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Abstract

(1) Objectives—Studies using thrombopoietin -/- (TPO-/-) or TPO receptor, mpl -/- mice have
established a critical role for TPO/mpl signaling in hematopoietic stem cells (HSC) development. In
this study, we further dissected mpl signaling in both megakaryopoiesis and HSC function, using
mice bearing a truncated mpl receptor lacking the distal 60 amino acids (A60). This deletion removes
three major signaling tyrosines on the mpl cytoplasmic domain, but retains the membrane proximal
Box1 and Box2 domains required for JAK2 activation.

(2) Methods—Competitive bone marrow transplantations (BMT) and serial BMTs were performed
to study HSC function. Western blot analysis was used to study TPO- stimulated signaling pathways.
BM cell cultures in the presence of TPO were used to study megakaryocyte development.

(3) Results—In agreement with prior findings, we show that A60 bone marrow (BM) cells cultured
in TPO generated normal numbers of megakaryocytes, but with greatly reduced ploidy. As expected
from the deletion of three signaling tyrosine residues, freshly isolated A60 megakaryocytes showed
marked reduction in all known TPO-stimulated signaling pathways tested, including Stat5, Stat3,
Akt, and p42/44MAPK. We found that A60 mice displayed normal short-term (ST-HSC) activities
and marginally compromised long-term (LT-HSC) stem cell activities in primary transplantation. In
addition, A60 mice supported HSC self-renewal for at least two serial BMTSs.

(4) Conclusion—Our data reveal a pivotal role for an unknown signal emanating from the
membrane proximal region of the mpl receptor or from JAK2 itself in maintaining stem cell activity
and self-renewal, in addition to its role in megakaryocytopoiesis and thrombopoiesis.
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Introduction

Thrombopoietin (TPO) signaling through its receptor, mpl, is the primary cytokine regulating
megakaryocyte development and platelet production [1,2]. Both TPO-/- and mpl-/- mice are
severely thrombocytopenic, exhibiting only 10-15% of normal platelet levels [3,4]. They also
exhibit markedly reduced megakaryocyte and CFU-Meg progenitor numbers as well as
decreased megakaryocyte ploidy [5]. In addition to reduced CFU-Meg numbers, both TPO-/-
and mpl-/- mice show a greater than 50% reduction in progenitor numbers for multiple
hematopoietic lineages, including erythroid and myeloid lineages [6]. Furthermore, mpl-/-
mice exhibit at least a 7-fold reduction in hematopoietic stem cell (HSC) activity and severe
defects in supporting stem cell self-renewal [7,8]. Solar et al showed that in mice and humans
stem cell activity in the fetal liver or bone marrow (BM) largely resides in mpl* stem cell
subpopulations [8]. Consistently, TPO-/- mice revealed a compromised ability to support wild
type stem cells, and TPO administration to TPO-/- recipients could substantially correct this
defect [9]. These findings have established a critical role for TPO/mpl signaling in both
megakaryocyte and HSC development in vivo. Recently, Abkowitz and Chen showed that wild
type (WT) and mpl-/- BM cells showed similar repopulating capability when transplanted into
a TPO-/- host, suggesting that TPO/mpl functions mostly in supporting primitive progenitor
cell proliferation and preventing their differentiation [10]. Clarification of the potential role of
TPO/mpl in HSC self-renewal and progenitor cell proliferation and differentiation, awaits
further experimentation.

The mpl receptor belongs to the type | cytokine receptor family, which includes the
erythropoietin receptor (EpoR), growth hormone receptor, and prolactin receptor. They share
homology in the membrane proximal region, which includes the Box1 and Box2 domains
[11]. Ligand binding induces activation of the Janus Kinase 2 (JAK2) that is associated with
the receptor through Box1 and Box2 [12]. JAK2-deficient fetal livers fail to respond to TPO
in forming megakaryocyte colonies, which reveals its essential role in mpl signaling [13].

Activated JAK2 phosphorylates tyrosine residues on the mpl intracellular region, thereby
providing docking sites for several SH2 domain-containing downstream signaling proteins.
Mpl activates many signaling pathways in hematopoietic cell lines and primary
megakaryocytes and platelets, including Signal Transducers and Activators of Transcription 3
and 5 (Stat3 and 5), Shc/Ras/Mitogen-Activated Kinase (MAPK), and SHP2/Gab/
Phosphoinositide -3 kinase (P1-3K) /Akt pathways [2]. These signaling molecules have
important roles in hematopoiesis, and dysregulation of these signaling pathways are implicated
in leukaemogenesis. However, the contributions of the signals initiated from JAK2 or mpl
receptor tyrosines to stem cell function has not been dissected in vivo.

Mice have been generated in which a truncated mpl cytoplasmic domain lacking the distal 60
amino acids (A60) replaces the wild type endogenous receptor [14]. This 60 amino acid deletion
removes three major signaling tyrosines on the mpl cytoplasmic domain, but retains the intact
membrane proximal Box 1 and Box 2 domains that are required for JAK2 activation. Luoh et
al. showed that A60 mice have normal steady-state platelet counts with normal megakaryocyte
numbers and ploidy [14]. Both in cell lines and freshly- isolated platelets, this mutant A60 mpl
elicits normal activation of JAK2, but cannot activate most, if not all, known TPO-stimulated
downstream signaling pathways, including Stat3, Stat5, Shc, Akt, and MAPK [14-16].
Therefore, the membrane-proximal half of the mpl cytoplasmic domain is sufficient to support
normal megakaryocytopoiesis and thrombopoiesis, implying that some signaling pathways
emanate either from this segment or directly from activated JAK2.

In contrast, the absence of the distal region of the mpl intracellular domain leads to a blunted
response to stress or to a rapid increase in TPO levels [14]. Treatment of A60 mice with a single

Exp Hematol. Author manuscript; available in PMC 2007 November 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tong et al.

Page 3

dose of recombinant TPO results in a smaller increase in platelet number than WT mice.
Similarly, A60 mice exhibit a more pronounced nadir and slower recovery from
thrombocytopenia induced by myelosuppressive stress [14]. Furthermore, asingle dose of TPO
given immediately after lethal myelosuppressive regimens is sufficient to prevent the death of
WT mice by increasing blood cells of all lineages, including platelets, white, and red blood
cells [17]. Interestingly A60 mice show reduced myeloprotective ability provided by TPO,
although significantly improved compared to mpl-/- mice [18]. These data suggest that
additional signals are activated by the distal receptor segment for an appropriate acute response
to TPO stimulation, and that these signals play an important role during physiologic stress.
However, whether these signals are important in stem cell function has not been studied.

To dissect the signaling pathways that mpl transduces to support stem cell activity, we studied
A60 knockin and mpl nullizygous mice. Since HSCs are difficult to culture and are scarce in
numbers for biochemical studies, we analyzed the development of BM-derived
megakaryocytes in response to TPO when cultured in vitro, and we also compared TPO-
induced signaling in freshly isolated megakaryocytes from A60 knockin and mpl nullizygous
mice. In parallel we examined their stem cell repopulating capabilities and self-renewal in
comparison to that of WT mice. Our results further our understanding of the signaling pathways
employed by mpl in supporting stem cell activity, and shed light on the molecular mechanisms
of cytokine receptor signaling in hematopoietic stem cells.

Materials and Methods

Mice

Mpl-deficientand A60 mice were generously provided by Dr. Frederic de Sauvage (Genentech,
South San Francisco, CA). The mpl-/- mice were backcrossed onto the C57/BL6 background
for 16 generations, and A60 mice for 10 generations. WT controls were purchased from Jackson
Laboratories (Bar Harbor, ME), and bone marrow transplantation (BMT) recipient mice were
from National Cancer Institute (NCI, Bethesda, MD).

Bone marrow transplantation (BMT) assay

For each BMT experiment, BM cells from 6 WT C57/BL6/J, 6 A60, and 6 mpl-/- mice were
isolated and enumerated in the presence of 3% acetic acid to exclude enucleated red blood
cells. Those donor cells (Ly5.2) were mixed with total BM cells from the competitor mice
(Ly5.1 from NCI) at the following ratios for competitive repopulation: 1:1 (2 million cells
each), 3:1 (3 million donor cells and 1 million competitor cells), and 9:1 (3.6 million donor
cells and 0.4 million competitor cells). Subsequently, 4 million cells of each BM mixture were
injected retro-orbitally into each lethally irradiated- recipient Ly5.1 mouse (a split dose of 10
Gy, 137Cs source).

BM transplanted mice with 1:1 and 9:1 ratios were analyzed at 1, 4 and 8 months; and the ones
with 3:1 ratios were used for secondary BMT. Primary BM transplanted mice with 3:1 test to
competitor ratio were sacrificed at four months, and 5 million total BM cells were transplanted
into each lethally-irradiated secondary recipient mice. In one set of experiments, we performed
tertiary and quaternary BMTs using 20 million total BM cells for each recipient mouse.

One, four, or eight months after transplantation (as indicated in the text), the percentage of
chimerism in the peripheral blood was analyzed as the fraction of donor- descended Ly5.2 cells
using flow cytometry. Briefly, blood samples were treated with ammonium chloride solution
(StemCell Technologies, Vancouver, BC, Canada) to lyse red blood cells, and then stained
with fluorescein isothiocyanate (FITC)-conjugated anti-Ly5.2 and phycoerythrin (R-PE)-
conjugated anti-Ly5.1 antibodies (1:200, BD Pharmingen, San Diego, CA). Flow cytometry
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analysis (FACS) was carried out using a Becton Dickinson FACSCalibur (BD Biosciences,
San Diego, CA).

Megakaryocyte culture and quantification

Megakaryocyte culture and quantification were performed as described [19]. Briefly, BM cells
were isolated, washed, and divided into four groups. Each group of cells was cultured in the
serum-free media containing different concentrations of TPO (0, 1, 10, and 50 ng/ml TPO), at
1-2 x 106 cells per mL. The serum-free media (also called megakaryocyte culture media) is
composed of IMDM containing 1% Nutridoma-SP (Roche Applied Science), 2 mM L-
glutamine, 100 U/mL penicillin and streptomycin, and 50 pM B-mercaptoethanol. Four days
later, the cells were harvested in CATCH buffer (Ca** and Mg** free PBS containing 3.5%
BSA, 1 mM Adenosine, 2 mM Theophylline, and 0.38% Sodium Citrate) and stained with
FITC-conjugated anti-CD41 antibody (1:200, BD Pharmingen). Stained megakaryocytes were
subsequently labeled with 50 pg/mL propidium iodide (PI) in 0.1% sodium citrate solution
overnight, and subjected to flow cytometry. CD41* cells with DNA content equal to or greater
than 8N were quantified. These experiments were repeated independently four times. The mean
megakaryocyte ploidy was calculated according to an established formula [20].

Immunostaining and flow cytometry analysis

To measure mpl surface expression in megakaryocytes, total BM cells were stained with FITC-
CDA41 antibodies as described above. Cells were then stained with magnetic bead-conjugated
anti-FITC antibodies followed by autoMACS purification according to the manufacturer’s
instructions (Miltenyi Biotec Inc., Germany). Enriched BM megakaryocytes were
subsequently stained with rabbit polyclonal antibody against the mpl extracellular domain
(1:1000), followed by phycoerythrin (R-PE)-conjugated anti-rabbit 1gG antibody (1:400,
Jackson ImmunoResearch Laboratories, West Grove, PA). To measure mpl surface expression
in HSCs, lineage negative (Lin") BM cells were purified using StemSep columns following the
manufacturer’s protocol (StemCell Technologies, Vancouver, BC, Canada). Lin- BM cells
were then stained with Allophycocyanin (APC)-conjugated- c-Kit (1:200), FITC- Sca-1
(1:200, BD Pharmingen), and PE- mpl antibodies, and then subjected to FACS analysis.

Protein lysates and western blot analysis

Results

CD41*" BM megakaryocytes were first enriched by EasySep columns (StemCell
Technologies), then sorted using a MoFlo high-speed sorter (Cytomation, Fort Collins, CO).
Purified CD41* cells were starved in IMDM with 1% BSA for 2 hrs, and then stimulated with
0, 10 or 50 ng/ml TPO for 10 min in IMDM plus 0.1 % BSA. Equal numbers of cells (2-3 x
10°) were used for each time point. The protein lysates were resolved on NuPAGE Novex Bis-
Tris gels (Invitrogen, Carlsbad, CA) and Western blotted with indicated antibodies: anti-Stats
(C-17) antibody (1:500, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-p-Stat5 (pTyr
694), p-Stat3 (pTyr 705), Stat3, anti- pAkt (Ser 473), Akt, p-MAPK (pThr202/Tyr204), and
p42/44 MAPK antibody (1:1000, Cell Signaling Technology, Beverly, MA). These
experiments were independently performed 3-5 times.

Normal surface expression of mpl in stem cells and megakaryocytes of A60 mice

The truncated A60 form of mpl is expressed at similar protein levels in platelets, as determined
by Western blot analysis [14]. Therefore, we first compared the surface expression levels of
WT mpl and A60 mpl in megakaryocytes and hematopoietic stem cells. Due to the low
percentage of CD41* megakaryocytes in the BM (0.5%), we first enriched these cells from the
BM of WT, A60, and mpl-/- mice using FITC-conjugated anti- CD41 antibodies followed by
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anti-FITC magnetic beads. After one round of bead selection, the CD41* population was
usually enriched 10 fold (from 0.5% to 5% in WT mice). We then examined the surface
expression level of mpl by FACS. As shown in the upper right box in Fig. 1a, in both WT and
A60 mice, almost all CD41* cells expressed mpl (CD41* mpl™). In contrast, in mpl-/- mice
almost all CD41* cells remained mpl negative as shown in the lower right box (CD41*mpl").
Notably, mpl deficiency resulted in marked reduction in megakaryocyte numbers. Thus only
1.3% CD41" cells were obtained after the same magnetic bead enrichment (Fig. 1a). There
was some non-specific staining with the mpl antibody that was also visible in mpl-/- cells, but
they appeared to be CD41" (Fig. 1a).

To examine mpl surface expression on HSCs, we first purified Lineage (Lin") BM progenitor
cells from WT, A60, and mpl-/- mice, and stained them for two stem cell markers, Sca-1 and
Kit, as well as mpl. As shown in Figure 1b, about 2% of Lin- BM cells were double positive
for Sca-1 and Kit in both WT and A60 mice, markers characteristic of hematopoietic stem cells,
whereas in mpl-/- mice only 0.8% were Sca-1*Kit*. In mpl-deficient Lin"Sca-1*Kit* (LSK)
cells, only background levels of mpl were observed with median fluorescence value of 10
arbitrary units (Fig. 1b). Importantly, both WT and A60 LSK cells expressed similar levels of
mpl with median values ranging from 60 to 70 arbitrary units (Fig. 1b). These data, therefore,
support the conclusion that A60 mice expressed normal levels of surface mpl on both
hematopoietic stem cells and megakaryocytes.

Reduced TPO-mediated megakaryocyte differentiation in A60 mice

Although A60 mice exhibit normal megakaryocyte development and platelet production in
vivo, Luoh et al., showed that fewer megakaryocytes with lower ploidy were generated from
A60 mice, compared to those from controls, when BM cells were cultured with a maximal
concentration of TPO in vitro [14]. Since A60 mpl, when expressed in the 32D cell line showed
decreased sensitivity to TPO (Supplemental data Fig. 1S), we assessed TPO-induced
proliferation and differentiation of BM-derived megakaryocytes at limiting concentrations of
TPO. As shown in Fig. 2a, TPO stimulated megakaryocyte production in a dose-dependent
manner, reaching maximal levels at 10-50 ng/mL TPO. The numbers of CD41*
megakaryocytes with 8N and greater ploidy derived from WT and A60 BM cultures were
similar atall TPO concentrations (Fig. 2a). As shown in Fig. 2b, TPO increased megakaryocyte
ploidy in both WT and A60 BM cells, but A60 megakaryocytes showed a lower ploidy than
WT controls at all TPO concentrations, and the difference was more pronounced at low (1 ng/
mL) than high TPO concentrations (10-50 ng/mL) (Fig. 2b). As expected, the complete absence
of mpl (Mpl -/-) resulted in no increase in megakaryocyte numbers or ploidy in response to
TPO (Fig. 2). Thus, megakaryocytes bearing the A60 form of mpl displayed markedly reduced
TPO-mediated differentiation at all TPO concentrations. Supraphysiological concentrations of
TPO (50 ng/mL) cannot rescue the ploidy defect of A60 megakaryocytes, even though it can
increase TPO/mpl signaling strength (Fig. 3). Interestingly, TPO-mediated megakaryocyte
proliferation was normal, indicating that megakaryocyte proliferation and differentiation
(ploidy formation) may be regulated by different signaling pathways activated by mpl.

Marked reduction in TPO-mediated megakaryocyte signaling in A60 mice

While the complete absence of mpl resulted in an 80% reduction in platelet numbers, mice
bearing the A60 mpl showed normal steady-state platelet levels [14]. A60 mice also exhibited
normal numbers of megakaryocytes with normal ploidy, while mpl-/- mice had a marked
reduction [14]. To investigate the signaling pathways disrupted by the truncation of the 60 C-
terminal amino acids in the A60 mpl mutant, we utilized freshly purified CD41*
megakaryocytes and after 10 mins of TPO stimulation measured induction of p44/42MAPK,
Akt, Stat3, and Stat5, which are among major signaling pathways induced by TPO (Fig. 3).
Phosphorylation of Stat5 was nearly absent in A60 megakaryocytes, whereas residual levels
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of Stat3 phosphorylation still remained (Fig. 3a and 3b). In WT megakaryocytes, maximal
activation of Akt and p42/44MAPK was achieved at 10 ng/mL TPO; in contrast, A60 cells
exhibited no phosphorylation of these signaling molecules at 10 ng/mL of TPO, and only
residual phosphorylation could be observed at a higher TPO concentration (50 ng/mL), (Fig.
3c and 3d). The total levels of these signaling proteins were similar in cells from both types of
mice (Fig. 3, bottom panels). Therefore, A60 megakaryocytes displayed greatly reduced
activation of several major signaling pathways induced by TPO, particularly at limiting
concentrations of TPO.

Marginally compromised stem cell activity in A60 mice

To dissect the signaling pathways that mpl transduces to support stem cell activity, we
examined the capability of bone marrow from A60 and mpl-/- animals to compete with normal
marrow for hematopoietic reconstitution of lethally-irradiated mice. This competitive
repopulation assay allows a direct and sensitive comparison of reconstitution potentials of
normal, A60, and mpl-deficient stem cells. To this end total BM cells (Ly5.2) from WT, A60,
and mpl-/- mice were mixed at ratios 1:1, 3:1, or 9:1 with isogenic C57/BL6 competitor cells
(Ly5.1), and transplanted into lethally-irradiated Ly5.1 recipient mice. Four months after
transplantation, long-term repopulating HSCs (LT-HSCs) were quantified by analyzing the
percentage of chimerism in peripheral blood for donor Ly5.2 cells using flow cytometry. We
expect 50% reconstitution with 1:1 test to competitor ratio, and 75% and 90% with 3:1 and 9:1
ratios, respectively. Close to the expected values, WT mice showed 42% reconstitution with a
1:1 test to competitor ratio, 71% with 3:1 and 82% with a 9:1 ratio (Fig. 4). Interestingly, A60
mice showed slightly, but significantly, decreased stem cell activities at the most sensitive low
test to competitor ratio: with 32% reconstitution (vs. 42%, p=0.01) ata 1:1 and 64% (vs. 71%,
p=0.01) at a 3:1 ratio. However, A6O mice exhibited normal repopulating capability (79% vs.
82%, p=0.5) at the high test to competitor ratio (9:1), which is the least sensitive cell ratio. As
reported previously, mpl-/-mice displayed dramatically reduced repopulation capability at all
ratios compared to WT mice (Fig. 4).

Chimerism of transplanted mice was also measured at various times after transplantation to
examine the activities of short-term repopulating HSCs (ST-HSCs), LT-HSCs, and the
maintenance of HSCs. A60 mice had no significant difference in ST-HSCs as judged by
reconstitution 1 month after transplantation (Fig. 5a and b). At a 1:1 test to competitor ratio,
A60 BM cells exhibited a significant reduction in LT-HSC activities at 4 and 8 months
compared to WT (p<0.05) (Fig. 5a). At the least sensitive 9:1 test to competitor ratio, A60 mice
showed no significant difference in LT-HSC activities 4 months after transplantation, and only
a small but significant decrease was observed at 8 months (Fig. 5b). In sharp contrast, mpl-/-
BM cells showed diminished stem cell activity with time at all test to competitor ratios (Fig.
5). Even with high test to competitor (9:1) ratio, mpl-/- BM cells failed to compete with WT
controls. Therefore, A60 mice have normal ST-HSC activities and marginally compromised
LT-HSC activities in primary BM transplantation, compared to WT mice. These differences
between A60 and WT mice only become apparent with low test to competitor ratios and long
reconstitution times. Nonetheless, we conclude that A60 mpl greatly rescued the HSC defects
observed in mpl-/- mice.

To analyze stem cell self-renewal in A60 mice, we performed serial BM transplantations.

Primary BM transplanted mice with a 3:1 test to competitor ratio were sacrificed at four months
and 5 million total BM cells harvested from them were transplanted into each lethally-irradiated
secondary recipient mouse. Four months after secondary transplant, we detected no significant
difference in repopulation from stem cells derived from A60 mice compared to WT controls,
using data pooled from three independent experiments (Fig. 6a). In one set of serial transplant,
we furthered the analysis by performing tertiary and quaternary BMT (Fig. 6b). Taken together,
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A60 mice supported stem cell renewal for at least two serial transplantations, and only exhibited
mild decrease after 3-4 serial BMTSs. In contrast, and in agreement with previous reports [7,
8], mpl-/- mice exhibited almost no repopulating activity at the secondary transplantation (Fig.
6).
Discussion

Cytokine receptor signaling in HSCs has rarely been investigated. Since studies using TPO-/-
and mpl-/- mice have established a critical role for TPO/mpl signaling in HSC development,
we further dissected mpl signaling in HSC function, using A60 mice bearing a truncated mpl
receptor that lacks most if not all, functional tyrosines in the cytoplasmic domain. Using
competitive BMT to analyze HSC activities and serial BMT to assess HSC self-renewal, we
found that A60 mice had normal ST-HSC activities and marginally compromised LT-HSC
activities in primary BM transplantation, as compared to WT mice. The differences became
most apparent with lower test to competitor ratios and longer reconstitution times. In addition,
A60 mice supported HSC self-renewal for at least two serial BMTSs, indicating that mpl function
in HSC renewal was largely normal. The results obtained from A60 mice were in sharp contrast
to those from mpl-/- mice, which showed greatly reduced ST- and LT- HSC repopulation
capability after a primary transplantation and almost no repopulation after a secondary
transplantation. Therefore, our data revealed a pivotal role of the membrane proximal region
of the mpl receptor, containing Box1 and Box2, in maintaining stem cell activity and self-
renewal, in addition to its role in megakaryocyte development and platelet production.

Studies in cell lines and platelets from A60 mice suggest that this truncated A60 mpl mutant
lacks the three major signaling tyrosine residues that are believed to activate most, if not all,
TPO-stimulated downstream signaling molecules, including STAT3 and STATS5, and Shc/Ras/
MAPK [14-16]. We found that A60 mpl and F5 mpl, with all five tyrosines mutated to
phenylalanines, showed similar TPO-dependent cell growth: they both require 10 times more
TPO to reach maximal growth compared to WT mpl (Fig. 1S and ref [15,16]). Consistent with
these results, we showed that freshly- isolated megakaryocytes from A60 mice exhibited
severely impaired activation of Stat3, Stat5, Akt, and p42/44MAPK following TPO
stimulation, particularly at limiting TPO concentrations. These studies extend studies using
cell lines and in platelets from A60 mice [14]. Luoh, et al., showed that fewer megakaryocytes
with lower ploidy were generated from A60 mice compared to those from controls, when
cultured with maximal concentration of TPO in vitro [14]. We found that, although A60 BM
cells gave rise to normal numbers of megakaryocytes when cultured in vitro in the presence of
TPO, the megakaryocytes showed markedly decreased ploidy at all TPO concentrations and
particularly at limiting concentrations of TPO. Therefore, our data suggest that, at the cellular
level, the A60 form of mpl has an intrinsic defect in fully supporting TPO-dependent cell growth
and differentiation.

A60 mice have normal steady-state platelet numbers and megakaryocyte numbers with normal
ploidy [14]. In fact, A60 mice have near- normal numbers of megakaryocyte progenitors, and
normal levels of progenitors of all lineages, in contrast to mpl-/- mice [14]. However, loss of
signaling from the distal region of the mpl intracellular domain results in a muted response to
exogenous injections of TPO [14]. A60 mice exhibited a more pronounced nadir and slower
recovery from thrombocytopenia induced by sublethal myelosuppression, indicating that the
distal half of the mpl signaling domain plays a key role during physiologic stress [14]. In
addition, the distal A60 amino acids of the mpl intracellular domain is essential for the complete
protection from lethal myelosuppression offered by TPO [18]. However, rescue of about one
third of the A60 mice by TPO indicates that the membrane-proximal intracellular domain of
mpl induces a myeloprotective signal independent of those emanating from the distal domain
of mpl [18]. Therefore, signals emerging from the distal mpl segment determine only the
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quantitative, but not qualitative response to TPO, and compensatory mechanisms exist in the
transgenic mouse model that disguise any overt phenotype during steady-state hematopoiesis.

The phenotypes observed in A60 mpl mice are analogous to those in EpoR-HM mice [21].
These knockin mice, bearing a distally truncated EpoR that contains no cytosolic tyrosines,
can sustain functional erythropoiesis capable of overcoming the embryonic lethality observed
in EpoR-null mice. Steady-state erythropoiesis is largely normal in adult EpoR-HM mice.
However, they show a blunted response to continual injections of Epo [21] and exhibit
compromised stress-induced erythropoiesis [22], phenotypes strikingly parallel to those in
A60 mpl mice. Also in concordance with the phenotypes found in A60 mpl mice, primary
progenitors from EpoR-HM mice show a compromised ability to undergo proliferation,
survival, and differentiation into erythroid cells when cultured in vitro with a limiting dose of
Epo [22].

One explanation for the lack of an overt phenotype in steady-state hematopoiesis in A60 mice
is the quantitative nature of the signaling pathways employed by cytokine receptors. Perhaps
the residual levels of Stat, MAPK, and Akt activation observed in A60 mice, albeit low, are
enough to sustain steady-state hematopoiesis, which includes HSC self- renewal and
differentiation, formation and function of lineage- restricted progenitors, and thrombopoiesis.
The distal region of mpl is required principally to amplify or modify the TPO-stimulated
response during stress.

During bone marrow transplantation the donor- derived HSCs are thought to be subjected to
significant stress. These normally quiescent cells must self renewal, proliferate and different
to support generation of the increased number of lineage- restricted progenitors required to
generate the large numbers of myeloid and lymphoid cells required after ablation of the
recipient’s bone marrow. Given this stress for HSCs, it is not surprising that we observed more
pronounced differences between WT and A60 HSC activity after tertiary and quaternary BMTSs.

The A60 form of mpl lacks three major signaling tyrosines in the mpl cytoplasmic domain, but
retains intact the membrane proximal Box 1 and Box 2 domains that are required for JAK2
activation [14-16]. Therefore, our results also support an alternative possible mechanism: the
mpl membrane proximal domain associated with JAK2 elicits novel signaling pathways for
sustaining steady-state hematopoiesis. If our biochemical studies in freshly-isolated BM
megakaryocytes are indicative of the signaling pathways in HSCs activated in vivo in response
to TPO, this suggests that known pathways such as Stats, Akt, and MAPK are not the primary
TPO- stimulated signaling pathways that support normal HSC function. Alternatively, one or
more as yet unidentified signaling pathways could emanate directly from JAK2, perhaps
activated by the several JAK2 tyrosine residues know to become phosphorylated after cytokine
receptor activation.

Thus identifying the nature of these putative mpl- receptor phospho-tyrosine (pY) independent
and JAK2-associated signaling pathway(s) will be crucial in determining whether
quantitatively or qualitatively different signals emanate from the membrane proximal region
of the mpl cytoplasmic domain. Several signal transduction proteins, including C-myc, Vav-2
and Pim-1 have shown to be efficiently activated by EpoR and mpl missing all cytosolic
tyrosine residues [23-25]. Src kinases, such as Lyn, have also been shown to be associated with
EpoR and mpl, and appear important for certain biological functions [26,27]. Nonetheless, the
intracellular signals that are activated by JAK2 independent of cytokine receptor tyrosine
residues still remain elusive.

In summary, our results further the understanding of the signaling pathways employed by mpl
in supporting stem cell activity and megakaryopoiesis. They suggest two separate domains that
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regulate steady state and stress-dependent hematopoietic pathways and shed light on the
molecular mechanism of cytokine receptor signaling in hematopoietic stem cells.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A60 mice expressed comparable levels of surface mpl in both megakaryocytes and stem

cells similarly to WT controls

(a) CD41* BM cells from WT, A60, or mpl-/- mice were first enriched using magnetic bead
selection. Subsequently, the cells were stained for PE-mpl. Percentages of CD41*mpl- cells
(lower right box) and CD41*mpl* cells (upper right box) are shown in each plot. (b) Lin" BM
cells from WT, A60, or mpl-/- mice were isolated using magnetic bead purification, and stained
for Sca-1, Kit, and mpl. Percentages of Lin™ cells double positive for Sca-1 and Kit are shown
in the upper panels. Median fluorescence levels of PE-mpl are shown in the lower panels for

Lin Scal*Kit" (LSK) cells.
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Figure 2. A60 megakaryocytes showed reduced TPO-mediated differentiation during in vitro
megakaryocyte culture

Total BM cells from WT mice or A60 mice were cultured in different concentrations of TPO
for 4 days, (a) the numbers of CD41* megakaryocytes with 8N and greater ploidy were
enumerated (mean £ SD). (b) Mean ploidies (xSD) of BM-derived megakaryocytes were
plotted.
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Figure 3. Markedly reduced TPO-stimulated signaling pathways in A60 megakaryocytes
Freshly- isolated CD41* BM megakaryocytes from WT or A60 mice were stimulated with 0,
10 or 50 ng/ml of TPO for 10 mins. Protein lysates from equal number of cells were subjected
to Western Blotting analysis. Phosphorylation and total protein levels of Stat5 (a), Stat3 (b),
p42/44MAPK and Akt (c), are shown.
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Bone Marrow Transplantation (4 months)
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Figure 4. A60 mice showed slight but significant decrease in stem cell repopulating capability four
months after transplantation

BM cells from WT, A60, and mpl-/- mice were mixed at 1:1, 3:1, or 9:1 ratio with competitor
cells, and transplanted into irradiated recipient mice. Chimerism of transplanted mice were
measured 4 months after transplantation. Five mice per genotype per group were used in each
experiment and the results were pooled from three independent experiments. Students’ t-tests
were carried out and the p values for the differences between A60 or mpl-/- mice and WT mice
are shown on the top of each bar (n=15).
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Bone marrow transplantation (1:1 ratio)

70

60

50

40

301

% Chimerism

201

101

0.006

0.0001

—— WT
—m— A60
—e— Mpl-/-

a4

8

Months after transplant

Bone marrow transplantation (9:1 ratio)

100 1

90 1

80 1

% Chimerism

30 1

20 1

10 1

1]

70

60 1

50 1

40 -

01 0.002
0.7
—— WT
—m— A60
—e— Mpl-/-
1 4 8

Months after transplant

Figure 5. A60 mice showed decreased stem cell maintenance eight months after transplantation
BM cells from WT, A60, and mpl-/- mice were mixed at 1:1 or 9:1 ratio with Ly5.1 competitor
cells, and transplanted into irradiated recipient mice. Chimerism of transplanted mice were
measured 1, 4, and 8 months after transplantation. (a) shows the outcome of the 1:1 test to
competitor ratio, and (b) shows that of the 9:1 test to competitor ratio. Five mice per genotype
were used in each experiment, and the results were pooled from three independent experiments.
Students’ t-tests were carried out and the p values of A60 comparing to WT are shown on top

of each point (n=15).
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Figure 6. A60 mice show moderate defects in supporting stem cell self-renewal

(@) Primary BM transplanted mice with 3:1 test to competitor ratio were sacrificed at four
months, and 5 million total BM cells were transplanted into each secondary recipient mouse.
Chimerism of the secondary transplanted mice was measured after four months. In each
experiment, five mice were used in each primary and secondary transplant, and the results were
pooled from three independent experiments (n=15). (b) In one experiment, the secondary
transplanted mice were continued for tertiary and quaternary transplants. 20 million total BM
cells were used in each tertiary and quaternary recipient mouse. Chimerism of tertiary and
quaternary transplanted mice were measured at four to five months post trasnsplant (n=10).
Students’ t-tests were performed and the p values of A60 compared to WT are shown. Since
the donor cells from mpl-/- mice did not show any reconstitution at the secondary and tertiary
transplants, this group was terminated after the tertiary BMT.
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