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Receptor specificity in the self-renewal and differentiation
of primary multipotential hemopoietic cells

Hui Zeng, Masayoshi Masuko, Liging Jin, Tobias Neff, Kevin G. Otto, and C. Anthony Blau

To determine whether cytokine-induced
signals generate unique responses in mul-
tipotential hemopoietic progenitor cells,
the signaling domains of 3 different
growth factor receptors (Mpl, granulo-
cyte—colony-stimulating factor [G-CSF] re-
ceptor, and Flt-3) were inserted into mouse
primary bone marrow cells. To circum-
vent the activation of endogenous recep-

tors, each signaling domain was incorpo-
rated into an FK506 binding protein
(FKBP) fusion to allow for its specific
activation using synthetic FKBP ligands.

Each signaling domain supported the
growth of Ba/F3 cells; however, only Mpl
supported the sustained growth of trans-
duced marrow cells, with a dramatic ex-
pansion of multipotential progenitors and

megakaryocytes. These findings demon-
strate that the self-renewal and differentia-
tion of multipotential progenitor cells can

be influenced through distinct, receptor-
initiated signaling pathways. (Blood. 2001;
98:328-334)
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Introduction

Hemopoietic stem cells (HSCs) are defined by their ability tMHPCs or HSCs can be modulated by exogenous growth factors.
self-renew and to contribute to all lineages of mature blood &ellsA strict stochastic view holds that self-renewal or lineage specifica-
Additionally, HSCs appear capable of contributing to nonhemopdion ensues on the attainment of a critical threshold of one or more
etic tissues including skeletal muséliyer,® and brair->Multipo-  transcription factor complexes, assembled with predetermined
tential hemopoietic progenitor cells (MHPCs), positioned hierarchprobabilities that are impervious to influence by growth fact®#s.
cally downstream of HSCs, have a more limited capacity fdn this model, growth factor receptors function merely as ligand-
self-renewal and a more restricted potential for differentiatiomesponsive purveyors of cell survival signals. A competing instruc-
Among the earliest identifiable MHPCs are the common lympghoidive view postulates that the probability of attaining the necessary
and myeloid progenitors. HSCs and MHPCs stand poised (dghreshold of transcription factor complexes to permit self-renewal
primed) either to self-renew or to commit themselves to a pathway lineage choice is subject, at least partially, to the directive
of differentiation® Multiplex reverse transcription—polymeraseinfluence of growth factors. In this model, signaling by different
chain reaction (RT-PCR) analysis of single isolated CD34 growth factor receptors is expected to engender different responses
lineage murine bone marrow cells demonstrates that erythroidn HSCs and MHPCs.
myeloid-, and megakaryocyte-affiliated genes are all transcribed That HSC-MHPC self-renewal and differentiation may be
before exclusive commitment to a single linedggommitment is subject to external modulation is suggested by the expression of
accompanied by augmented expression of genes affiliated with teeeptors for a wide range of growth factors, including interleu-
chosen lineage and quenching of genes belonging to nonchkat-3 (IL-3), IL-1a, granulocyte—colony-stimulating factor (G-
sen lineages. CSF), IL-6, stem cell factor (SCF3,thrombopoietir?® and flt-3
Capitalizing on the considerable therapeutic potential of HS@igand?2* An effect of growth factors on self-renewal is suggested
and MHPCs requires the ability to manipulate their self-renewlly the ability of IL-3 to induce self-renewal in multipotent
and differentiation. Transcription factors stand at the center of theSBCP-mix cell3®> and by the ability of SCF to induce a 3-fold
processe& 12 For example, myb-ets—transformed multipoteneéxpansion of long-term repopulating cells on in vivo administration
chicken progenitor cells can be induced to differentiate into eithar mice?® However, an alternative interpretation of these observa-
megakaryocytes or eosinophils by modulating GATA-1 concentréiens is that IL-3 and SCF merely allow for the survival of cells that
tions 3 whereas differentiation to myeloid cells can be induced blyave already taken internally programmed self-renewal decisions.
overexpressing PUX. Self-renewal can also be controlled, asSimilar arguments pertain to lineage specification, where a bcl-2—
evidenced by the ability of GATA-2 to inhibit the self-renewal ofmediated survival signal suffices to fulfill many of the functions
multipotent FDCP-mix cells and primary mouse bone marroattributed to growth factor&:3° Further bolstering this view are
clonogenic progenitor celfs$:16 demonstrations of redundancy among ectopically expressed growth
In contrast to the well-characterized ability of transformindactor receptors in their abilities to support terminal differentiation
growth factorg family members to specify cell fate duringof committed hemopoietic progenitor cetfs34
embryogenesi; 18 controversy exists as to whether the fate of We have previously shown that signaling by the thrombopoietin
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receptor Mpl can support the expansion of retrovirally transduc&troviral transduction of primary murine bone marrow cells

marrow cells for longer thar,] a month.of culture, gene,ratlr,lpemale B6D2F1 mice were injected intraperitoneally with 150 mg/kg
meg.aka.ryocyte_s and Ce”S_W'th _the ability to form COIOn'eS_ '8_fluorouracil. Forty-eight hours later, bone marrow cells were harvested
semisolid medid> Contrasting simple receptor overexpressiodng cultured for 48 hours in Dulbecco minimum essential medium
experiments, which fail to preclude ligand-activated signaling bybntaining 16% fetal calf serum (FCS) 5% IL-3—conditioned medium, 100
endogenous receptot®3” we incorporated the Mpl signaling ng/mL recombinant human IL-6, and 50 ng/mL recombinant murine SCF in
domain into an FKBP fusion protein, allowing for its specifica 37°C, 5% CQ@ incubator. After 48 hours of prestimulation, cells were
activation using FK1012, a chemical inducer of dimerizatiotfansferred ontoirradiated (1500 cGy) producer cells and cocultivated using
(CID).38:39 Here we test whether Mpl specifically induces thesislentical growth conditions except for the addition of polybrenggamL).
responses or whether other receptors known to be expresseaﬂﬂ’ir_ow cells were harveste_d after 48 hours of_cocultivation. Transducti(_)n
HSCs induce similar responses. Like Mpl, the G-CSF receptor aﬁ@uency was assessed using G418 at an active concentration determined

) o4 0 be sufficient to kill all nontransduced cells (8Q@/mL) for colonies
Fit-3 are both reported to be expressed in H Here we show containing theneo vector or GFP expression for colonies containing the

that Mpl signaling can induce MHPC self-renewal and that thiSep yector. Cells were plated at a concentration of 10* cells/mL in
ability is not provided for by signals emanating from the G-CSEyjtures containing 30% FCS, 1% bovine serum albumitx B4 M
receptor or Flt-3. Furthermore, we show that though Mpl signalingmercaptoethanol, 10% WEHI-3 cell-conditioned medium, and 1% meth-
allows granulocytes to be generated from committed myeloigcellulose. Cultures were plated in triplicate and incubated in a highly
progenitors, signals other than those provided by Mpl are requirbdmidified 37°C, 5% C@incubator. Colonies were scored on day 8.

for granulocytes to develop from MHPCs.

Semisolid progenitor assay

. Transduced cells were plated at a concentration &f B* cells/mL in
Materials and methods cultures containing 30% FCS, 1% bovine serum albumitx 04 M
2-mercaptoethanol, and 1% methylcellulose with or without 100 nM
AP20187. Cultures were plated in duplicate and incubated in a highly
The F1Mpl construct has been previously descrifedhe F1Fit-3 humidified 37°C, 5% C@incubator. Colonies were scored on day 8 using
construct was cloned by inserting a PCR-generaBed;linked fragment &N inverted microscope and standard morphologic criteria.
encoding the intracellular domain of murine Flt-3 int&al-digested F1
construc8The F36V construct was generated by site-directed mutagenesis )
of F1 to introduce a phenylalanine for valine substitution at position 36 GfUSPension cultures
the FKBP12 motif. F36VMpl was constructed by insertingal-linked  ager retroviral transduction, marrow cells were cultured in Iscoves
PCR product encoding the intracellular domain of murine Mpl in&e& 4 gified Dulbecco medium containing 10% FCS, 50 U/mL penicillin, and
dlgestgd F36V construct, and.F36VG(':SFR was constr'ucted by |nsert|.on5@fug/mL streptomycin either in the presence or the absence of FK1012
a Sal-linked fragment encoding the intracellular portion of the muringqq nM) or AP20187 (100 nM) in a 37°C 5% G@cubator. Cells were

GCSF receptor. All constructs were inserted into MSCV-based retrovirgh ;nted on the days indicated. Cell morphology was analyzed by light
vectors?® which also contained aeogene. In the case of murine Mpl, a microscopy after Wright-Giemsa staining.

second vector was constructed which contained, rather rleana gene
encoding green fluorescence protein (GFEP).

Retroviral constructs

Clonal assays

Retroviral producer lines Marrow cells transduced using the F36Vmpl vector were plated into

) ) ) 96-well plates—at densities of 10, 25, 50, and 100 cells per well—in
Retroviral producer lines were generated by transfection of the amphotroggoveS modified Dulbecco medium containing 10% FCS, 50 U/mL

PaCkaQing line PA317 with vector plasmid, followed by supgrnata enicillin, and 50.g/mL streptomycin either in the presence or the absence
collection 2 days later that was subsequently used for transduction of

. e ° ; P20187 (100 nM) in a 37°C, 5% Gncubator. GFP-expressing clones
ecotropic packaging line GpEBe. PrOQUcer' clones were |solateq 'n_thP\_Nere identified using an inverted fluorescence microscope. A fraction of
presence of G418 and screened for virus titer based on end-point t'tr"“t{ﬁé‘lls demonstrating clonal growth was humanely killed for Turks staining,

using NIH 3T3 cells. Producer clones were isolated for each vector agfy co|l morphology was evaluated using adiverted light microscope.
yielded titers of at least X 10P colony-forming U/mL. Genetic stability

was confirmed by Southern blot analysis of clones and pools of producer

cells through the use of the restriction enzyri@sl or ECORV, which cut gt antiation assays

once in each long terminal repeat, and a probe directed against the gene

encoding eitheneoor GFP. Cells in suspension cultures were washed with phosphate-buffered saline 3
times and cultured in Iscoves modified Dulbecco medium containing 10%
FCS, 50 U/mL penicillin, 5Qug/mL streptomycin, and 50 ng/mL SCF plus

Cell proliferation assays 3 U/mL erythropoietin for erythroid differentiation or IL-3 (0.1% condi-

) ) ) tioned media) plus 100 ng/mL GM-CSF for myeloid differentiation. Cells
Ba/F3 cells were washed twice with phosphate-buffered saline and CUItu(ﬁgre analyzed by fluorescence-activated cell sorter for expression of the

ovemlght in IL-3—deficient med_lum. Thep?ilof cells per well were. monocytic marker CD11b, the granulocytic marker Gr-1, and the erythroid
plated in 96-well plates and medium containing either IL-3 or CID to a f'narharker Ter119

volume of 100u.L. Plates were incubated at 37°C in 5% £for 40 hours,

and 25u.L of a 5 mg/mL solution of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphe_nyltetrazolium bromide) was add_ed. Cells were in_cubated for Wﬂegakaryocyte colony-forming unit assay

additional 4 hours at 37°C, and 1QQ lysis buffer (20% sodium dodecyl

sulfate—40% dimethylformamide—2% glacial acetic acid, pH 4.7) wadegakaryocyte colony-forming unit (CFU-MK) assays were performed
added. Plates were incubated at 37°C for 2 hours before assay. Tiséng a plasma clot assay. CFU-MK colonies were identified by staining
OD570-630yalue was determined using an enzyme-linked immunosorbectlls with a biotin-labeled anti-CD41 antibody and then by streptavidin-
assay plate reader. labeled alkaline phosphatase.
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Figure 1. Schematic diagram of constructs. F1mpl and F1flt3r constructs encode Q 10;0
fusion proteins containing 14 amino acids from the amino terminus of c-Src (to allow >S5 '1188
for myristylation and membrane association), FKBP12 (to allow for binding to the CID E 107
FK1012), the intracellular portion of either murine mpl or murine Flt-3, respectively, S 108 ! %
and a hemagglutinin (HA) epitope tag (to permit detection using the monoclonal O 108

antibody HA.11). The construct F36Vmpl is identical to F1mpl except for a phenylala- 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
nine to valine substitution at the 36th amino acid of the FKBP12 domain, which allows
for binding to the CID AP20187. The F36Vgcsfr construct contains the intracellular
portion of the murine GCSF receptor but is otherwise identical to F36Vmpl. The
membrane distal F36V domain is “codon wobbled” to reduce repetitive sequences,

preventing recombination.

Days in Culture

Figure 3. Growth curves of murine bone marrow cells transduced with the
vectors shown in Figure 1 and cultured in suspension in the absence of added
cytokines and in the presence (closed symbols) or absence (open symbols) of

CID. Each line represents a single experiment. For F1mpl and F1Fit-3, cells were
cultured in FK1012 (100 nM); for F36Vmpl and F36Vgcsfr, cells were cultured in
AP20187 (100 nM). Transduction efficiencies as assessed by G418-resistant
progenitors are as follows: F1mpl, 100%; F36Vmpl, 36% to 78%; F1FIt-3, 23% to
56%; F36Vgcsfr, 35% to 52%.

Results

Mpl, Fit-3, and G-CSF receptor signaling domains stimulate
growth in a factor-dependent cell line Only Mpl stimulates growth in primary murine bone

. . . marrow cells
Signaling domains from Mpl, Flt-3, and the G-CSF receptor were

incorporated into fusion proteins containing CID-binding siteBrimary murine bone marrow cells were transduced using the
(Figure 1). CID-binding sites consisted of FKBP12, which bindeetroviral vectors that had been demonstrated to be functional in
FK10123%8 or of a FKBP12 derivative harboring a single amind3a/F3 cells. After transduction, marrow cells were cultured in
acid substitution (F36V) that accommodates binding to a new cleggspension, in the absence of added cytokines, and in the presence
of CIDs, including AP201872 Membrane targeting was achievedor absence of the appropriate CID (Figure 3). Cell growth failed to
using a 14-amino acid myristylation peptide from c-$r&ach occur in the absence of CID, whereas cell numbers were consis-
construct was incorporated into an MSCV-based retroviral vectittly higher in the presence of CID. G-CSF receptor signaling
and tested for the ability to induce CID-dependent growth in tHgrough the addition of AP20187 resulted in a delay in cell loss over
IL-3—dependent cell line Ba/F3.Cell proliferation assays demon-time, likely reflecting some effect on cell survival. Signaling
strated that each construct was capable of inducing CID-depend&pugh Fit-3 produced slight increases in cell numbers over time,
growth (Figure 2). The reduced cell growth observed at higher ciipdicating a modest.ablllty o_f this receptor to |_nduce cell growth. In
concentrations is consistent with excessive occupancy of thgntrast, Mpl consistently induced a sustained growth of trans-
CID-binding sites, thereby preventing dimerization.CIDconcentr:‘;?—uced marrow cells. Differences between Mpl and the other
tions that were optimal for growth of Ba/F3 cells were carried, ., Summary of experiments performed using the F1Mpl

forward for studies using transduced primary murine bone maid F36VMpl vectors

row cells.
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Experiment Duration of culture (wk) CFU-C CFU-S
Fimpl
— 05 05 1 38 (s) +(220) +(NQ)
I o] F10 0., F8TI 2 14 (d) +(206) +(NQ)
(Nl 3 19 (d) +(76) —
03 0.3 &
; 4 37(s) +(NQ) +(NQ)
. = 02 \ 5 21(d) +(5) +(NQ)
o~ ¢ 01 6 16 (s) +(17) ND
0 0 — 7 40 (d +(35 ND
quz 001 01 1 10 100 1000 001 01 1 10 100 1000 @ @9
e [FK1012]InM] [AP20187]i0M] F36vVmpl
12 0.5 1 9(s) - -
c 1.0| F1ft3r F36vgcsfr 2 14 (s) +(1) ND
'.,_9_. 0.8 03 3 16 (s) ND ND
O % 4 49 (s) +(157) ND
o o 02 5 32(s) +(87) +(15.3)
Lt 0.2, 0.1 :
0.01 01 1 10 100 1000 0.01 0.1 1 10 100 1000 (d) |nd|cate_s cells_d@d a}t the indicated tlmefpomt of cglture; (s),_ cu_Itures were
stopped at the time-point indicated. (d) cultures died at the time point indicated. Plus
[FK1012)[nM] [AP20187][nM]

Figure 2. Cell proliferation (MTT) assays of clones of Ba/F3 cells expressing the
constructs shownin Figure 1. Each line depicts results from an individual clone and
represents the average of 3 independent experiments. Error bars indicate standard

deviations.

signs indicate that cells were capable of generating colonies in semisolid media in the
presence of IL-3 (CFU-C) and in the spleens of irradiated mice (CFU-S). Numbers in
parentheses indicate clonogenic cells per 10* (for CFU-C) or 107 (for CFU-S) cells
plated. Minus signs indicate cells were unable to generate either CFU-C or CFU-S.
NQ, not quantified; ND, not done.
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Polys Macrophages Megs than 5%), whereas c-Kit expression was variable among different
122 20 experiments (expressed in 5%-90% of cells).
60 1 In 11 of 13 experiments, pools of transduced marrow cells
40 0 Mpl expanded in response to Mpl signaling retained the potential for
20 5 multilineage differentiation (Table 1 and data not shown). Multipo-
- 108 28 tency was retained in subclones derived by single-cell plating from
c 15 pools of Mpl-transduced marrow cells. Erythroid differentiation
8 60 10 GCSFR was observed in response to SCF plus erythropoietin, and myeloid
'qj 40 5 differentiation occurred in response to IL-3 plus GM-CSF (Figure
o 23 0 = 5). Mpl-expanded cells also retained the capacity to generate
100 20 colonies in the spleens of irradiated mice (day 12 CFU-S) (Table 1
80 15 and data not shown). These functional attributes persisted even
60 10 Flt-3R after cells had been expanded after more than 100 days of culture
;g 5 A(;k and by a factor of more than I®fold. In contrast, Mpl-expanded
0 cells were incapable of long-term repopulation in lethally irradiated
0102030 0102030 0102030 mice and showed no potential for B- or T-lymphoid differentiation
Days in Culture (data not shown). These findings are consistent with an ability of
Mpl to induce the self-renewal of MHPC, possibly the functional
Figure 4. Differentials of transduced marrow cells. Cytospins were performed at

. ) ) . i . ~equivalents of the recently described ctkFcR° CD34" Scal

various time-points of culture, and differentials were assessed by Wright Gi- X X N

emsa staining. common myeloid progenitorsThe display of a CD34, Sca-I
phenotype in approximately 1% of Mpl-expanded cells further
supports this possibility (data not shown).

receptors were not related to the relative efficiency of gene transfer

into progenitors (Figure 3, legend). The Mpl effect was highlpl signaling is permissive for differentiation of

consistent, allowing for the sustained growth of transduced marr@ammitted progenitors

cells for periods ranging from 98 days to nearly 1 year (Table . . . o

Cell growth consistently remained strictly CID-dependent (data n P investigate the basis for the temporal variation in cell types

shown). These findings indicate that Mpl is able to induc merging in response to Mpl signaling, we performed limiting-
expansion in a subset of primary marrow cells that have ilution assays. Marrow cells transduced using the F36Vmpl vector

extensive proliferative capacity, whereas the G-CSF receptor and

Flt-3 lack this ability. Ag B
Receptor-specific differences in cell morphology "

a8 .
The types of cells emerging in response to CID varied in SCF/Epo gs &
accordance with receptor type and time in culture (Figure 4). In all 8
experiments, granulocytes were abundant at early time points bt o

° 10! 102 108 10t

fell to less than 1% by 21 days of culture. For Flt-3 and the G-CSF R O
receptor, the decline in granulocytes was mirrored by a time-
dependent rise in the percentage of macrophages. In contras
macrophages increased only transiently in response to Mpl signa
ing. Megakaryocytes, present at low levels immediately aﬂe'GM-CSF.-‘IL-S gg
transduction, remained at low levels in response to Flt-3 anc P 7/»
G-CSF receptor signaling, whereas megakaryocytes rose in re i Anall %\ .
sponse to signaling by Mpl. In particular, Mpl signaling resulted in B ey s M . B e i G
a dramatic rise in megakaryocytes as assessed not only morpholoy come come
cally but also by staining using an antibody directed against the
megakaryocyte-specific antigen, CD41, which was consistenth

positive in more than 30% of cells (data not shown). These ﬁnding:GM-CSF!lL-s
demonstrate that lineage output can be modulated through distinc
receptor-initiated signaling pathways.

0 10 20 30 40 50 80

Counts
20 40 B0 BO 100

Counts
0 10 20 30 40 50 60

[+]

Eh
3

1 "1 0 1 g
Mpl induces MHPC self-renewal 0 1 1o W

. Figure 5. Multilineage differentiation potential of Mpl-expanded bone marrow
Marrow cells transduced with the Flmpl or the F36Vmp| VeCtor(%Ils. Flow cytometric analysis was performed on 2 subclones (A and B) derived from

were maintained in continuous culture from 3 to 11 months, witdigle-cell plating from a pool of F1Mpl-transduced bone marrow cells. Before
cell doubling times ranging from 36 to 72 hours (Table 1). lgerivation of the subclones, the pool had been maintained in culture in the presence

P : . K1012 for more than 3 months. Flow cytometry was performed using antibodies
contrast to the temporal variation in cell types generated dunng tﬁéoted against erythroid (Ter119), monocytic (CD11b), and granulocytic (Gr-1) cells

first 3 weeks, the phenotypes of cells generally stabilized beyoneh e presence of FK1012 alone (controls) or after 6 days of culture using conditions
weeks of culture. CD41 were consistently expressed in a significalagigned to elicit erythroid (SCF/Epo) or granulocyte-macrophage differentiation

fraction of cells (30%-80%). Markers of primitive cells (CD347(IL—3—GM—C_SF). Cells cultured_ in the prgsence of FKlOlZ alone (blue-shaded
curves) provided controls for antibody staining. Culture in SCF/Epo produced 35% to

Sca'l)v erythr0|d cells (Ter]_-lg)' and myeI0|d—m0nocytlc Ce"ﬁ)% Ter119-positive cells, whereas culture in IL-3—-GM-CSF resulted in 60% of cells
(Gr-1 and CD11b) were consistently expressed at low levels (lesgressing CD11b and 25% to 30% of cells expressing Gr-1.
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Table 2. Frequency and type of clonogenic cells arising in response to Mpl signaling

Frequency of

Experiment Day clonogenic cells G GM Macro Mix Meg Other
1 7 59 58 15 4 115 0 115

23 6 250 0 0 0 0 100 0

35 7083 0 0 0 0 100 0

77 42 500 0 0 0 0 100 0

102 42 500 0 0 0 0 100 0

2 7 89 53 20 0 13 7 7

32 16 958 0 0 0 0 100 0

87 50 875 0 0 0 0 100 0

Marrow cells were transduced using the F36VMpl vector, then cultured in suspension at densities of 10, 25, 50, and 100 cells per well in 96-well plates without added
cytokines and in the presence of AP20187 (100 nM). The frequency and type of clones emerging in response to AP20187-triggered Mpl signaling were determined on the days
indicated. Percentages of clones containing granulocytes (G), granulocyte—-macrophages (GM), macrophages (Macro), mixed cells (mix), megakaryocytes (Meg), and
unclassified (other) are shown. Clonogenic cell frequency indicates the number of cells plated per clonogenic cell.

were plated into 96-well plates at densities of 10, 25, 50, and 1@8sponse to IL-3 and GM-CSF or erythroid cells in response to SCF
cells per well, without added cytokines and in the presence and erythropoietin. They failed to generate colonies when cultured
absence of AP20187. To facilitate the detection of clones, tlesemisolid media in the presence of IL-3 and were incapable of
F36Vmpl vector incorporated a GFP reporter that allowed viabferming spleen colonies when injected into lethally irradiated mice.
cells to be readily identified using an inverted fluorescenckhe longest lived among these clones was sustained in culture for
microscope. After 7 days of culture, clonogenic cells were detectslightly longer than 100 days. We conclude that these clones
at frequencies from 1 in 59 to 1 in 89 cells plated. Each clomepresented committed megakaryocyte progenitor cells.

contained between 8 and 1500 cells, with most clones containing

between 50 and 500 cells. Approximately 75% of these clones

contained either granulocytes alone or a combination of granulo- )

cytes and macrophages (Table 2). The remaining clones containddigCussion

mixture of granulocytes and megakaryocytes or were unidentified.

The unidentified group might have included nonhemoglobinizdg€cent reports demonstrate that the stem cells of normal adults
erythroid cells that were difficult to classify definitively based of€t&in enormous plasticity. Hemopoietic stem cells can differentiate
morphologic criteria alone. As seen in our bulk cultures, ce“‘to musclé liver,® and brairt® neural stem cells can differentiate

growth failed to occur in limiting-dilution cultures performed in thelNto blood:*gut, liver, lung, or musclé?and muscle stem cells can
absence of CID (data not shown). differentiate into blood:#” Furthermore human embryonic stem

To further demonstrate the ability of Mpl to support thdES) cells, capable of contriputing_ to all human tissues, have
differentiation of committed progenitors, marrow cells transducdgcently been generatél.Having firmly established the vast
using the F36Vmpl vector were cultured in semisolid medidifferentiation potential of stem cells, focus now shifts to determin-
containing 100 nM AP20187 in the absence of added cytokind89 Whether, among the many available options, desired fates can
Colonies obtained after 8 days included not only colony-forminee specifically elicited. In practice, this restates the question of
unit-granulocyte macrophage (CFU-GM) but also erythroid burdithether stem cell fate is intrinsically determined or whether it is
forming unit (BFU-E) and CFU-MK (Table 3). These findings confimsubject to extrinsic influence. _
that Mpl can support the terminal differentiation of committed myeloid, ©Ur results using chemically activated growth factor receptors

erythroid, and megakaryocytic progenitor cells. suggest that MHPCs can be instructed to adopt specific fates. Mpl
supports MHPC self-renewal, yet FIt-3 and the G-CSF receptor

Mpl supports the sustained proliferation of committed both failed to support MHPC self-renewal. The ability of Mpl to

megakaryocyte progenitor cells support MHPC self-renewal is consistent with its established role

in maintaining normal numbers of progenitors and stem cells in
In the limiting-dilution assays, fewer than 1 in 6000 cells wergjyp 4950 Our inability to generate MHPCs in clonal assays
capable of sustaining growth beyond 3 weeks of culture (Table Zhntrasted with our relatively consistent ability to generate MHPCs
These rare clones contained both morphologically nondescriggm pools of Mpl-transduced marrow cells. In the clonal assays,
mononuclear cells and megakaryocytes, whereas granulocy@spoo transduced cells were analyzed, whereas pooled cultures
were consistently absent. These cells were capable of formipgtinely allowed between 2 and 5 million transduced cells to be
megakaryocytic colonies in semisolid media in the presence @fajuated. We conclude that MHPCs capable of self-renewal in
thrombopoietin but were incapable of generating myeloid cells {gsponse to Mpl signaling are rare (fewer than 1 in 50 000), thus

providing the likely basis for the discrepancy between our results

Table 3. Mpl signaling allows for the differentiation of committed myeloid, using clones and pools of transduced cells.
erythroid, and megakaryocytic progenitor cells Mpl preferentially enabled MHPCs to differentiate toward the
Experiment CFU-GM BFU-E CFU-MK cru-Mix Mmegakaryocytic lineage. Mpl, the receptor for thrombopoietin, is a
1 176 S 1 6 primary regulator of platelet productiGhThe preferential produc-
2 188 11 6 4 tion of megakaryocytes might have resulted from megakaryocytic

progenitors being relatively more responsive to signaling by Mpl
Marrow cells were transduced with the F36VMpl vector, then plated at a than were progenitors committed to other cell Iineages. This

concentration of 3 X 104 cells/mL in methylcellulose containing AP20187 (100 nM) . . . .

without added cytokines. Results show the number of colonies per 6 x 104 INterpretation is supported by the Mpl-supported sustained growth

transduced marrow cells plated. of megakaryocytic progenitors in our limiting-dilution assays
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(Table 1). Alternatively, signaling by Mpl might alter the probabilthat though receptor swapping is permissible in committed progeni-
ity with which MHPCs commit to the megakaryocytic pathway. tor cells, constraints are placed on the interchangeability of
Mpl’s specificity in the present study stands in apparent contrasiceptors within MHPCs.

to that in a previous report using knock-in mice. Substitution of the Our results open the possibility that HSCs/MHPCs might be
Mpl signaling domain with the corresponding portion of the G-CSkanipulated to perform various functions, depending on the
receptor reduced megakaryocyte progenitors by only 08¢-  particular receptor signaling domain activated. An especially
though these findings were interpreted as arguing against atfractive feature of the ClD-based approach derives from the
instructive role of Mpl in hematopoietic cell fate decisions, weossibility of inducing a population of genetically modified MHPCs
suggest that the absence of an Mpl signal might have begnadopt a desired fate in viv8.Mpl may induce qualitative or
compensated for by alternative signaling pathways that remainggantitative changes in signaling that are required for MHPC
available in vivo, such as those activated by IL-6 or IL-1lself-renewal and that are not provided for by G-CSF receptor and
Alternatively it is possible in our own studies that even though thglt-3. Alternatively, the G-CSF receptor and Flt-3 may activate
G-CSF receptor fusion was functional in Ba/F3 cells, it might havygathways that are inhibitory to MHPC self-renewal. Understanding
lacked properties necessary to generate an “authentic” G-Cfflese mechanisms may not be only biologically important, it may

signal in primary MHPCs. have therapeutic implications.
Finally, our results suggest that though Mpl is permissive for the

terminal differentiation of committed progenitors, signals other
than those provided by Mpl are required for MHPCs to generate

erythroid or granulocyte progeny. Mpl's ability to support theAcknowIedgments
terminal differentiation of committed progenitor cells is reminis-

cent of various findings in which ectopically expressed receptovge thank Tim Clackson (Ariad Pharmaceuticals) for AP20187,
are able to support the terminal differentiation of progenitors i@hristine Halbert and James Yan for technical assistance, and Ken

which they are not normally express&d* These findings suggest Kaushansky, Belinda Avalos, and Ihor Lemischka for cDNAs.
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