into the mechanisms involved in these pro-
cesses.
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Thrombocytopenia in c-mpl-Deficient Mice

Austin L. Gurney, Karen Carver-Moore, Frederic J. de Sauvage,
Mark W. Moore*

Thrombopoietin (TPO) is a cytokine that is involved in the regulation of platelet production.
The receptor for TPO is c-Mpl. To further investigate the role and specificity of this receptor
in regulating megakaryocytopoiesis, c-mp/-deficient mice were generated by gene tar-
geting. The c-mp/~/~ mice had an 85 percent decrease in their number of platelets and
megakaryocytes but had normal amounts of other hematopoietic cell types. These mice
also had increased concentrations of circulating TPO. These results show that c-mp/
specifically regulates megakaryocytopoiesis and thrombopoiesis through activation by its

ligand TPO.

The proto-oncogene c-mpl is a member of
the cytokine receptor superfamily with se-
quence ‘similarity to the erythropoietin re-
ceptor and to the granulocyte colony-stim-
ulating factor (G-CSF) receptor (1, 2). Ex-
pression of c-mpl in normal mice appears to
be restricted to hematopoietic tissue, prim-
itive hematopoietic stem cells, megakaryo-
cytes, and platelets, although low levels of
expression have been detected in endothe-
lial cells (2, 3). Antisense oligodeoxynucle-
otides to c-mpl selectively inhibit in vitro

A. L. Gurney and F. J. de Sauvage, Department of Mo-
lecular Biology, Genentech, South San Francisco, CA
94080, USA.

K. Carver-Moore and M. W. Moore, Department of Cell
Genetics, Genentech, South San Francisco, CA 94080,
USA.

*To whom correspondence should be addressed.

SCIENCE e+ VOL. 265 <« 2 SEPTEMBER 1994

megakaryocytic colony formation without
affecting the growth of erythroid or granu-
lomacrophage colonies, which suggests that
c-Mpl and its putative ligand may function
in regulating megakaryocytopoiesis (3).
This hypothesis has been reinforced by the
recent purification and cloning of the li-
gand for c-Mpl (4, 5). This ligand has an
NH,-terminal domain homologous to
erythropoietin and a COOH-terminal gly-
cosylated domain unrelated to any known
protein. In vitro and in vivo experiments
with recombinant Mpl ligand indicate that
it has both megakaryocyte colony-stimulat-
ing activity and thrombopoietin activity
and therefore corresponds to the long-
sought platelet growth factor thrombopoi-
etin (TPO) (4, 6, 7).

To substantiate the involvement of
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c-mpl and TPO in the control of platelet
production, we generated mice deficient in
c-mpl. A targeting vector containing a neo-
mycin-resistance (neo”) cassette inserted into
the third exon of a 6.6-kb c-mpl mouse
genomic clone (Fig. 1A) was electroporated
into embryonic stem (ES) cells. Gene target-

microinjection into blastocysts (Fig. 1B). Four
clones gave germline transmission, and two
separate lines were interbred to generate ho-
mozygous gene-targeted mice (c-mpl~/~) (Fig.
1C). These mice were viable, healthy, and
displayed no-overt abnormalities.

Complete blood cell counts performed

on c-mpl™/~ and c-mpl*/* mice revealed an
85% decrease in platelet counts in the gene-

ing was detected in 8 of 288 ES colonies
screened, and 5 colonies were selected for
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Fig. 1. Targeting of the c-mp/ gene by homologous recombination. (A) Structure of the c-mp/ gene (73) and
gene-targeting vector. The restriction enzyme sites are those from mice, whereas the intron-exon organization
is taken from humans. Exons are numbered. A neo” gene under control of the pgk promoter (74) was inserted
into a synthetic Not | site engineered into the third exon of c-mpl by site-directed mutagenesis. An oligonu-
cleotide probe was designed from sequences 5’ to those present on the targeting vector. After homologous
recombination, the mutated allele was detected by the addition of a Hind IIl (H) site from the neo” gene. (B)
Targeting of the c-mpl gene in ES cells. (C) Analysis of mouse genomic DNA that was isolated from tail snips
of the offspring of interbreeding heterozygous mice, digested with Hind lll, and analyzed by Southem blot
hybridization with the oligo probe indicated in (A). Wild-type (WT) (+/+), heterozygous (+/—), and homozy-
gous receptor-ablated (—/—) samples are indicated.

Table 1. White cell counts in whole blood of c-mpl/-deficient mice. Blood collected by retro-orbital
venous puncture was analyzed in a Serono-Baker Diagnostics System 9000 Diff Model Hematology
Analyzer (n = 4 mice per group). Blood smears were stained with hematoxylin and eosin for differential cell
counts performed microscopically. The total number of each indicated cell type was determined by
multiplying the total white cell count by the percentage of each cell type indicated in the differential counts.
All values are thousands per microliter, except for red blood cells, which are millions per microliter.

Counts in c-mpi-deficient mice P

Cells (+/+
versus

+/+ +/— -/= —/-)

Red blood cells 8.86 = 0.70 8.98 = 1.11 9.90 + 0.38 0.11
Total white cells 5.08 = 1.61 5.52 + 2.33 6.40 + 2.41 0.33
Lymphocytes 3.86 = 1.11 3.71 £1.00 419 +1.02 0.64
Neutrophils 0.67 = 0.14 0.79 = 0.32 0.85 = 0.42 0.39
Bands 0.13 = 0.16 0.09 + 0.07 0.06 = 0.07 0.35
Eosinophils 0.09 = 0.07 0.16 = 0.05 0.18 = 0.22 0.31
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targeted animals, with 100% penetrance in
mice derived from two independent ES cell
clones (P < 0.0001) (Fig. 2A). There was
also a significant increase in platelet vol-
ume, with a mean of 6.25 wm?> for c-mpl™/~
mice compared to 4.7 pm® for c-mpl*/*
mice (P < 0.0001). Histopathology also
showed a loss of megakaryocytes in spleen
and bone marrow in these mice (Fig. 2B).
There was no significant alteration in plate-
let counts, platelet volume, or megakaryo-
cyte numbers in heterozygous animals.
These data suggest that the c-mpl™/~ mice are
unable to produce normal amounts of
megakaryocytes and platelets, because of the
loss of a functional c-mpl gene. The c-mpl™'~
mice are not completely devoid of platelets,
which suggests that although c-mpl is a key
regulator of megakaryocyte and platelet pro-
duction, alternative mechanisms may be trig-
gered in the c-mpl™~ mice to promote
megakaryocytopoiesis. Alternatively, low ex-
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Fig. 2. Platelet and megakaryocyte counts in
c-mpl~/~ mice. (A) Platelet counts in blood col-
lected by retro-orbital venous puncture and an-
alyzed in a Serono-Baker Diagnostics System
9000 Diff Model Hematology Analyzer (Allen-
town, Pennsylvania); n = 5 mice per group. (B)
Animals were killed for necropsy, and blood and
bone marrow smears were stained with hema-
toxylin and eosin for differential cell counts per-
formed microscopically. Megakaryocytes were
counted in bone marrow smears and 5-pm
spleen sections. Genotypes of individual mice
are indicated.
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pression of a truncated version of c-Mpl may
be responsible for the presence of a small
amount of platelets. However, no c-mpl tran-
scripts were detectable by reverse transcrip-
tase—polymerase chain reaction (RT-PCR) in
the spleens of c-mpl~/~ mice (8).

There was no significant difference in
the numbers of red blood cells, total white
blood cells, neutrophils, bands, and eosino-
phils in the peripheral blood of c-mpl*/*
and c-mpl~/~ mice, as determined by differ-
ential cell counts (Table 1). There was also

no significant alteration in the size and

cellularity of lymphoid organs in the
c-mpl~/~ mice. To further investigate the
specificity of action of TPO through

c-mplt'* c-mpl”

Forward scatte|
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Fig. 3. Flow cytometric analysis and histology of
c-mpl~/~ mice. Analysis of spleen, bone marrow,
and thymus for T cell- and B cell-specific cell
surface markers. Single-cell suspensions were
prepared from spleen, thymus, and bone marrow
in Hanks’ balanced salt solution with 2% fetal calf
serum. There was no significant difference in cel-
lularity between c-mpl*/* and c-mpl~/~ mice in
any of the indicated organs. Samples were treated
with the indicated antibodies [phycoerythrin (PE)-
conjugated antibodies to CD4 (Becton Dickinson),
fluorescein isothiocyanate (FITC)-conjugated an-
tibodies to CD8 (Becton Dickinson), FITC-conju-
gated antibodies to T cell receptors a and B
(aB-TCR), and PE-conjugated antibodies to B220
(Boehringer Mannheim)] and analyzed on a FAC-
Scan (Becton Dickinson).

c-Mpl in hematopoiesis, we analyzed
spleen, bone marrow, and thymus cells for
cell surface markers identifying T and B
cells. No alteration was detected in either
maturation markers or cell type ratios
(Fig. 3). Thus, disruption of the c-mpl
gene results in a specific loss of both
megakaryocytes and platelets, leaving
other cell lineages unaffected.

The sera of thrombocytopenic animals
have been shown to contain elevated levels
of TPO (4, 7, 9-11). Therefore, we tested
sera from c-mpl~/~ mice for the ability to
stimulate the proliferation of Ba/F3 cells
that were engineered to express human c-
mpl (Ba/F3-mpl) (4). Sera from both wild-
type and heterozygous mice do not contain
any stimulatory activity. Sera from c-mpl~/~
mice were able to stimulate the prolifera-
tion of Ba/F3-mpl cells but not the parental
Ba/F3 cells (Fig. 4). Half-maximal stimula-
tion was observed at a 1:100 dilution and
could be neutralized by the addition of mpl-
IgG (immunoglobulin G) to the serum (8).
The activity detected in the sera of
c-mpl™/~ mice was comparable to that
present in aplastic porcine plasma (4). No
increase in interleukin-3 (IL-3), IL-6, or
granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF), which are other cy-
tokines with a weak megakaryocytopoietic
ability, could be detected by enzyme-linked
immunosorbent assay (ELISA) based assays
(12). The increase in TPO serum concen-
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Fig. 4. Effect of c-mp/~/~ mouse sera on Ba/
F3-mpl cell proliferation. Proliferation assays
were conducted essentially as described (4).
Ba/F3 or Ba/F3-mpl cells were cultured in the
absence of IL-3 for 16 hours in RPMI 1640 me-
dia supplemented with 10% fetal calf serum.
Cells were then washed twice with phosphate-
buffered saline and plated in 96-well plates
(20,000 cells per well) in the presence of 5% of
sample mouse serum. Each sample was tested
blind and in duplicate. After 22 hours at 37°C, 1
wCi of [PH]thymidine was added per well and
incubation continued for six additional hours.
After filtration of the cultures on glass fiber fil-
ters, incorporation of [*H]thymidine was mea-
sured with a top count counter (Packard Instru-
ments).
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trations provides further evidence that this
cytokine is a major regulator of megakaryo-
cytopoiesis and thrombopoiesis and suggests
that in response to thrombocytopenia, TPO
levels are up-regulated. The mechanisms
responsible for this apparent feedback loop
are unknown at this time.

These data demonstrate at the genetic lev-
el that c-Mpl is directly responsible for regu-
lating the proliferation and maturation of
megakaryocytes. The involvement of TPO
and c-Mpl at an early stage of megakaryocyte
formation would be consistent with the de-
tection of c-Mpl expression in primitive stem
cells (3). The phenotypic alteration in
c-mpl~/~ mice is specific, as it appears to
affect only megakaryocytes and platelets. We
anticipate therefore that the effects of TPO,
the ligand for c-Mpl, will be restricted to these
cell types, which is an important consider-
ation for its potential therapeutic use.
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