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NEOPLASIA

Induction of myeloproliferative disease in mice by tyrosine kinase fusion
oncogenes does not require granulocyte-macrophage colony-stimulating
factor or interleukin-3
Michael H. Tomasson, Ifor R. Williams, Shaoguang Li, Jeffrey Kutok, Danielle Cain, Silke Gillessen, Glenn Dranoff,
Richard A. Van Etten, and D. Gary Gilliland

Tyrosine kinase fusion oncogenes that oc-
cur as a result of chromosomal transloca-
tions have been shown to activate prolifera-
tive and antiapoptotic pathways in leukemic
cells, but the importance of autocrine and
paracrine expression of hematopoietic cyto-
kines in leukemia pathogenesis is not under-
stood. Evidence that leukemic transforma-
tion may be, at least in part, cytokine
dependent includes data from primary hu-
man leukemia cells, cell culture experi-
ments, and murine models of leukemia. This
report demonstrates that interleukin (IL)-3
plasma levels are elevated in myeloprolifera-
tive disease (MPD) caused by the TEL/
tyrosine kinase fusions TEL/platelet-derived

growth factor beta receptor (PDGFb R), TEL/
Janus kinase 2 (JAK2), and TEL/neurotro-
phin-3 receptor (TRKC).Plasmagranulocyte-
macrophage colony-stimulating factor (GM-
CSF) levels were elevated by TEL/PDGFb R
and TEL/JAK2. However, all of the fusions
testedefficiently inducedMPDinmicegenet-
ically deficient for both GM-CSF and IL-3,
demonstrating that these cytokines are not
necessary for the development of disease in
this model system. Furthermore, in experi-
mentsusingnormalmarrow transducedwith
TEL/PDGFbR retrovirus mixed with marrow
transduced with an enhanced green fluores-
cent protein (EGFP) retrovirus, the MPD
induced in these mice demonstrated mini-

mal stimulation of normal myelopoiesis by
the TEL/PDGFb R-expressing cells. In con-
trast, recipients of mixed GM-CSF–trans-
duced and EGFP-transduced marrow exhib-
ited significant paracrine expansion of
EGFP-expressing cells. Collectively, these
data demonstrate that, although cytokine
levels are elevated in murine bone marrow
transplant models of leukemia using ty-
rosine kinase fusion oncogenes, GM-CSF
and IL-3 are not required for myeloprolifera-
tion by any of the oncogenes tested. (Blood.
2001;97:1435-1441)

© 2001 by The American Society of Hematology

Introduction

Despite extensive study, the precise role of hematopoietic cyto-
kines in the development of leukemia is not fully understood.
However, there is evidence to suggest that leukemogenesis is a cell
autonomous process. Murine leukemias induced by the Abelson
virus do not require cytokines,1,2 and cytokine messenger RNA
(mRNA) levels are not elevated in cultured chronic myelogenous
leukemia (CML) cells compared with normal bone marrow cells.3

Furthermore, BCR/ABL and other leukemia-associated tyrosine
kinase fusions activate proliferative4 and antiapoptotic pathways5,6

in leukemia cells. Antibody blocking studies have shown that
BCR/ABL cell lines do not require granulocyte-macrophage colony-
stimulating factor (GM-CSF) to enter the cell cycle,7 nor do they
require interleukin (IL)-3 or GM-CSF to activate downstream
cytokine activation pathways, including the activation of signal
transducer and activator of transcription (STAT) 5.8

However, several lines of evidence suggest that hematopoietic
growth factors might play a critical role in the development of
leukemia. Studies on primary human leukemia cells have shown
that they produce bioactive cytokines9-16 and usually require
cytokines for growth in vitro.17-20 Autocrine production of IL-3

and granulocyte colony-stimulating factor has also been demon-
strated in CD341 leukemic blasts from some patients with chronic-
phase CML,10 and cytokines may facilitate the differentiation of
CML blasts.21

Also, it is clear that GM-CSF regulates the growth of leukemic
cells from patients with juvenile myelomonocytic leukemia
(JMML).22-25The central role that GM-CSF plays has recently been
confirmed in a murine model of neurofibromin (Nf1)-associated
JMML.25 However, the relevance of this finding to other forms of
myeloid leukemia is not known.

Data from cell line transfection studies and murine leukemia
models also suggest a role for cytokines in leukemogenesis.
BCR/ABL activates signal transduction pathways that overlap with
those activated by cytokines,26 and hematopoietic cells transfected
with BCR/ABL are growth factor independent27,28 and secrete
hematopoietic growth factors.29 Furthermore, BCR/ABL1 acute
lymphoblastic leukemia cell lines produce GM-CSF and express
the GM-CSF receptor,30 and acute myeloid leukemia (AML) blast
cells are responsive to recombinant GM-CSF.31

Growth factor levels are elevated in several murine models of
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leukemia.32-37 Although murine bone marrow transplantation
(mBMT) assays have demonstrated the leukemogenic potential of
the tyrosine kinase fusions BCR/ABL,38 TEL/Janus kinase 2
(JAK2),39 TEL/platelet-derived growth factor beta receptor
(PDGFbR),40 and TEL/neurotrophin-3 receptor (TRKC)41 by using
primary murine hematopoietic cells, ectopic expression of IL-3,42

GM-CSF,43,44or IL-645,46by themselves induce myeloproliferative
phenotypes in mice.

Furthermore, certain observations in the mBMT experiments
have supported the hypothesis that paracrine stimulation of hemato-
poietic cells might contribute to the disease phenotype. Zhang and
Ren33 have reported high levels of GM-CSF and IL-3 mRNA and
protein in mice transplanted with bone marrow cells retrovirally
transduced by BCR/ABL.33 In addition, when EGFP is used as a
marker for retroviral infection in mBMT experiments, a significant
proportion of myeloid cells in leukemic mice are EGFP2 and may
not express the tyrosine kinase fusion oncogene.33,39 These data
suggest that nontransduced hematopoietic cells may be proliferat-
ing in response to paracrine stimuli such as hematopoietic cyto-
kines. Hematopoietic growth factors and their receptors would be
potential targets for pharmacologic intervention in these diseases.47

We sought to conclusively determine the role that the cytokines
GM-CSF and IL-3 play in the development of MPD mediated by
tyrosine kinase fusion proteins. The fusion oncogenes TEL/
PDGFbR, TEL/JAK2, and TEL/TRKC induced elevated levels of
GM-CSF and IL-3 in mBMT models of leukemia. With the use of
mice genetically devoid of these cytokines, we have demonstrated
that GM-CSF and IL-3 are not required for induction of MPD by
any of these constitutively activated tyrosine kinases.

Materials and methods

Constructs

Construction of retroviral vectors expressing TEL/PDGFbR, TEL/JAK2,
and TEL/TRKC has been described previously.39-41Each vector used in the
double knockout animal experiments expresses the respective fusion
oncogene from the viral long terminal repeat (LTR), and EGFP simulta-
neously from the internal ribosomal entry site (IRES). All retroviral
supernatants used were produced by transient transfection of 293T cells as
previously described.48 For bone marrow mixing studies, the GM-CSF
complementary DNA (cDNA; provided by Frank Lee, DNAX, Palo Alto,
CA) was subcloned into the multicloning site of murine stem cell virus
(MSCV)-neo (Clontech, Palo Alto, CA). Construction of a retroviral
vector-expressing TEL/PDGFbR and the neomycin-resistance gene has
been described previously.40 All viral supernatants had equivalent titers as
assessed by EGFP expression in transduced Ba/F3 cells.

Mouse strains

Mice with homozygous null mutations in both theIl-3 andGm-csfgenes
(S.G. et al, manuscript submitted) were backcrossed more than 9 genera-
tions into a Balb/c background. Wild-type Balb/c mice were purchased
from Taconic Farms (Germantown, NY).

Murine bone marrow transplantation

Transplant assays were performed as previously described.49 Briefly, donor
mice were prepared by a single intraperitoneal dose of 5-fluorouracil (5-FU;
150 mg/kg; Sigma, St Louis, MO) on day28. Six days later, on day22,
5-FU–primed mice were killed, and bone marrow cells were isolated by
flushing femurs and tibias with RPMI media supplemented with 10% fetal
bovine serum (GibcoBRL, Rockville, MD). Cells were incubated at 37°C
overnight in media supplemented with IL-3, stem cell factor, and IL-6
(R&D Systems, Minneapolis, MN). On day21 the media was changed, 1

mL of retroviral supernatant and 2mg/mL Polybrene (Sigma) was added,
and cells were centrifuged at 1000gfor 90 minutes in a 6-well tissue culture
plate. On day 0, the above centrifuge infection procedure was repeated.
Cells were then resuspended in Hanks buffered salt solution (GibcoBRL), at
a concentration of 106 cells/mL, and 0.5 to 1.0 mL was intravenously
injected into BALB/c mice, lethally irradiated with 900 cGy by lateral tail
vein. Mice were monitored thrice weekly for the development of disease.

Cytokine quantitation

Mice were anesthetized using Metofane (Medical Developments, Spring-
vale, Victoria, Australia), and plasma was obtained by retro-orbital phle-
botomy by using heparinized capillary tubes (VWR, McGaw Park, IL).
Blood was anticoagulated by using 10 mM EDTA and subjected to
centrifugation of 1000gfor 5 minutes. Plasma was stored at280°C until
analysis. Analysis was performed by using the commercially available
enzyme-linked immunosorbent assay (ELISA; Cytimmune Sciences, Col-
lege Park, MD) according to the manufacturer’s instructions.

Histopathology and flow cytometry

Histopathologic sections were obtained as previously described.40 Spleen
cell suspensions were obtained and processed for flow cytometry as
described previously.50 In addition, propidium iodide (PI; Sigma) was
added to stained and washed cells in some experiments at a final
concentration of 100 ng/mL 5 minutes before analysis on the cytometer.
Antibodies used in the current analysis were allophycocyanin conjugated
anti-Gr-1, phycoerythrin-conjugated anti-Mac-1, biotin-conjugated anti-
CD19, and phycoerythrin-conjugated anti-Thy-1.2 (Pharmingen, San Di-
ego, CA). Allophycocyanin-conjugated streptavidin (Caltag, South San
Francisco, CA) was used as a secondary reagent to detect biotinylated
anti-CD19. Acquisition and data analysis were performed as previously

Figure 1. Elevated GM-CSF and IL-3 levels in mice transplanted with tyrosine
kinase fusions. Plasma from wild-type Balb/c mice transplanted with fusion
oncogenes indicated was assayed independently for IL-3 and GM-CSF. Control BMT
denotes mice transplanted with untransduced marrow; MSCVneo BMT denotes mice
transplanted with bone marrow transduced with vector alone. Values that are
significantly elevated (P , .05) over vector only controls are indicated by an asterisk.
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described.40 For high-volume flow cytometry, peripheral blood mono-
nuclear cells were isolated by incubating whole blood from affected
animals in red blood cell lysis solution (150 mM NH4Cl, 10 mM KHCO3,
0.1 mM EDTA, pH 7.4) for 5 minutes and washing cells once in
phosphate-buffered saline. Unstained cells were then analyzed for EGFP
fluorescence, using a MoFlo flow cytometer and CyCLOPS Summit
software (Cytomation, Fort Collins, CO).

Results

Cytokine levels are elevated in mice by leukemia-associated
tyrosine kinase fusion proteins

Murine BMT experiments using wild-type Balb/c donor and
recipient mice and TEL/JAK2, TEL/PDGFbR, and TEL/TRKC
were performed. As has been described previously, 100% of mice
developed MPD (data not shown). At 3 to 5 weeks following
transplant, plasma samples from Balb/c mice transplanted with

nontransduced marrow (n5 3) and mice transplanted with vector-
transduced marrow (n5 6), TEL/PDGFbR (n5 6), TEL/TRKC
(n 5 3), or TEL/JAK2 (n5 3) were analyzed for the cytokines
GM-CSF and IL-3 by the ELISA immune assay (Figure 1). In
related studies,51 we found that mice with BCR/ABL-induced
MPD had increased IL-3 levels but normal levels of GM-CSF. The
mean levels of IL-3 were significantly elevated in mice trans-
planted with TEL/PDGFbR (14-fold) and TEL/JAK2 (11-fold)
compared to control mice. Levels of IL-3 were also elevated in
TEL/TRKC mice (4.5-fold) but did not achieve statistical
significance.

The same samples were also quantitatively assayed for GM-
CSF (Figure 1). Like BCR/ABL, transplantation with TEL/TRKC
did not substantially elevate GM-CSF levels. The mean GM-CSF
level in mice transplanted with TEL/JAK2 was elevated (34%) but
not significantly (Figure 1). In contrast, TEL/PDGFbR caused a
modest (51%) but significant increase in GM-CSF levels. These
data are consistent with the possibility that the leukemic phenotype
induced by tyrosine kinase fusion oncogenes was due in part to
enhanced expression of hematopoietic cytokines.

Tyrosine kinase fusions cause fatal myeloproliferation in mice
deficient for GM-CSF and IL-3

To directly determine the role of GM-CSF and IL-3 in the
development of tyrosine kinase–induced MPD, mBMT experi-
ments were performed using bone marrow derived from mice
genetically deficient in both GM-CSF and IL-3 (double knockout
mice) (Gillessen et al, manuscript submitted). Mice transplanted
with TEL/PDGFbR, TEL/JAK2, or with TEL/TRKC (Table 1) all
(100%) developed fatal MPD with the same latency as seen in
experiments with wild-type donors (Table 1 and data not shown).

Figure 2. Histopathology of MPD induced by tyrosine
kinase fusions in the absence of GM-CSF and IL-3.
TEL/JAK2 (T/J), TEL/PDGFbR (T/P), TEL/TRKC (T/T).
MPD is manifested in each case by destructive infiltration
of the liver, and replacement of normal hematopoietic
elements in the bone marrow and spleen by myeloid
lineage cells, including many mature granulocytes. The
T/J liver panel is magnified at low power (103), all other
panels are magnified at high power (1003). All panels are
views of tissues stained with hematoxylin and eosin.

Table 1. Results of murine bone marrow transplants using mice deficient in
GM-CSF and IL-3

Oncogene Donor Recipient Mice (n)
Median survival

(wk)

TEL/PDGFR KO Wild type 4 2.7

TEL/PDGFR KO KO 8 3.3

TEL/JAK2 KO Wild type 8 4.7

TEL/JAK2 KO KO 4 5.3

TEL/TRKC KO Wild type 4 1.8

TEL/TRKC KO KO 8 6.8*

GM-CSF indicates granulocyte-macrophage colony-stimulating factor; IL-3, inter-
leukin 3; KO, Gmcsf2/2 and Il32/2 doubly deficient mice.

*Statistically significant (P , .003) difference between survival of mice trans-
planted into doubly deficient versus wild-type recipients.
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To exclude the possibility that GM-CSF or IL-3 secreted from
recipient stromal cells, residual hematopoietic cells, or other tissue
sources contributed to leukemogenesis, we repeated a set of
transplant experiments by using mice deficient in GM-CSF and
IL-3 both as bone marrow donors and as transplant recipients. All
of these mice also developed MPD (Table 1 and Figure 2). The
results described below refer to data obtained from mice trans-
planted using GM-CSF/IL-3 deficient marrow into GM-CSF/IL-3
deficient recipients.

The latency of disease in TEL/JAK2 and TEL/PDGFbR
transplanted GM-CSF/IL-3 deficient mice was not significantly
different from wild-type mice receiving the same transduced
marrow (Table 1). However, the latency of disease in TEL/TRKC
mice was significantly delayed (P5 .003) when double knockout
mice were used both as marrow donors and as recipients (Table 1).
The disease phenotype in mice transplanted without GM-CSF or
IL-3 was similar to that seen in the corresponding wild-type
experiments and included extramedullary hematopoiesis, spleno-
megaly with effacement of the spleen by myeloproliferation,

granulocytic leukocytosis, and replacement of the bone marrow by
myeloproliferation (Figure 2).

Flow cytometric analysis of cells isolated from the spleens of
affected animals demonstrated an abnormal population of Gr-11,
Mac-11 mature granulocytes (Figure 3). These results are similar to
those obtained previously in mBMTs with wild-type marrow and
wild-type recipients.39-41 These data indicate that mice that are
genetically deficient in GM-CSF and IL-3 develop fatal MPD in
response to TEL/PDGFbR, TEL/JAK2, and TEL/TRKC tyrosine
kinase fusion oncogenes.

A large proportion of EGFP 2 myeloid cells from
TEL/PDGFbR-IRES-EGFP-induced MPD are nonviable

A significant percentage of myeloid cells in mice with MPD
induced by BCR/ABL33 TEL/JAK2,39 and TEL/PDGFbR40 with
the IRES-EGFP vector are EGFP2, and it was suggested that this
represented paracrine stimulation of nontransduced myeloid cells
by IL-3 and/or GM-CSF.33 However, we found a similar population

Figure 3. Immunophenotype of splenocytes from GM-CSF 2/2, IL-32/2 doubly
deficient mice transplanted with tyrosine kinase fusion oncogenes. Unfraction-
ated splenocytes stained for mature granulocyte markers Gr-1 and Mac-1 (left
panels) and lymphocyte markers CD19 and Thy-1.2 (right panels). “Cntrl” indicates a
negative control comprised of spleen cells from a mouse transplanted with a kinase
inactive mutant of TEL/TRKC.41 T/P, TEL/PDGFbR; T/J, TEL/JAK2, T/T, TEL/TRKC.
Cells were analyzed from mice 3 to 4 weeks following transplant. In all cases, splenic
involvement is characterized by pathologic myeloproliferation. Negative control cells
demonstrate minimal myeloproliferation and normal lymphocyte populations.

Figure 4. Nonviable myeloid cells lose GFP staining. (A) Unstained peripheral
blood leukocytes from 2 animals with TEL/PDGFbR-induced MPD were analyzed for
EGFP expression, using high-volume flow cytometry. (B) Spleen cells from GM-
CSF2/2 and IL-32/2 double-deficient mice transplanted with tyrosine kinase fusion
oncogenes (as in Figure 3) were analyzed for Gr-1 and EGFP positivity. Gr-11 cells
were gated into EGFP2 (R1) and EGFP1 (R2) populations and were assessed for PI
staining. Nonviable cells uptake PI and stain positively. EGFP2 cells (R1 gate, left
panels) are comprised of both PI-positive and -negative populations. EFGP1 cells
(R2 gate, right panels) are comprised predominantly of a single population of
PI-negative cells.
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of GR-11/EGFP2 myeloid cells in mice transplanted with TEL/
PDGFbR or TEL/TRKC when both donor and recipient were
IL-3/GM-CSF double knockout mice (Figure 4A). To further
assess potential paracrine contributions to disease, we performed
propidium iodide (PI) staining to assess viability of EGFP1 and
EGFP2 myeloid lineage cells in leukemic mice. We found that in
mice transplanted with TEL/PDGFbR or TEL/TRKC, 46% to 78%
of Gr-11/EGFP2 cells did not exclude PI, indicating that they were
not viable (Figure 4B). In contrast, only 1% to 2% of Gr-11/EGFP1

cells were PI positive, indicating that nearly all of the EGFP1 cells
were viable at the time of analysis. A similar effect was seen in the
TEL/JAK2-transplanted mice (data not shown). PI gating to
exclude nonviable cells thus substantially decreased the population
of EGFP2 cells and correspondingly decreased the magnitude of
the putative paracrine effect as manifested by EGFP2 cells. To
further assess this phenomenon, fresh peripheral blood cells from 2
animals with TEL/PDGFbR-induced MPD were analyzed for
EGFP expression without subjecting the cells to the prolonged
antibody incubation necessary for immunophenotype analysis.
EGFP2 cells comprised only 5% to 8% of total cells analyzed in
this fashion (Figure 4A). Taken together, these data indicated that
the EGFP2 cell population was not the consequence of paracrine
stimulation of nontransduced marrow. Rather, these data suggest
that a significant proportion of the EGFP2 myeloid cells are
nonviable and that the time and/or washing steps required for
processing cells for immunophenotype analysis increases the
number of EGFP2 myeloid cells.

Direct assessment of paracrine stimulation of bone marrow
cells in mixing experiments

Although PI gating decreased the magnitude of the EGFP2 cell
population, there was still a significant proportion of Gr-11/EGFP2

cells present in MPD spleens (10% to 18%). To more directly

assess a paracrine contribution to the disease phenotype, we
performed experiments in which bone marrow cells transduced
with TEL/PDGFbR retrovirus lacking EGFP were admixed with
bone marrow cells transduced with a retrovirus containing EGFP
but no tyrosine kinase fusion oncogenes (Figure 5A). A significant
paracrine contribution to the leukemia phenotype would be ex-
pected to result in expansion of the EGFP1 population of cells. As a
positive control for a paracrine effect, bone marrow cells trans-
duced with a retrovirus containing GM-CSF were also admixed
with EGFP-transduced bone marrow cells. In MPD induced by
retroviral transduction of GM-CSF, a significant proportion of cells
in the spleen of disease animals are Gr-11/EGFP1 (15%), consis-
tent with GM-CSF–mediated paracrine stimulation of cells. In
contrast, when TEL/PDGFbR-transduced cells were admixed with
EGFP-expressing cells, only 2% of the Gr-11 population was
EGFP1 (Figure 5B). These data indicated that the MDP induced by
TEL/PDGFbR did not rely to any significant extent on para-
crine mechanisms.

Discussion

Recent findings have suggested that cell nonautonomous factors,
such as hematopoietic cytokines, might contribute to disease
pathogenesis in human MPD and in mBMT models of MPD
induced by tyrosine kinase fusions.33 Indeed, we have observed
elevated IL-3 protein levels in the plasma of mice with MPD
induced by all of the tyrosine kinase fusions examined. Elevations
in levels of GM-CSF were more modest. We have demonstrated
that GM-CSF and IL-3 are not required for development of MPD
induced by BCR/ABL.51 Furthermore, in the experiments de-
scribed above, we have shown that TEL/PDGFbR, TEL/JAK2, and
TEL/TRKC also do not require GM-CSF or IL-3.

To definitively test the role of both IL-3 and GM-CSF in the
development of disease in mice, we used a strategy whereby the
respective tyrosine kinase fusion protein associated with human
leukemia is retrovirally transduced into bone marrow that is
deficient for GM-CSF and IL-3. We observed no significant
differences in histopathology, immunophenotype, or disease la-
tency when comparing GM-CSF/IL-3 double-deficient hematopoi-
etic progenitors with wild-type progenitors. Furthermore, there
were also no differences in the histopathology or immunopheno-
type when double-deficient mice were used both as marrow donors
and as recipients, eliminating the possibility that stromal cells
elaborate GM-CSF or IL-3 necessary for disease pathogenesis.
These data demonstrate that these cytokines are not required for
development of disease in this model.

Although all animals eventually succumbed to disease, when
IL-3– and GM-CSF–deficient cells expressing TEL/TRKC were
transplanted into doubly deficient recipient mice, 2 of 4 animals
survived longer than expected. This phenomenon was not seen
when deficient donor cells were transplanted into wild-type recipi-
ents. Although we cannot exclude the possibility that there is a
subtle effect on disease latency in TEL/TRKC mice, the fact that
the other mice in this experiment died rapidly from MPD suggests
that there may be a recipient-related effect on survival besides the
development of disease per se. For example, the accumulation in
the lungs of surfactant lipids reported in GM-CSF–deficient
mice52-54 may have protected these mice from death due to
pulmonary infiltration and/or hemorrhage. This hypothesis is
consistent with data indicating that TEL/TRKC activates signal

Figure 5. Competitive repopulation with GM-CSF versus TEL/PDGF bR. Wild-
type Balb/c bone marrow transduced with GM-CSF or TEL/PDGFbR was combined
with wild-type Balb/c bone marrow transduced with EGFP alone and was trans-
planted into lethally irradiated syngeneic mice. After development of MPD evidenced
by splenomegaly, splenocytes from GM-CSF plus EGFP mice (top panels) and
TEL/PDGFbR plus EGFP mice (bottom panels) were assayed for expression of
EGFP. Input populations of cells were 5% GM-CSF with 95% EGFP (upper left), 25%
GM-CSF with 75% EGFP (upper right), 5% TEL/PDGFbR with 95% EGFP (lower
left), and 50% TEL/PDGFbR with 50% EGFP (lower right).
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transduction pathways distinct from those activated by the other
tyrosine kinase fusions tested.41

In mice transplanted with hematopoietic progenitors transduced
with TEL/JAK2, TEL/PDGFbR, TEL/TRKC, or BCR/ABL and
EGFP, there is a significant population of Gr-11 cells that do not
express EGFP. Our data demonstrate that a significant proportion of
EGFP2 myeloid cells from MPD mice are nonviable, as judged by
PI staining, whereas EGFP1 cells are nearly all viable. These data
indicate that rapid processing of cells and PI gating provide a more
accurate assessment of EGFP expression in this context. This
phenomenon could be potentially explained by egress of EGFP
from nonviable cells.

However, not all of the EGFP2 myeloid cells excluded PI. To
further assess a possible contribution of paracrine disease mecha-
nisms to disease pathogenesis, we performed mixing experiments
with cells transduced with TEL/PDGFbR that lacked EGFP and
with cells transduced with EGFP retrovirus without TEL/PDGFbR.
TEL/PDGFbR-transduced cells caused the expected myeloprolif-
erative phenotype but did not demonstrate any ability to stimulate
proliferation of EGFP1 cells through cell nonautonomous mecha-
nisms. In control experiments using GM-CSF retrovirus rather than
TEL/PDGFbR, there was a significant paracrine effect as expected.
In addition, freshly derived TEL/PDGFbR cells sorted to exclude
PI-positive cells showed only a small percentage of cells that were
Gr-11 and EGFP2. Taken together, these data indicate minimal cell
nonautonomous contribution to TEL/PDGFbR-induced MPD.

The lack of evidence for a contribution of GM-CSF and IL-3 to
the disease phenotype in the murine model of leukemia should be
interpreted with caution. We have excluded a central role for
GM-CSF and IL-3 in disease pathogenesis induced by each of the
tyrosine kinase fusion oncogenes tested in our model, and we find
no evidence for paracrine stimulation in the case of TEL/PDGFbR.
However, other cytokines may still play a role in disease mediated

by BCR/ABL, TEL/JAK2, or TEL/TRKC. Granulocyte colony-
stimulating factor has been shown to play a role in autocrine
stimulation of BCR/ABL1 human leukemia cells,10 and oncostatin
M has recently been identified as a possible mediator of TEL/JAK2
disease.55 Further experiments will be required to determine the
precise role of these cytokines in disease pathogenesis. Also, it
should be noted that these experiments have focused on the
myeloproliferative phenotype induced by these fusion proteins.
They do not exclude the possibility that the phenotype associated
with blast crisis of CML for example, or lymphoid neoplasms
caused by tyrosine kinase fusions such as nucleophosmin anaplas-
tic lymphoma kinase (NPM/ALK), might be due in part to noncell
autonomous mechanisms. It is also possible that therapies directed
at specific hematopoietic cytokines in humans might ameliorate
disease phenotype, even if there is not an absolute requirement for
that cytokine in murine models of disease.

In summary, analysis of mice deficient in GM-CSF and IL-3 has
demonstrated that these cytokines are not required in an mBMT
assay for the development of MPD induced by a spectrum of
tyrosine kinase fusions associated with human hematologic
malignancy.
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