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SUMMARY: Thrombopoietin (TPO)/c-mpl ligand is a hematopoietic growth factor that
stimulates proliferation and maturation of megakaryocytes. To analyze the signaling pathway
downstream of the c-mpl product, we used a human megakaryoblastic cell line, Mo7e, that has
been proved to be responsive to TPO in terms of DNA synthesis. In this study, we found that
TPO treatment resulted in tyrosine phosphorylation of Jak-2 kinase. Moreover, it was revealed
that several functional molecules involved in the Ras signaling pathway, Shc and Sos, were
phosphorylated by treatment with TPO. Finally, tyrosine phosphorylation of the proto-oncogene
products, Vav and c¢-Cbl, has been proved to be induced by TPO. These results suggest that TPO
could activate several signaling pathways including the Jak/Stat pathway, the Ras pathway and
possibly another pathway involving the c-Cbl proto-oncogene product. e 1995 academic press, ine.

Megakaryopoiesis and platelet production have been thought to be regulated by humoral
factors.! So far, these factors are divided into two groups, megakaryocyte-colony stimulating
factors (Meg-CSFs) and thrombopoietin (TPO) based on their activities.2 Meg-CSF is the factor
that stimulates proliferation of megakaryocytes, and TPO stimulates the maturation of them.2
These activities are included by several known factors such as interleukin(IL)-1,3 I1L-3,4 [L-6,5
IL-11,6 granulocyte-macrophage colony-stimulating factor (GM-CSF),” erythropoietin (EPO),8 c-
kit ligand/stem cell factor (SCF),% and leukemia inhibitory factor (LIF).1® However, critical
factors that elicit these activitics on megakaryopoiesis and platelet production have not been
identified.

Recently, purification and molecular cloning of the humoral factor that stimulates
megakaryopoiesis and platelet production have been reported by several groups. The groups of
Bosselman, Eaton and Foster have biochemically purified and molecularly cloned the ligand for c-
mpl, and have found c-mpl ligand to have the activity of megakaryopoiesis and platelet

1Support by Grants-in-Aids from the Ministry of Education, Science, and Culture of Japan and
from the Ministry of Health and Welfare of Japan.

2Address reprint requests to Hisamaru Hirai, MD, Third Department of Internal Medicine, Faculty
of Medicine, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113, Japan.
FAX: +81-03-3815-8350.

0006-291X/95 $12.00
Copyright © 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved. 338



Vol. 216, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

production.11-14 Simultaneously, purification and molecular cloning of the humoral factor that
stimulates both proliferation and maturation of megakaryocytes by following its biological activity
have been reported by the group of Miyazaki.}5.16 Surprisingly, all the factors mentioned above
have been revealed to be identical, suggesting that the ligand for c-mpl has activities of both Meg-
CSF and TPO. In this manuscript, therefore, we use “TPO” or “c-mpl ligand” as the factor that
stimulates megakaryopoiesis and platelet production.

C-mpl is the cellular homolog of the v-mpl oncogene,!? and is a member of the cytokine
receptor superfamily.1¥ The signal triggered by TPO should be transmitted through the c-mpl
product and into the signaling pathway downstream of the c-mpl product in target cells. Although
it is essential for understanding the mechanisms of the biological activities of TPO to investigate
the signaling pathway downstream of c-mpl, little is so far known about the c-mpl-mediated
signaling pathway. In this report, using a human megakaryoblastic cell line, Mo7e, we
demonstrate that TPO induces tyrosine phosphorylation of multiple cellular proteins including
proto-oncogene products, Vav and c-Cbl, and signaling molecules involved in the Ras pathway.

MATERIALS AND METHODS

Cell lines and culture. The GM-CSF dependent human megakaryoblastic cell line, Mo7e,
was obtained from Dr. Stieve Clark (Genetics Institute, Cambrige, MA).19 Mo7e cells were
maintained in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS) and 10 ng/m! of
recombinant human GM-CSF (rhGM-CSF).

Growth factors. Recombinant human GM-CSF and TPO were kindly supplied by Kirin
Brewery Co. Ltd. (Tokyo).

Antibodies. Polyclonal anti-Grb-2/Ash, anti-Vav and anti-c-Cbl antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal rabbit antibody against Sos was
generously provided by Dr. K. Kaburagi (University of Tokyo) and used for the immunoblotting
of Sos. Anti-Jak-2 polyclonal antibody and anti-Grb-2/Ash monoclonal antibody were purchased
from MBL (Nagoya, Japan). A mouse monoclonal antibody against phosphotyrosine (anti-Ptyr)
4G10 was purchased from UBI and used for the immunoblotting of phosphotyrosine-containing
proteins.

[PH]thymidine incorporation. Mo7e cells were washed and resuspended in RPMI 1640
medium supplemented with 10% FCS and 50 ng/ml GM-CSF or 50 ng/ml TPO at the
concentration of 2 x 105 cells/ml. Cells were seeded at 96-well plate (100 pwl/well) and incubated
for 60-70 hr. Following the incubation, [3H]thymidine was added to each well to a final
radioactivity of 10 uCi/ml and incubated for 3 hr at 37 °C. Each sample was subjected to counting
[*H]thymidine incorporation by a liquid scintillation counter.

Preparation of GST fusion proteins. Four types (A-D) of GST-Cbl fusion proteins were
produced as follows. A 1325 bp Sacl fragment containing the N-terminal region of c-Cbl
(nucleotides 175-1499, Type A), and a 859 bp Sacl-Sspl fragment containing the proline rich
region of c-Cbl (nucleotides 1499-2357, Type B) were blunt-ended using T4 DNA polymerase
and separately subcloned into the Smal site of the pGEX-1 and pGEX-3X vectors, respectively.
A 257 bp Sspl-Stul fragment of c-Cbl (2357-2613, Type C) was subcloned into the Smal site of
the pGEX-3X vector. A 1115 bp Sacl-Stul fragment containing the proline rich region and the
flanking C-terminal region of c-Cbl (1499-2613, Type D) was blunt-ended and subcloned into the
Smal site of the pGEX-3X vector. These plasmids were used for transformation of BL21 strain
of Escherichia coli. Bacterial cultures containing pGEX and the series of pGEX-Cbl plasmids
were independently treated with 0.1mM isopropyl-1-thio-B-D-galactopyranoside (IPTG) for 20 hr
at 25 °C for induction of each protein. The resulting GST and GST-Cbl fusion proteins were
purified using glutathione agarose and used for affinity precipitation.

Preparation of cell lysates. Serum- and factor-depleted Mo7e¢ cells were incubated for 60-
70 hr and were stimulated by 50 ng/ml GM-CSF or 50 ng/ml TPO at 37 °C for 5 min in the
presence of 100 pM Na,VO,. Cells were washed with ice-cold phosphate buffered saline (PBS)
containing 100 pM Na3VOg4 and resuspend in the lysis buffer containing 20 mM Tris/HClI
(pH8.0), 1% Nonidet P-40 (NP-40), 1 mM phenylmethylsulfonyl fluoride (PMSF), 500 U/ml
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aprotinin, 2 mM EDTA, 50 mM NaF, and 1 mM Na3VOas. The solubilized fractions were
collected by centrifugation at 15000 x g at 4 °C for 10 min,

Immunoprecipitation. Polyclonal antibody against Jak-2, Grb-2/Ash, Vav, or Shc was
independently added to 500 pl lysate obtained from 1 x 107 of Mo7e cells. Polyclonal antibody
against c-Cbl was added to 500 ul lysate obtained from S x 107 of Mo7e cells. After incubation
for 2 hr at 4 °C, 20 ul of protein A-Sepharose was added and incubated for 1 hr. Immune
complexes were collected by centrifugation at 5000 x g for 30 sec. Beads were washed by the
lysis buffer and resuspended in 40 pul of Laemmli’s sample buffer. Immune complexes were
eluted by heating at 100 °C for 5 min and subjected to SDS-PAGE.

Immunoblotting. Electrophoresed proteins were transferred onto polyvinylidene difluoride
microporous (PVDF) membruanes using an electro-transfer apparatus (BIO-RAD). PVDF
membranes were blocked with the blocking buffer containing 10 mM Tris/HCI (pH 7.4), 150 mM
NaCl, 5 % bovine serum albumin, and 0.05 % Triton X-100. The membranes were then
incubated with TNB buffer containing 10 mM Tris/HCl (pH 7.4), 150 mM NaCl, 5 % bovine
serum albumin and primary antibodies as indicated for 2 hr followed by washing with TNX buffer
containing 10 mM Tris/HCI (pH 7.4), 150 mM NaCl, and 0.05 % Triton X-100 for twice and TN
buffer containing 10 mM Tris/HCI (pH 7.4), and 150 mM NaCl for once. Subsequently, the
membranes were incubated with TNB buffer containing alkaline phosphatase-conjugated anti-
mouse or anti-rabbit antibody (Promega), and washed with the same procedure as primary
antibodies. For the detection of respective proteins, color reaction was performed by exposing the
membranes to nitroblue tetrazolium and 5-bromo-4-chloro-3-indoyl phosphate according to the
manufacture’s protocol (Promega).

Affinity precipitation using GST fusion proteins. Lysates from 1 x 107 of Mo7e cells
were independently mixed with 40 pg of the series of GST-Cb! fusion proteins noncovalently
coupled to glutathione agarose (Sigma) and incubated for 2 hr at 4 °C. Subsequently, beads were
washed intensively and resuspended in 100 pl of Laemmli’s sample buffer. The proteins
precipitated from the lysates of Mo7e cells with GST or GST-Cbl fusion proteins were eluted by
heating at 100 °C for 5 min and subjected to SDS-PAGE.

RESULTS

TPQ induces DNA synthesis in a human megakaryoblastic cell line, Mo7e.
Factor-starved Mo7e cells were treated with recombinant human TPO or GM-CSF, and assayed
for PH]thymidine incorporation into the cells as described in MATERIALS AND METHODS.
Both human TPO and GM-CSF treatment increased {3Hjthymidine incorporation 13-14 fold when
compared with no treatment control (Fig.1). These results demonstrate that TPO could induce
DNA synthesis to the similar level induced by GM-CSF on which Mo7e cells are dependent.

TPQ treatment induces tyrosine-phosphorylation of Jak-2 in Mo7e cells. Jak-
2 tyrosine kinase is reported to be tyrosine-phosphorylated by several growth factors and
cytokines, including GM-CSF.20 As shown in Fig. 2, Jak-2 kinase was inducibly tyrosine-
phosphorylated by the stimulation with TPO or GM-CSF, suggesting that TPO also activates Jak-
2 kinase in Mo7e cells.

TPQO induces phosphorylation of the signaling molecules involved in the Ras
pathway in Mo7e cells. Many growth factors and cytokines have been proved to activate the
Ras signaling pathway in target cells.2! Therefore, we have analyzed whether TPO induces
phosphorylation of the signaling molecules involved in the Ras pathway in Mo7e cells. As shown
in Fig.3-A and -B, TPO induced tyrosine phosphorylation of Shc and its association to Grb-2/Ash
adapter protein. Although three types of She, p46, p52 and p66, have so far been reported,2?
only one type of Shc (p52) was revealed to be tyrosine-phosphorylated by GM-CSF or TPO in
this experiment. Another tyrosine-phosphorylated protein whose molecular weight is
approximately 70kDa was also observed. Tyrosine phosphorylation of p70 is prominent in GM-
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Fig. 1. [3H]Thymidine incorporation in Mo7e cells. [3H]Thymidine incorporation
was determined as described in MATERIALS AND METHODS. Data that are the average of 10
independent experiments represent the relative [3H]thymidine incorporation that was normalized to
the incorporation without stimulation (-).

CSF-stimulated cells. As for the nature of p70, there are several candidates including p665hc, As
shown in Fig.3-A, tyrosine phosphorylation of p665he is not observed in GM-CSF-treated Mo7e
cells. Therefore, p70 is not a tyrosine-phosphorylated form of p665he, Furthermore, as shown in
Fig. 3-C, in the result of immunoblotting using anti-Sos antibody, the bands corresponding to Sos
were detected to be shifted only at the lane for the sample that was treated with TPO or GM-CSF.
The decreased mobility of Sos in SDS-PAGE was thought to result from their phosphorylation.
These evidences show that TPO induces phosphorylation of the signaling molecules involved in

the Ras pathway in Mo7e cells.
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Fig. 2. TPO induces tyrosine phosphorylation of Jak-2. From the lysates of Mo7e
cells with no stimulation (fane 1), GM-CSF (lane 2) or TPO (lane 3) stimulation, Jak-2 tyrosine
kinase was specifically immunoprecipitated using polyclonal antibody against Jak-2. Tyrosine
phosphorylation of Jak-2 was detected by immunoblotting using antiphosphotyrosine monoclonal
antibody, 4G10. Total cell lysate from unstimulated Mo7e cells was also included (lane 4) for
identification of Jak-2 protein (indicated by the arrow).
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Fig. 3. Analyses of signaling molecules of the Ras pathway in TPO-treated Mo7e
cells A) Tyrosine phosphorylation of p525h. From the lysate of untreated (lane 1), GM-

CSF-treated (lane 2}, or TPO-treated (lane 3) Mo7e cells (1 x 107 cells/lane), Shc was
immunoprecipitated by anti-Shc polyclonal antibody, and 1mmunoblottcd with
antiphosphotyrosine monoclonal antibody. The arrow indicates the ?osmon of p525hc, (B)
Association of Grb-2/Ash with the tyrosine-phosphorylated form of p525he Lysates of untmatcd
(lane 1), GM-CSF-treated (lane 2) or TPO-treated (lane 3) Mo7e cells (1 x 107 cells/lane) were
immunoprecipitated with polyclonal anti-Grb-2/Ash antibody and blotted onto a membrane. The
membrane was cut into two pieces and separately probed with antiphosphotyrosine antibody (to Sgc
or anti-Grb-2/Ash antibody {bottom). The arrow and arrow head indicate the mobilities of p52
and Grb-2/Ash, respectively. (C) Phosphorylation of Sos. The total cell lysates were
immunoblotted with anti-Sos antibody. Decreased mobilities of Sos protein resulting from
phosphorylation were observed in TPO- (lanes 3) or GM-CSF-treated cells (lanes 2). The arrow
indicates the position of Sos.

TPO induces tyrosine phosphorylation of the proto-oncogene product Vav.

Recent studies have reported that the proto-oncogene product Vav was tyrosine-phosphorylated in

response to the stimulation of GM-CSF or IL-3,23 and that Jak-2 tyrosine kinase potentially

tyrosine-phosphorylated Vav in Mo7e cells.24 Since, in our study, tyrosine phosphorylation of

Jak-2 was induced by TPO or GM-CSF, we compared the levels of tyrosine phosphorylation of

Vav before and after the stimulation with these factors. As shown in Fig. 4, we found that both

TPO and GM-CSF induce increased levels of phosphorylation of Vav on tyrosine residues in
Mo7e cells.
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Fig. 4. TPO induces tyrosine phosphorylation of the proto-oncogene product
Vav. From the lysates of Mo7e cells with no stimulation (lane 1), GM-CSF (lane 2) or TPO
(lane 3) stimulation, the proto-oncogene product Vav was specifically immunoprecipitated with
anti-Vav polyclonal antibody and immunoblotted with antiphosphotyrosine monoclonal antibody.
A part of the lane 3 (right) was separately probed with anti-Vav antibody for identification of Vav
protein. The arrow indicates the position of Vav.

TPO induces tyrosine phosphorylation of proto-oncogene product c-Cbl. We
have recently demonstrated that the ¢-Cbl proto-oncogene product was tyrosine-phosphorylated by
the stimulation with GM-CSF or EPO in human hematopoietic cell lines.2> As shown in Fig. 5-
A., we have analyzed tyrosine phosphorylation of ¢-Cbl in Mo7e cells. Although a low level of
tyrosine phosphorylation of c-Cbl was observed in the untreated cells, tyrosine phosphorylation of
¢c-Cbl was revealed to increase by the stimulation with TPO or GM-CSF. This observation
indicates that the proto-oncogene product c-Cbl is involved in the signaling pathway downstream
of the c-mpl product as well.

The proto-oncogene product, ¢-Cbl, constitutively associates Grb-2/Ash
adapter protein through the proline-rich region. We have recently observed that the
proto-oncogene product c-Cbl constitutively associates with Grb-2/Ash adapter protein through the
N-terminal SH3 domain of Grb-2/Ash in UT7 cells.?’ Therefore, we have analyzed the
association between Grb-2/Ash adapter protein and the proto-oncogene product ¢-Cbl in Mo7e
cells. As shown in Fig. 5-B, anti-c-Cbl polyclonal antibody could precipitate the tyrosine-
phosphorylated form of ¢-Cbl and also coprecipitate Grb-2/Ash adapter protein from the lysate of
Mo7e cells, regardless of the stimulation with TPO or GM-CSF. Furthermore, to investigate
which domain of c-Cbl associates with the N-terminal SH3 domain of Grb-2/Ash, we have
produced several recombinant c-Cbl proteins fused to glutathione S-transferase (GST) protein as
described in MATERIALS AND METHODS (Fig. 5-C). As shown in Fig.5-D, some types of
GST-Cbl fusion proteins (Types B and D) were proved 1o precipitate Grb-2/Ash adapter protein
regardless of TPO/GM-CSF stimulation. Since both types B and D of GST-Cbl fusion proteins
contain a proline rich region, c-Cbl was considered to associate with Grb-2/Ash constitutively
through its proline rich region. Furthermore, both types of GST-Cbl fusion proteins could
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Fig. 5. TPO increases tyrosine phosphorylation of the proto-oncogene product
c-Cbl that constitutively associates with Grb-2/Ash adapter protein in Mo7e cells.
(A) TPO increases tyrosine phosphorylation of the proto-oncogene product c-Cbl. Lysates of
untreated (lane 1), GM-CSF-treated (lane 2) or TPO-treated (lane 3 ) Mo7e cells (5 x 10
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precipitate several tyrosine phosphorylated proteins. Among the tyrosine-phosphorylated
proteins, a protein (p52, indicated by the arrow in Fig.5-D) whose molecular weight corresponds
to that of p525"° was inducibly precipitated by the stimulation with TPO or GM-CSF.

DISCUSSION

Recent studies have revealed that the c-mpl product is a receptor for TPO.!1-1426 The c-mpl
gene was molecularly cloned as a human homolog of myeloproliferative leukemia virus (MPLV)
that caused a broad spectrum of myeloid leukemias in mice, and was revealed to be a member of
the cytokine receptor superfamily.!” Although the intracellular signals triggered by TPO should be
transmitted through c-mpl, little is known about the intracellular signaling pathway downstream of
c-mpl.

All the members of cytokine receptor superfamily do not have tyrosine kinase activity by
itself. However, many cytokines have been proved to induce tyrosine phosphorylation of multiple
cellular proteins. This evidence indirectly indicates activation of cytoplasmic tyrosine kinase(s) via
binding of a cytokine to its receptor. Among cytoplasmic protein tyrosine kinases, Jak-2 tyrosine
kinase was known to be phosphorylated and activated by the stimulation with several
hematopoietic growth factors including GM-CSF.20 As shown in Fig. 2, TPO or GM-CSF
induced tyrosine phosphorylation of Juk-2 kinase, suggesting its possible activation. This result
indicates that TPO might utilize Jak/Stat pathway in target cells. To further clarity this signaling
pathway, it is necessary to identify the functional molecule of Stat family. One candidate of this
family is Stat5/MGF, since recent reports have shown that GM-CSF activates Stat5/MGF.27 As
shown in Fig. 3, we also found that treatment of Mo7e cells with TPO could induce tyrosine
phosphorylation of She and its association to Grb-2/Ash and that Sos was phosphorylated by the
stimulation with TPO, as was the case with GM-CSF. Recent study also reported tyrosine
phosphorylation of Juk2 and Shc by the stimulation with TPO in c-mpl-transfected BaF/3 cells.28
These findings might support the hypothesis that TPO-binding to c-mpl could also activate the Ras
signaling pathway.

cells/lane) were immunoprecipitated with polyclonal anti-c-Cbl antibody and immunoblotted with
antiphosphotyrosine antibody. A part of the lane 3 (right) and total cell lysate of untreated cells
(lane 4) were separately immunoblotted with anti-c-Cbl antibody for identification of ¢-Cbl
protein. (B) The proto-oncogene product c-Cbl constitutively associates with Grb-2/Ash adapter
protein in Mo7e cells. Lysates of untreated (lane 1), GM-CSF-treated (lane 2) or TPO-treated
(lane 3) Mo7e cells (5 x 107 cells/lane) were immunoprecipitated with polyclonal anti-c-Cbl
antibody. The immunoprecipitates and total cell lysate of unwreated cells (lane 4) were blotted onto
a membrane. The membrane was cut into two parts and separately probed with
antiphosphotyrosine antibody (top) or anti-Grb-2/Ash antibody (bottom). The arrow and arrow
head indicate the positions of tyrosine-phosphorylated c-Cbl and Grb-2/Ash, respectively. (C)
Construction of glutathione S-transferase (GST) fusion proteins that contain various domains of c-
Cbl. (D) Grb-2/Ash adapter protein associates constitutively with the proto-oncogene product, c-
Cbl, through its proline-rich region and it inducibly associates tyrosine phosphorylated proteins.
Lysates of untreated (lanes 1, 4, 7 and 10), GM-CSF-treated (lanes 2, 5, 8 and 11) or TPO-treated
(lanes 3, 6,9 and 12) Mo7e cells (5 x 107 cells/lane) were independently mixed with the series of
GST-Cbl fusion proteins noncovalently coupled to glutathione-agarose beads and precipitated as
described in MATERIALS AND METHODS. The immunoblotted membrane was cut into two
parts and probed separately with antiphosphotyrosine antibody (top) or anti-Grb-2/Ash antibody
(bottom). Molecular weight markers, indicated at the left, are given in kDa. The arrow and arrow
head indicate tyrosine phosphorylated protein (p52) and Grb-2/Ash, respectively.
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Grb-2/Ash adaptor protein is proved to associate with phosphorylated tyrosine residues of
EGF receptor,2® She,30 IRS-1,3! and Syp3? through its SH2 domain, and with Sos,33 C3G,34
Dynamin,33 Vav,36 and Cb125 through its SH3 domain(s). Recent studies have reported that Vav
confers the activity of guanine nucleotide exchange factor (GEF) for Ras37 and is tyrosine
phosphorylated by the stimulation with GM-CSF, IL-3, or EPO. In this paper, we demonstrated
that TPO or GM-CSF could trigger tyrosine phosphorylation of Vav in Mo7e cells. This evidence
supports the hypothesis that Vav should be involved in the signaling pathway downstream of c-
mpl.

The c-cbl gene was molecularly cloned as the cellular homolog of the v-Cbl oncogene carried
by Cas NS-1 retrovirus that induces pre-B cell lymphomas and myeloid leukemias in mice. We
have recently reported that proto-oncogene product c-Cbl was constitutively associate with Grb-
2/Ash adaptor protein through the N-terminal SH3 domain of Grb-2/Ash, and that ¢c-Cbl was
tyrosine phosphorylated by the stimulation with GM-CSF or EPO in a human leukemia cell line,
UT-7.2 From these results, we suggested the possibility that ¢-Cbl was involved in the signaling
pathway downstream of the receptor for GM-CSF or EPO. In this work, we observed that
tyrosine phosphorylation of ¢-Cbl was increased by the stimulation with TPO in Mo7e cells as was
seen by the treatment with GM-CSF. Moreover, using GST-Cbl fusion proteins, we found that c-
Cbl is constitutively associated with Grb-2/Ash through the proline rich region of ¢-Cbl. This is
the first report that identifies the domain of ¢-Cbl through which ¢-Cbl is constitutively associated
with the N-terminal SH3 domain of Grb-2/Ash. Although guanine nucleotide exchange factor
(GEF), Sos, that is involved in the Ras pathway, was also associated constitutively with the SH3
domain of Grb-2/Ash, c-Cbl does not harbour any structural homology to the GEF domain of Sos
or the other GEFs.38 From this result, ¢-Cbl might be involved in another signaling pathway
different from the Ras pathway. From these lines of evidence, we conclude that TPO could

activate the Jak/Stat pathway, the Ras pathway and another pathway involving ¢-Cbl,
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