PKB/Akt), and protein kinase PDK1. These protein kinases
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have multiple potential substrates involved in regulation of cell
proliferation, differentiation, and apoptosis. Genetic studies
have indicated that phosphatases of these lipid second messen-
gers are essential for the regulation of PI 3-kinase signaling. The
human tumor suppressor gene PTEN is a phosphatase that
catalyzes the hydrolysis of the D-3 position phosphate of
PtdIns(3,4)P, and PtdIns(3,4,5)P; (for a review see ref. 19).
Moreover, mutant mice lacking SHIP, a phosphatase that de-
phosphorylates the D-5 position of PtdIns(3,4,5)P3 (20) develop
a lethal myeloproliferative syndrome, strongly implicating PI
3-kinase signaling in the regulation of hematopoietic cell num-
bers (21). The work described here suggests that 4-Ptase I
expression in mouse megakaryocytes is GATA-1-dependent and
that this phosphatase is involved in the regulation of megakaryo-
cyte and fibroblast proliferation.

Methods

Generation of GATA-1- Mice. Megakaryocytes from GATA-1~
(neoAHS) mice lack GATA-1 and have been described (8).

Generation and Analysis of the Subtracted Library. Single-cell fetal
liver suspensions from five neoAHS fetuses and 15 normal litter-
mate controls at embryonic day 12.5 were cultured as described (9).
Cells were harvested at day 3 when the percentage of megakaryo-
cytes is maximal (=70% of the culture). A total of 1,248 library
clones from a subtracted cDNA library (PCR-Select protocol,
CLONTECH) were gridded onto nylon membranes. Duplicate
membranes were hybridized with 3?P dCTP-labeled aliquots of the
original normal and mutant megakaryocyte cDNA used for sub-
traction. Clones hybridizing to wild-type, but not GATA-17, cDNA
were selected for sequencing.

Semiquantitative Reverse Transcriptase-PCR (RT-PCR) Analysis of
4-Ptase | Expression. Semiquantitative RT-PCR was performed as
described (9) with one modification. As the amount of starting
hypoxanthine phosphoribosyl transferase (HPRT) cDNA is
greater than 4-Ptase I cDNA, 10-fold less 3?P tracer was added
to reactions with HPRT primers. cDNA amounts in PCRs were
normalized for HPRT expression. No reaction products were
detected in mRNA samples without RT (data not shown). The
oligonucleotide primer pair used to amplify HPRT has been
described (22). The positions of oligonucleotides F and G used
to amplify murine 4-Ptase I are shown. Their sequences are: F,
5'-GGCATGCTGCTGCGGGTG-3" and G, 5'-TCGGAC-
CCCGTTAAGGCGGCG-3'.

Western Blot Analysis of 4-Ptase | Expression. Western blots were
performed as described (9, 15). One filter was sequentially used
to detect expression of 4-Ptase I and c-src.

Cloning and Sequencing of Murine 4-Ptase I. The initial murine
4-Ptase I clone was used to screen a primary murine megakaryo-
cyte-enriched (=70% megakaryocytes) cDNA library constructed
in the vector A Ziplox (GIBCO/BRL). A 1.7-kb clone correspond-
ing to one of the 3" ends of 4-Ptase I was isolated. The rest of the
murine cDNA was obtained by RT-PCR. The position of the oli-
gonucleotide primers is shown in Fig. 14. The 5" end of the coding
region was cloned by seminested PCR. Primer sequences were:
A, 5'-ATGACAGCAAGAGAGCACAGC-3'; B, 5'-TCCTGTG-
GTATGTAGATTATGGACTG-3"; C, 5'-TTGATCTGAG-
CAATGATCTCC-3'; D, 5'-CAGTCCATAATCTACATACCA-
CAGGA-3'; E, 5'-TCATGTCTCAACTTTTCCGTAAGT-
CCC-3"; H, 5'-CCCAAGCATTACAGGCCTCCA-3'; and I, 5'-
CTCACAGCTGGCTTTACATCT-3'.

cDNA from primary megakaryocytes was used as template in
RT-PCRs. Notl and Xhol restriction enzyme sites were incor-
porated into all oligonucleotide primers (except C). Notl- and
Xhol-digested PCR products were cloned into NotI and Xhol
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Fig. 1. (A) Schematic representation of murine 4-Ptase | cDNA clones.

(Upper) The assembled 4-Ptase | a cDNA is depicted by the full open box.
(Lower) The location of the initial clone obtained from subtraction analysis;
the phage clone that contained a poly(A) tail and lastly a composite cDNA of
clones obtained by RT-PCR (shaded box corresponds to the coding region). The
locations of the oligonucleotide primers (A-E, H, and 1) used to clone the cDNA
and oligonucleotide primers F and G used in the RT-PCR to document expres-
sion of 4-Ptase | in normal and GATA-1- megakaryocytes are shown. (B, Upper)
mRNA expression of 4-Ptase | in normal (+ /) and GATA-1~ (- /) megakaryo-
cytes. cDNA from these two megakaryocyte populations was used in a PCR.
Oligonucleotide primers F and G (see A for positions) in the 3’ end of the
coding region of mouse 4-Ptase | were used. The amount of input cDNA was
normalized with respect to HPRT expression as shown. Numbers of PCR cycles
performed to obtain the cDNA product are shown below each lane. (Lower)
Western blot analysis of 4-Ptase | protein expression from normal (+/) and
GATA-1~ (= /) primary fetal liver cells containing ~ 70% megakaryocytes.
Above, 4-Ptase | protein was detected, as a doublet, by antibody to the C
terminal of 4-Ptase I. This antibody reacts with the C termini of both 4-Ptase
I and Il. Below, the same blot was stripped and reprobed with an antibody to
c-src to document protein loading in all of the lanes.

sites of pcDNA 3.1 (Invitrogen). To reduce PCR sequence
errors, two independent PCRs were performed with Pfu DNA
polymerase. Multiple clones from each of the two PCRs were
sequenced completely on both strands.

Northern Blot Analysis. A mouse multitissue Northern blot
(CLONTECH) was hybridized with a mixture of fragments
corresponding to all of cloned mouse 4-Ptase I ¢cDNA. To
demonstrate equivalent loading and integrity of mRNAs, the
blot was stripped and rehybridized to a mouse B actin probe.

Cloning of Retroviral Vectors. The vector PGDpuro (gift from M.
Weiss, Children’s Hospital, Philadelphia), containing a puromy-
cin selection cassette, was linearized by digestion with NotI and
blunt-ended. Full-length XhoI-EcoRI human 4-Ptase I fragment
(15) was blunt-ended and cloned into this vector. The cloning site
was sequenced to ensure the orientation and junctions of the
cloned fragment were correct. The same Xhol-EcoRI human
4-Ptase I fragment was cloned into the Xhol-EcoRI sites of the
vector MSIG (gift from Merav Socolovsky, Massachusetts In-

PNAS | December5,2000 | vol.97 | no.25 | 13697

GENETICS



stitute of Technology, Cambridge), which has a MSCV backbone
with an IRES-green fluorescent protein (GFP) cassette.

Production of Retroviral Supernatants. Retroviral constructs were
transiently transfected into the BOSC 23 producer cells by using
Fugene (Roche Diagnostics). Supernatants were prepared as
described (23).

Infection of Primary Megakaryocyte Progenitors. Single cell suspen-
sion of =5 X 107 fetal liver cells from GATA-1~ and wild-type
mice were resuspended in PBS/1% FCS. To partially deplete
lineage committed cells, cells were incubated at 4°C for 30 min
with the following biotinylated antibodies: 30 ul of TER-119
(PharMingen), 10 ul of Mac-1 (PharMingen), and 10 ul of Gr-1
(PharMingen). Cells were washed once in PBS /1% FCS. Two
hundred microliters of avidin-coated magnetic beads (PerSep-
tive Biosystems, Framingham, MA) was added, and cells binding
to beads were removed by a magnetic separator. A total of
~1-5 X 103 lineage-depleted cells were cultured for 48 h in
DMEM, with 1% recombinant human thrombopoietin tissue
culture supernatant (24) and stem cell factor (R&D Technolo-
gies, Minneapolis, MN). Cells then were incubated for 24 or 48 h
with a mixture of 50% concentrated retroviral supernatant, 50%
DMEM with 2% recombinant human thrombopoietin tissue
culture supernatant supplemented with 4 pg/ml of polybrene.

Colony Assays of Infected Megakaryocyte Progenitors. Equal num-
bers of lineage-depleted GATA-1 fetal liver cells (between 1 and
5 X 10°) were infected for 48 h with three sets of PGD retroviral
supernatants, containing either human full-length 4-Ptase I and a
puromycin selectable marker, or the selectable marker alone, or
empty virus. Colony assays were preformed as described (22), but
in addition, puromycin (1 ug/ml) was added. After 5-6 days, the
numbers of macroscopic and normal-size CFU-Mk colonies were
counted. Normal microscopic colonies were defined as those less
than 0.3 mm in diameter, and abnormal macroscopic colonies were
defined as those greater than 1.5 mm in diameter.

Growth Curves of Infected Megakaryocyte Progenitors. Wild-type or
GATA-1" fetal liver cells were infected for 24 h with one of three
sets of retroviral MSCV supernatants; supernatant containing
human full-length 4-phosphatase and a GFP cassette, or just the
GFP cassette or the vector alone. Infected cells were selected by
sorting for cells expressing GFP on a high-speed Flomation
FACS machine and gated to exclude 99.9% of cells that had been
infected with vector alone. Equal numbers of infected cells were
plated in 2 ml of DMEM supplemented with 1% recombinant
human thrombopoietin tissue culture supernatant. Growth
curves were determined as described (9).

Human 4-Ptase I expression was measured in infected
GATA-1~ megakaryocytes expanded in liquid culture. Twenty
microliters of the culture was removed every 2 days and added
to the same tube containing 200 ul of RNAZOL B (Tel-Test,
Friendwood, TX). RNA was extracted according to the manu-
facturer’s protocol, and cDNA was made using oligo(dT) and
random hexamer primers (Roche Diagnostics). Semiquantita-
tive RT-PCR was performed as described above. Sequences of
the oligonucleotide primers used to amplify human 4-Ptase I in
infected progenitors are: 5'-CATTGCGAAAGGACAC-
TTTG-3" and 5'-GCTCCTCCAGCTCACACACT-3'.

Infection of 3T3 Cells. Viral supernatants containing the virus
PGDpuro-4-Ptase I (see above) or the PDGpuro control were
used to infect 5 X 10° NTH 3T3 cells (23). Populations of infected
cells were selected in DMEM containing 2 pg/ml puromycin,
and overexpression of 4Ptase I was confirmed by immunoflu-
orescence and Western blot analysis using rabbit antiserum
against the C-terminal peptide of 4-Ptase I (15).
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Growth Curves of Infected 3T3 Cells. Stable populations of NIH 3T3
cells infected with control retrovirus or retrovirus expressing
4-Ptase I were established by puromycin selection. Cells were
plated in triplicate at a density of 5,000 /well in 12-well plates and
grown in DMEM containing 10% heat-inactivated calf serum. At
the time points indicated, cells were washed twice in PBS and cell
numbers were determined by using the Quantos Cell Prolifer-
ation Assay (Stratagene), using the manufacturer’s protocol.

Measurement of Apoptosis of Infected 3T3 Cells. Apoptotic death in
NIH 3T3 cells was determined by measuring the percentage of
cells with DNA content less than that of Gy cells by FACS
analysis using fixed cells stained with propidium iodide as
described (25).

Results

Absence of 4-Ptase | in GATA-1- Megakaryocytes. To identify novel
GATA-1-regulated genes in megakaryocytes, we used subtrac-
tive cDNA hybridization and searched for mRNA transcripts
expressed more abundantly in primary normal megakaryocytes
compared with those lacking GATA-1. One clone from this
screen contained a 910-bp fragment that corresponded to the 3’
noncoding region of murine 4-Ptase I (Fig. 14). Semiquantita-
tive RT-PCR using cDNAs from normal and GATA-1—
megakaryocyte colonies (CFU-MK) as templates with oligonu-
cleotide primers, F and G (Fig. 14), confirmed differential
expression of 4-Ptase I (Fig. 1B). 4-Ptase I is also differentially
expressed at the protein level. Whole-cell protein extracts of
purified wild-type and mutant megakaryocytes were subjected to
Western blot analysis. Antibody to 4-Ptase I C-terminal (15)
detected a doublet in wild-type, but not mutant, samples (Fig.
1B). As neither 4-Ptase I mRNA nor protein is expressed in
megakaryocytes lacking GATA-1, 4-Ptase 1 is likely to be either
a direct or indirect downstream target of GATA-1. We also
confirmed that 4-Ptase-1 expression was not reduced in cells that
normally do not express GATA-1 (brain, not shown).

Conservation of 4-Ptase | Sequence. The initial clone isolated from
the subtracted library mapped to sequences in the 3’ untrans-
lated region (UTR) of mouse 4-Ptase I (Fig. 14). Further
sequence of mouse 4-Ptase I was obtained by two approaches.
First, a 1.7-kb clone containing a poly(A) tail was obtained (Fig.
1A4) by screening a primary murine megakaryocyte cDNA
library. This clone extended the 3’ UTR sequence and suggested
that at least one bona fide 3’ end of the gene had been cloned.
Both 4-Ptases I and II possess alternative 3’ ends (« and ). The
murine 3’ end we have cloned corresponds to 4-Ptase la. Second,
as previously cloned human and rat 4-Ptases I (15) show
extensive nucleotide homology, the remainder of the murine
gene was cloned by RT-PCR. Oligonucleotide primers (A-F, H,
and I, Fig. 14) were designed at intervals along the cDNA, either
in areas of high nucleotide sequence conservation or in known
sequence in the 3" UTR (Fig. 14) and used in RT-PCRs with
primary murine megakaryocyte cDNA as template.

Alignment of the deduced mouse, rat, and human 4-Ptase I
protein sequences reveals remarkable sequence conservation
not just within the phosphatase domain, but also throughout the
entire length of the protein (data not shown). Mouse and human
proteins are 96% identical in amino acid sequence. Sixty percent
of the amino acid substitutions are conservative.

Pattern of Expression of 4-Ptase I. cDNA fragments encompassing
mouse 4-Ptase I were hybridized to a multitissue Northern blot
(data not shown). 4-Ptase I is widely expressed as a 6.3-kb
transcript, save for testes where a 4.8-kb transcript is predomi-
nant. The tissue-specific pattern of murine 4-Ptase I mRNA
expression closely mirrors that of rat (15) with the exception of
kidney, where 4-Ptase I expression was not seen in the mouse.

Vyas et al.
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Fig. 2. (A) Growth curves of primary megakaryocytes from GATA-1" pro-

genitors. Progenitors infected with one of two different retroviruses, one
containing human 4-Ptase | and GFP and the other just GFP on its own.
Selected progenitors then were expanded in liquid culture with 1% recom-
binant thrombopoietin-conditioned tissue culture medium. The number of
cells with acetylcholinesterase activity in 20-ul aliquots of the culture is shown
as a function of the duration of culture. The values shown are an average * 1
SD from three experiments. (B) Human 4-Ptase | expression was assayed by
RT-PCR in aliquots of the two retrovirally infected GATA-1- cultures in A.
(Upper) Human 4-Ptase | expression was assayed, and the input amount of
cDNA was normalized with respect to HPRT expression (Lower). The number
of PCR cycles is shown at the bottom. (C) Growth curves of primary megakaryo-
cytes from retrovirally infected progenitors of normal littermate embryos of
GATA-1" embryos. The growth curves were performed in the same manner as
A. Note the different ordinates in A versus C. (D) Human 4-Ptase | expression
was assayed by RT-PCR in aliquots of the two retrovirally infected cultures of
normal progenitors in C. The RT-PCR analysis is illustrated as in B.

Effect of 4-Ptase | Expression on Megakaryocyte Growth. GATA-1~
megakaryocytes obtained from fetal liver progenitors accumu-
late in vivo and in vitro and exhibit enhanced proliferation and
prolonged culture lifespan in the presence of the megakaryocyte
cytokine thrombopoietin. Given the potential role of 4-Ptase I in
cell growth control (see Introduction), we asked whether failure
to express 4-Ptase I might account, at least in part, for hyper-
proliferation of GATA-1~ megakaryocytes. To address this, we
introduced full-length human 4-Ptase I ¢cDNA into primary
GATA-1~ megakaryocyte progenitors by retroviral-mediated
gene transfer and assessed megakaryocyte growth both in liquid
culture and colony assays.

As shown in Fig. 24, primary GATA-1- megakaryocytes
transduced with control retrovirus (expressing GFP) proliferate
abundantly for >20 days in liquid culture. Forced expression of
human 4-Ptase I markedly reduces total megakaryocyte growth
and culture lifespan (Fig. 24). We asked whether expression of
human 4-Ptase I also might affect growth of normal megakaryo-
cytes. As shown in Fig. 2C, forced expression of exogenous
4-Ptase I also suppressed growth of normal megakaryocytes.
However, the effect is less marked, most probably because the
number of megakaryocytes generated from wild-type progeni-
tors is far smaller (9). Note the different ordinates in Fig. 2 A
versus C. Human 4-Ptase I mRNA expression in cells infected
with virus containing human 4-Ptase I was confirmed by
RT-PCR (Fig. 2 B and D). Thus, reexpression of 4-Ptase I in
GATA-1" megakaryocyte precursors markedly inhibits growth
of megakaryocytes.

Effects of 4-Ptase I expression on megakaryocyte colony forma-
tion also were assessed. Three sets of retroviral infections were
performed. Retroviral supernatants containing either human
4-Ptase I and a puromycin selection marker, or the selection
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Megakaryocyte Colony Number from
Infected GATA-1" Progenitors

Abnormal size colonies Normal size colonies

Vector alone 0 0
-/(Puro) 1-6 15-58
-/(Puro + 4-Ptase I) 0 8-41

-/(Puro) -/(Puro + 4-Ptase I)

2

Fig.3. Equalnumbersof GATA-1~ hematopoietic progenitors were infected
with retroviruses containing either empty retrovirus (vector alone), the puro-
mycin selection marker [—/(puro)], or human 4-Ptase | plus the puromycin-
resistance gene [~ /(4-Ptase + Puro)]. In each experiment equal numbers of
lineage-depleted GATA-1- fetal liver cells (1-5 X 10°) were infected for 48 h
with the retroviral supernatants indicated. The cells then were plated in
methylcellulose containing 1% recombinant thrombopoietin conditioned tis-
sue culture medium with 1 ug/ml puromycin. The number and size of the
colonies was assessed 5-6 days after plating. The numbers of abnormal and
normal size colony from three independent experiments are shown. (Lower)
Plates of GATA-1~ mutant progenitors infected with [— /(4-Ptase + Puro)] or
without [~ /(puro)] 4-Ptase | are shown. At this magnification (x2), only the
abnormal-size megakaryocyte colonies can be seen and are present only in the
—/(puro) plate (indicated by the arrows). Infection with 4-Ptase | abolishes
growth of these colonies in the — /(4-Ptase + Puro) plate.

marker, or the retroviral vector alone, were used to infect
GATA-1" fetal liver hematopoietic progenitors. A day thereafter,
progenitors were plated in methylcellulose containing puromycin
and recombinant thrombopoietin. Colonies were enumerated 5-6
days later (Fig. 3). Progenitors infected with virus containing
puromycin-resistance gene alone produced two types of colonies:
normal microscopic and abnormal, macroscopic colonies, as antic-
ipated from prior studies (8). No puromycin-resistant colonies were
seen with infection of cells with vector alone. Forced 4-Ptase 1
expression led to a complete loss of macroscopic colonies, and a
slight reduction of normal microscopic CFU-Mk was also slightly
reduced (=~30% reduction in the average colony number). This
difference was significant, y* = 12.3, P < 0.01. Taken together,
these studies demonstrate that reintroduction of 4-Ptase I into
GATA-1" megakaryocytes markedly retards megakaryocyte
growth both at the level of the whole population of cells and
megakaryocyte colony growth from progenitors.

Growth Suppressive Effect of 4-Ptase | in Fibroblasts. As 4-Ptase I is
widely expressed, we asked whether 4-Ptase I might influence cell
growth in other contexts. NIH 3T3 fibroblasts were infected with
retroviruses containing either human 4-Ptase I and a puromycin
selection marker or the selection marker alone. After selection in
puromycin, equal numbers of cells were plated and growth curves
were determined by measuring DNA content of the cell population
at different time points (Fig. 44). Maximal cell numbers produced
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Fig.4. (A)Effect of 4-Ptase | overexpression on the proliferation of NIH 3T3 cells.

Time course for the growth of NIH 3T3 cells infected with control retrovirus (®) or
retrovirus overexpressing 4-Ptase | (m). Points represent the average of three
values. Error bars indicate the range of values measured for each time point.
4-Ptase | overexpression does not enhance apoptosis of NIH 3T3 cells. (B) FACS
analysis of the DNA content of NIH 3T3 cells infected with control retrovirus 24 h
after apoptosis induction by trypsin treatment. The arrow indicates the popula-
tion of apoptotic cells with DNA content less than G, cells. (C) FACS analysis of the
DNA content of NIH 3T3 cells infected with control retrovirus (solid line) or
retrovirus overexpressing 4-Ptase | (dashed line).

were reduced 2.5-fold upon forced expression of 4-Ptase I. To
determine whether this resulted from decreased proliferation or
increased cell death, numbers of apoptotic cells in cultures infected
with 4-Ptase I to those with vector alone were determined (Fig. 4
B and C). No difference was observed providing evidence that
stable exogenous expression of 4-Ptase I in NIH 3T3 cells primarily
suppresses proliferation.
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Discussion

As a critical transcriptional regulator GATA-1 coordinates differ-
entiation and proliferation in two related, but distinct, hematopoi-
etic lineages (erythroid and megakaryocytic). By defining its down-
stream molecular targets, we hoped to gain insight into this aspect
of GATA-1 function and, more generally, into biochemical path-
ways activated in terminal maturation. To identify potential target
genes we searched for mRNA transcripts expressed in normal, but
not in GATA-1", primary megakaryocytes. Among sequences
isolated, those encoding 4-Ptase I met these criteria. Three impor-
tant conclusions derive from our findings. First, 4-Ptase I is likely
to be either a direct or indirect target gene of GATA-1 in
megakaryocytes. Second, overexpression of 4-Ptase I can substan-
tially modulate cell growth. Third, these results suggest that
GATA-1 influences megakaryocyte proliferation, in part, by inter-
facing with inositol phosphate signaling.

At least three reasons may explain how GATA-1 influences
4-Ptase 1 expression. First, failure to express 4-Ptase I might
simply reflect the more immature status of megakaryocytes from
a GATA-1" background compared with wild type. We think this
possibility is unlikely, however, as 4-Ptase I expression does not
markedly change during megakaryocytic differentiation of the
megakaryoblastic cell lines L8057 and Meg-01 (P.V., F. AN,
P.W.M., and S.H.O., unpublished data). Conversely, expression
of 4-Ptase I could directly depend on GATA-1 and thus repre-
sent a bona fide GATA-1 transcriptional target. Lastly, expres-
sion might be regulated indirectly further downstream of
GATA-1.

Our results demonstrate that overexpression of 4-Ptase I
inhibits cell growth. In fibroblasts in particular, growth suppres-
sion appears principally because of impaired cell proliferation
rather than increased apoptosis. Although biochemical evidence
implicates 4-Ptases as the major enzymes regulating metabolism
of the lipid second messenger, phosphatidylinositol 3,4-
bisphosphate [PtdIns(3,4)P,] and, with less efficiency, the solu-
ble analogues of this lipid (15, 18), their in vivo function remains
ill defined. To address this issue, future studies will determine
the effect of 4-Ptase overexpression on the intracellular levels of
PtdIns(3,4)P, and the soluble substrates of this enzyme. Given
the extensive conservation of 4-Ptase I proteins in regions
outside the phosphatase domain, it is possible that this enzyme
influences cell growth by a mechanism(s) other than that of
metabolism of inositol phosphates. A related question still to be
addressed is whether 4-Ptase I's growth suppressive action is
coupled with enhanced differentiation. To begin addressing
these issues it will be necessary to test the effects of wild type
4-Ptase I and a phosphatase-inactive mutant on primary
megakaryocyte proliferation and differentiation.
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