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Thrombocytosis is associated with inflammation, and certain inflammatory cytokines, including IFN-γ, stim-
ulate megakaryocyte and platelet production. However, the roles of IFN-γ and its downstream effector STAT1 
in megakaryocyte development are poorly understood. We previously reported that STAT1 expression was 
significantly downregulated in Gata1-knockdown murine megakaryocytes, which also have impaired termi-
nal maturation. Here, we show that ectopic expression of STAT1, or its target effector IRF-1, rescued multiple 
defects in Gata1-deficient megakaryopoiesis in mice, inducing polyploidization and expression of a subset 
of platelet-expressing genes. Enforced expression of STAT1, IRF-1, or GATA-1 enhanced phosphorylation 
of STAT1, STAT3, and STAT5 in cultured Gata1-deficient murine megakaryocytes, with concomitant mega-
karyocyte maturation. In contrast, enhanced thrombopoietin signaling, conferred by enforced expression of 
constitutively active JAK2 or c-MPL, induced phosphorylation of STAT3 and STAT5, but not STAT1, and 
failed to rescue megakaryocyte maturation. Finally, megakaryocytes from Stat1–/– mice were defective in poly-
ploidization. Together, these findings reveal a unique role for STAT1 in megakaryopoiesis and provide new 
insights into how GATA-1 regulates this process. Our studies elucidate potential mechanisms by which various 
inflammatory disorders can cause elevated platelet counts.

Introduction
Proinflammatory cytokines have a powerful impact on the hema-
topoietic system and can foster the expansion of the megakaryo-
cyte lineage and subsequent thrombocytosis. Diseases such as 
chronic inflammation and cancer are associated with dramatically 
increased platelet counts, an effect that is mediated in part by aber-
rant cytokine signaling. Megakaryocyte progenitors receive these 
extracellular signals and translate them into an altered gene expres-
sion program. While the association between inflammation and 
thrombocytosis is well established, the specific mechanism by which 
inflammatory signaling affects gene expression remain unknown.

Megakaryocyte development is controlled by lineage-specific 
transcription factors including the zinc finger protein GATA-1 
and its partner Friend of GATA-1 (FOG-1) (1). GATA-1 directs 
the differentiation of hematopoietic progenitors into erythrocytes 
and megakaryocytes and also participates in the development of 
eosinophils and mast cells. Mice that are deficient for Gata1 specifi-
cally in the megakaryocyte lineage (Gata1-knockdown [Gata1-KD] 
mice) fail to produce appropriate numbers of platelets but display a 
striking increase in megakaryocyte numbers (2, 3). Gata1-KD mega-
karyocytes also exhibit marked hyperproliferation both in vitro 
and in vivo (3, 4). Furthermore, Gata1-KD mice develop progressive 
extramedullary hematopoiesis and myelofibrosis (5). Interestingly, 
although mutations in GATA1 have not been found in primary 
myelofibrosis (PMF), megakaryocytes from individuals with PMF 
express reduced levels of GATA-1 (6). Thus, abnormalities of GATA-1  

may contribute to the pathogenesis of PMF. Finally, GATA1 gene 
mutations are associated with essentially all cases of acute mega-
karyocytic leukemia (AMKL) in children with Down syndrome (7). 
Collectively, these findings highlight the requirement for GATA-1 
for growth control and terminal maturation of megakaryocytes.

Numerous genes are dysregulated by the loss of Gata1 in mice 
(4, 8). Two downregulated genes, Jak2 and Stat1, mediate throm-
bopoietin (TPO) and IFN-γ signaling pathways, respectively. TPO 
is the primary megakaryocyte-potentiating factor and is criti-
cal for normal platelet production (9). TPO functions through 
binding its receptor, c-Mpl, to activate JAK2, STAT1, STAT3, 
and STAT5 in megakaryocytes and other hematopoietic cells 
(10–12). Moreover, hematopoietic stem cells express c-Mpl and 
are responsive to TPO (13).

The functions of JAK2, STAT3, and STAT5 in erythroid and 
megakaryocyte lineages have been extensively studied. Embryos 
lacking Jak2 die from severe anemia associated with deficient 
definitive erythropoiesis (14, 15). Furthermore, Jak2-deficient 
fetal liver myeloid progenitor cells are not responsive to erythro-
poietin (EPO) or TPO, demonstrating that both cytokines func-
tion through JAK2 (14). Several lines of evidence suggest that both 
STAT3 and STAT5 are essential for normal regulation of mega-
karyopoiesis. First, both of these proteins are commonly activated 
in megakaryoblastic leukemias and human myeloproliferative dis-
orders (MPDs) (16, 17) (also see Discussion). Second, mice defi-
cient for both STAT5A and STAT5B are thrombocytopenic, likely 
due to a reduction in functional hematopoietic progenitors (18). 
Third, transgenic expression of dominant-negative STAT3 caused 
a significant delay in platelet recovery after myelosuppression (19). 
Interestingly, a recent study showed that GATA-1 could bind and 
inhibit the activity of STAT3 in megakaryocytes, establishing a 
potential functional link between these 2 molecules (20).
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In contrast to other STAT proteins, less is known about the func-
tion of STAT1 during megakaryopoiesis. In most cell types, STAT1 
is primarily triggered by interferon signaling (21). However, TPO sig-
naling phosphorylates STAT1 in WT megakaryocytes (10). Moreover, 
while interferons inhibit proliferation of most hematopoietic cells, 
IFN-γ promotes megakaryopoiesis both in vivo and in vitro (22–24). 
How IFN-γ induces this apparently paradoxical effect on the mega-
karyocyte lineage is unknown. This problem has important clinical 
implications, since inflammatory disorders are commonly associat-
ed with increased IFN-γ, elevated platelet numbers, and thrombotic 
tendencies. Here, we provide insights into the mechanisms by which 
IFN-γ and STAT1 promote megakaryopoiesis and platelet produc-
tion by linking this signaling pathway directly to GATA-1. We show 
that ectopic expression of STAT1 or its downstream transcriptional 
target IRF-1 promotes features of megakaryocytic differentiation of 
G1ME cells, a Gata1-null erythromegakaryocytic cell line (25), and 
primary bone marrow cells derived from Gata1-KD mice. In addition, 
IFN-γ itself drives polyploidization and differentiation of WT and 

Gata1-KD megakaryocytes. Finally, megakaryocytes from Stat1-defi-
cient mice exhibit reduced ploidy compared with those from litter-
mate controls. Together, our data identify a new regulatory hierarchy 
through which the master regulator GATA-1 promotes megakaryo-
poiesis in part via activation of IFN-γ/STAT1 signaling.

Results
Ectopic expression of STAT1 and IRF-1 promotes megakaryocytic differen-
tiation in GATA-1–null G1ME cells. Previously, we found that STAT1 
mRNA was significantly downregulated in Gata1-KD megakaryocytes 
(4). To examine the physiological significance of this observation, 
we studied the effects of ectopic STAT1 expression in G1ME cells, 
a Gata1-null progenitor line that undergoes erythromegakaryocytic 
differentiation when GATA-1 expression is restored in the presence 
of EPO or TPO (25). In the following experiments, we rescued G1ME 
cells with GATA-1–encoding retrovirus in the presence of TPO only 
to favor megakaryocyte production and obtained less than 2% ery-
throid cells. Without GATA-1, enforced STAT1 expression promoted 

Figure 1
STAT1 signaling promotes megakaryocytic 
differentiation in G1ME cells. (A) G1ME 
cells were transduced with retroviral con-
structs expressing GFP alone or bicistroni-
cally expressing GFP plus GATA-1, GFP 
plus STAT1, or GFP plus IRF-1. Two days 
after infection, transduced cells were col-
lected and megakaryocytic differentiation was 
assayed by flow cytometry. A gate was set 
on GFP+ cells. The cell size was measured 
with forward side scatter. (B) The polyploidy 
of transduced cells was analyzed by staining 
with propidium iodide (PI). (C) Cell-surface 
expression of CD42 was determined by stain-
ing with PE-labeled anti-CD42 antibody. (D) 
The expression of lineage-specific genes in 
the transduced G1ME cells was detected by 
quantitative RT-PCR. (E) G1ME cells were 
also treated with or without 20 ng/ml of IFN-γ 
for 3 days. The polyploidy of treated cells was 
measured by staining with PI and analyzed by 
flow cytometry. Data are representative of 3 
independent experiments with similar results.
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several features of megakaryocytic differentiation of G1ME cells, 
as evidenced by increased cell size (forward scatter) and increased 
DNA content, reflecting polyploidization (Figure 1, A and B). Simi-
lar effects were produced by enforced expression of IRF-1, a major 
STAT1 effector (reviewed in ref. 26). In addition, STAT1 or IRF-1  
induced the expression of CD42, a late marker of megakaryocyte 
maturation, albeit to a much lesser extent than GATA-1 (Figure 1C). 
These data suggest that STAT1 signaling can bypass Gata1 deficiency 
to enhance multiple aspects of megakaryocytic differentiation.

To further characterize how megakaryocytic differentiation is 
regulated by STAT1 and IRF-1, we compared their effects to that 
of GATA-1 on the expression of lineage-specific genes by quantita-
tive RT-PCR (Figure 1D). We first measured Gata1, Stat1, and Irf1 
mRNA levels in retrovirally transduced cells. GATA-1 induced both 
Stat1 and Irf1 expression in G1ME cells, consistent with our previous 
microarray data (Figure 1D and Supplemental Table 1; supplemental 
material available online with this article; doi:10.1172/JCI33010DS1) 
(4). Moreover, GATA-1 transactivated the Stat1 promoter in lucifer-

ase reporter assays (Supplemental Figure 
1). STAT1 and IRF-1 reciprocally acti-
vated each other’s transcription, as pre-
viously reported (Figure 1D and Supple-
mental Table 1; also reviewed in ref. 26). 
The changes in GATA-1, STAT1, and 
IRF-1 were also confirmed at the protein 
level by Western blot analysis (see below). 
Together, these data indicate that GATA-1 
promotes megakaryocytic differentiation 
in part through transcriptional activation 
of the Stat1 gene.

When expressed in G1ME cells, 
GATA-1 induced the expression of sev-
eral megakaryocyte maturation marker 
genes, including Gp1ba, Pf4, Nfe2, and 
Tubb1 (Figure 1D). STAT1 and IRF-1 
also induced Pf4 and Nfe2 expression, 
although they did not lead to Gp1ba and 
Tubb1 expression. Since STAT1 is activat-
ed by IFN-γ, we next evaluated its effects 
on G1ME cells. After exposure to IFN-γ 
and TPO for 3 days, 22.7% of G1ME cells 
became polyploid (Figure 1E), although 
there was no significant increase in CD42 
expression (data not shown). Thus, acti-
vation of STAT1 signaling through 
ectopic expression of STAT1 or IRF-1 or 
exposure to IFN-γ can induce multiple 
aspects of megakaryocytic maturation 
independent of GATA-1.

Next, we characterized the effect of 
GATA-1, STAT1, and IRF-1 on additional 
aspects of megakaryocytic differentiation, 
including cell growth and apoptosis. We 
observed a dramatic decrease in the frac-
tion of GFP-positive cells in GATA-1–
transduced cells within 7 days, consistent 
with proliferation arrest that accompanies 
terminal maturation. A slower decline in 
GFP-positive cells occurred in STAT1- 
and IRF-1–transduced cells (Supplemen-

tal Figure 2A). This suggests that not all antiproliferative actions of 
GATA-1 are mediated through STAT1 signaling. In their final stages 
of maturation, megakaryocytes undergo endomitosis, shed platelets, 
and eventually undergo apoptosis (27). Flow cytometry revealed that 
43.9% of GATA-1–transduced cells were positive for annexin V stain-
ing compared with 6.25% of control vector–transduced cells. In con-
trast, 19.2% of STAT1-transduced cells and 28% of IRF-1–transduced 
cells were undergoing apoptosis. This is consistent with earlier find-
ings that STAT1 signaling promotes megakaryocyte maturation but, 
unlike GATA-1, not to the full extent (Supplemental Figure 2B).

Altered gene expression in G1ME cells undergoing megakaryocytic differ-
entiation. To identify STAT1 target genes that promote megakaryo-
cyte differentiation, we performed more extensive gene expression 
analysis on transduced G1ME cells (Figure 2 and Supplemental 
Table 1). STAT1 altered the expression of many transcription fac-
tors that are known to regulate megakaryopoiesis. For example, 
c-Myc and Ets2, whose transcription is elevated in the absence of 
GATA-1, were downregulated by STAT1 (4, 8). In contrast, Runx1, 

Figure 2
STAT1 and IRF-1 gene induction is a subset of GATA-1 induction in transduced G1ME cells. 
(A) GFP-, GATA-1–, STAT1-, or IRF-1–transduced G1ME cells were purified by sorting and cul-
tured for an additional 2 days. Total RNA was prepared and used for quantitative RT-PCR. The 
expression of transcription factors was detected. (B) The expression of cell-cycle genes was also 
measured. (C) The expression of apoptosis genes was determined. Data are representative of 2 
independent experiments performed in triplicate.
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which is required for megakaryocyte maturation and cooper-
ates with GATA-1 in megakaryocyte differentiation (28, 29), was 
upregulated by STAT1. STAT1 also induced cell-cycle genes, 
including Ccnd1, Ccnd2, and Ccne2 (Figure 2B), that are known to 
promote endomitosis (30–33).

Other signature features of megakaryocytic maturation include 
formation of demarcation membranes, long pseudopod extensions 
indicative of proplatelet formation, and eventual apoptosis. In G1ME 
cells, enforced GATA-1 repressed the expression of antiapoptotic 
genes Bcl2 and Bclxl and induced some proapoptotic genes including 
Bcl2l11 (Bcl2-like factor 11) and caspase-1, -4, -9, and -12 (Figure 2C). 
These findings are consistent with previous reports showing that 
expression of antiapoptotic members of the Bcl2 family impaired 
thrombopoiesis, whereas BCL2L11 and caspases were required for 
proplatelet formation and platelet release (34–36). STAT1 induced 
the same caspase genes but had little effect on the Bcl2 family pro-

teins. These findings indicate that subsets of GATA-1 actions in 
megakaryocytes are mediated through STAT1 signaling.

Enhanced TPO signaling in G1ME cells undergoing megakaryocytic dif-
ferentiation. TPO, which is required for survival and proliferation 
of G1ME cells, functions primarily by activating JAK2 and down-
stream effectors STAT3, STAT5, and perhaps STAT1. In G1ME 
cells, ectopic GATA-1, STAT1, or IRF-1 all induced Jak2 mRNA 
expression (Figure 3A and Supplemental Table 1), which is signifi-
cantly downregulated in Gata1-KD megakaryocytes (4). GATA-1 
induced the expression of Stat1 (Figure 1D) and, to a lesser degree, 
Stat5b and Stat5a, but did not change c-Mpl or Stat3 (Figure 3A).

Next, we examined the effects of cytokine signaling on STAT 
protein activation in G1ME cells by Western blot analysis and flow 
cytometry. STAT3 and STAT5, but not STAT1, were phosphorylated 
in cells cultured with TPO. In marked contrast, G1ME cells grown 
with both IFN-γ and TPO showed enhanced phosphorylation 

Figure 3
Phosphorylation of STATs is increased by GATA-1, STAT1, or IRF-1. (A) GFP-, GATA-1–, STAT1-, or IRF-1–transduced G1ME cells were purified 
by sorting GFP+ cells and cultured for an additional 2 days. Total RNA was prepared from sorted cells and used for quantitative RT-PCR. (B) Con-
trol cells (TPO alone; Con) or cells treated with IFN-γ (20 ng/ml) or JAK inhibitor 1 (Inh) (2 μM) overnight were lysed in RIPA buffer. Phosphorylation 
of STAT1, STAT3, or STAT5 was analyzed by Western blot. (C) The cells were fixed, permeabilized, and stained with allophycocyanin- (APC-) or 
PE-labeled antibodies specific for phosphorylation of STAT1, STAT3, or STAT5. Phosphorylation of STAT1, STAT3, or STAT5 was analyzed by 
flow cytometry. (D) GFP-, GATA-1–, STAT1-, or IRF-1–transduced cells were purified by sorting. Phosphorylation of STAT1, STAT3, or STAT5 
was measured by Western blot analysis in purified cells. (E) Phosphorylation of STAT1, STAT3, or STAT5 in GFP-, GATA-1–, STAT1-, or IRF-1– 
transduced cells was detected by intracellular staining with APC- or PE-labeled antibodies specific for phosphorylation of STAT1, STAT3, or 
STAT5 as described above. A gate was set on GFP+ cells. Data are representative of 3 independent experiments with similar results.
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of all 3 STAT factors (Figure 3, B and C). Since upregulation of 
Jak2 mRNA itself might explain the enhanced phosphorylation 
of STAT1, STAT3, and STAT5, we measured the phosphorylation 
states of these molecules in the transduced G1ME cells. Enforced 
expression of GATA-1, STAT1, and IRF-1 all enhanced phosphoryla-
tion of STAT1, STAT3, and STAT5, coincident with megakaryocytic 
differentiation (Figure 3, D and E). Furthermore, we also observed 
impaired TPO signaling in Gata1-KD megakaryocytes derived 
from bone marrow cells, which show defective terminal differen-
tiation (Supplemental Figure 3). These results suggest that phos-
phorylation of all 3 STAT proteins normally occurs in GATA-1– 
mediated megakaryocyte differentiation.

Enhanced STAT phosphorylation in GATA-1–, STAT1-, or IRF-1– 
transduced G1ME cells might be due to autocrine or paracrine 
effects of IFN-γ. To investigate this possibility, we evaluated IFN-γ  
and its receptor Ifngr1 expression in transduced G1ME cells. Inter-
estingly, enforced expression of GATA-1, STAT1, or IRF-1 induced 
Ifngr1 expression, but we did not detect Ifng expression under any 
conditions. Hence, IFN-γ signaling does not contribute to the 
enhanced phosphorylation of STATs in G1ME cells (Figure 3A  
and data not shown).

Enhanced phosphorylation of STAT5 and STAT3 is not sufficient to pro-
mote megakaryocytic differentiation in G1ME cells. Both STAT1 and 
GATA-1 enhance TPO signaling and promote megakaryocytic 
maturation. To test whether enhanced TPO signaling is sufficient 
to induce megakaryocytic differentiation in G1ME cells, we tested 
the effects of constitutively active forms of JAK2 (V617F) or c-MPL 
(W515L). Mutations in JAK2 and c-MPL are uniquely associated 
with human MPDs, including PMF (reviewed in ref. 37). Both JAK2 
V617F and c-Mpl W515L conferred TPO-independent growth but 
did not promote megakaryocytic maturation, as evidenced by fail-
ure to induce CD42 expression or polyploidization (Figure 4, A and 
B). Importantly, JAK2 V617F and c-MPL W515L enhanced phos-
phorylation of STAT5 and STAT3 but not STAT1, although both 
of them slightly increased STAT1 expression (Figure 4, C and D). 
This result shows that without GATA-1, enhanced TPO signaling 
is insufficient for megakaryocytic maturation. Moreover, STAT1 
signaling is uniquely required for megakaryocytic differentiation, 
whereas STAT3 and STAT5 may be more important in promoting 
megakaryocyte progenitor survival and proliferation.

IFN-γ promotes polyploidization and differentiation of primary bone 
marrow–derived CD41+ cells independent of TPO. STAT1 is physiologi-

Figure 4
Enhanced phosphorylation of STAT3 and STAT5 is not sufficient to promote polyploidization in G1ME cells. (A) G1ME cells transduced with GFP, 
JAK2 V617F, or MPL W5151L were purified by sorting and expanded. Cells were seeded at 1 × 106/ml with or without 1% TPO condition media. The 
cell number was counted over time until day 3. Results are representative of 2 independent experiments performed in duplicate. (B) The polyploidy 
in GFP-, JAK2 V617F–, or MPL W515L–transduced G1ME cells was measured by staining with DAPI, and the expression of CD42 was detected 
by staining with PE-labeled anti-CD42 antibody and analyzed by flow cytometry. (C) Phosphorylation of STAT1, STAT3, or STAT5 in GFP-, JAK2 
V617F–, or MPL W515L–transduced G1ME cells was measured by Western blot analysis. (D) Phosphorylation was also detected by intracellular 
staining with APC- or PE-labeled antibodies specific for phosphorylation of STAT1, STAT3, or STAT5 and analyzed by flow cytometry.
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cally activated by IFN-γ. To assay the function of STAT1 in mega-
karyocyte development, we cultured mouse bone marrow progeni-
tors in medium supplemented with SCF and IFN-γ but not TPO. 
In both WT and Gata1-KD progenitors, IFN-γ effectively promoted 
the development of CD41+ and CD42+ cells in the absence of TPO 
to a similar extent as TPO alone (Figure 5, A and B). Furthermore, 
we observed a striking reproducible increase in the DNA content 
of CD41+ cells cultured in the presence of IFN-γ (Figure 5C). These 
findings are consistent with the increased expression of Ccnd1, 
Ccnd2, and Ccne1 upon STAT1 activation (Figure 2B) and suggest 
that activation of STAT1 by IFN-γ can bypass the requirement 
for GATA-1 in polyploidization. Of note, we observed an additive 
effect between IFN-γ and TPO in inducing expression of CD41 and 
CD42 but not polyploidization in WT progenitor cells (Figure 5).

STAT1 signaling promotes the early stage of megakaryocyte development 
and differentiation. To further dissect the role of STAT1 in mega-
karyocyte development and differentiation, we transduced primary 
bone marrow cells with GATA-1, STAT1, IRF-1, or GFP alone. After 
infection, cells were cultured for 4 days in TPO and then evaluated 
for their state of maturation by flow cytometry. As in G1ME cells, 
ectopic expression of STAT1 or IRF-1, compared with GFP alone, 
induced CD41 expression in Gata1-KD bone marrow progenitors 
(Figure 6, A and B). However, in both cases the extent of CD42 
induction was much lower than that in cells expressing GATA-1. 
STAT1 expression appeared to induce polyploidization of both WT 
and Gata1-KD megakaryocytes. Indeed, the level of polyploidization 
was similar in STAT1- and GATA-1–transduced cells (Figure 6C). 
These data confirm that STAT1 rescues polyploidization and at least 
partially restores CD41 expression in Gata1-deficient megakaryo-
cytes. Expression of IRF-1 in Gata1-KD progenitors led to interme-
diate increase in CD41- and CD42-positive cells but only a modest 
increase in the DNA content (Figure 6), suggesting that additional 
STAT1 targets participate in megakaryocyte maturation.

Proplatelet formation occurs late in megakaryocyte maturation 
and can be observed in cultured cells. We detected proplatelets in 
WT megakaryocytes on day 4 of culture (data not shown). In con-
trast, we never observed proplatelet formation in Gata1-KD mega-
karyocytes, consistent with the known requirement for GATA-1 for 
terminal megakaryocyte differentiation. As expected, overexpres-
sion of GATA-1 in Gata1-KD cultures rescued proplatelet forma-
tion and also accelerated their development in WT cells, so that in 
both cases proplatelets could be detected by day 3 (Figure 6, E and 
I). Overexpression of STAT1 or IRF1, however, did not accelerate 
maturation in WT cells or rescue proplatelet formation in Gata1KD 
cells (Figure 6, F, G, J, and K). These results are consistent with our 
findings in G1ME cells (Figure 1) and suggest that increased STAT1 
signaling only partially compensates for loss of GATA-1. Indeed, 
STAT1 appears to primarily affect polyploidization of megakaryo-
cytes and is not sufficient to rescue platelet biogenesis.

STAT1 deficiency reduces polyploidization in megakaryocytes. To fur-
ther define the requirements for STAT1 signaling in megakaryo-
cyte differentiation, we studied Stat1–/– mice. A previous study 
demonstrated normal platelet counts in these mice, but the mega-
karyocyte lineage was not analyzed in detail (38). Indeed, mutant 
CD41+ cells derived from Stat1–/– mice bone marrow progenitor 
cells exhibited significantly reduced DNA content compared with 
CD41+ cells from WT littermate controls, confirming that STAT1 
signaling contributes to megakaryopoiesis by promoting poly-
ploidization (Figure 7). As further evidence for a specific require-
ment for STAT1 in polyploidization, CFU-Mk numbers were simi-
lar in WT and Stat1–/– mice (Supplemental Figure 4).

Discussion
Interferons exert multiple biological effects and are generally con-
sidered to be negative regulators of cellular proliferation and mat-
uration. Indeed, studies have demonstrated that IFN-α inhibits 

Figure 5
IFN-γ promotes polyploidization in primary 
megakaryocytes. WT and Gata1-KD (KD) 
bone marrow cells, harvested from 5-fluoro-
uracil–pretreated mice were cultured in vitro in 
the presence of SCF alone or SCF plus TPO 
(+TPO; 20 ng/ml), SCF plus IFN-γ (+IFN-γ;  
20 ng/ml), or SCF plus TPO and IFN-γ 
(+TPO+IFN-γ) as indicated. After 3 days, cells 
were stained with FITC-labeled anti-CD41, 
PE-labeled anti-CD42, and DAPI and then 
analyzed by flow cytometry. CD41 expression 
(A), CD42 expression (B), and DNA content 
(C) are shown for each group. Data are repre-
sentative of 3 independent experiments with 
similar results. *P < 0.05 compared with SCF 
alone group.
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proliferation of hematopoietic progenitors and suppresses CFU-E, 
GM, and Mk activities (38–40). Similarly, IFN-γ, which is known 
to induce an antiviral state, suppresses the growth of hematopoi-
etic progenitor cells in general (40). Surprisingly, IFN-γ supports 
megakaryopoiesis. Although one study from the 1980s reported 
that IFN-γ inhibited megakaryocyte colony formation in a manner 
similar to IFN-α (41), subsequent reports have found that IFN-γ  
actually promotes the development of CFU-Mk. For example, 
IFN-γ was found to stimulate megakaryocyte growth under some 
conditions in vitro (42). In the same way, a marked increase in 
megakaryocyte numbers was observed in cultures of murine bone 
marrow cells supplemented with IFN-γ (23). These latter findings 
were recapitulated in vivo, as administration of IFN-γ, in conjunc-
tion with IL-3, facilitated the recovery of platelets and shortened 
the duration of thrombocytopenia in animals treated with 5-fluo-
rouracil, whereas IL-3 alone had no effect (22). IFN-γ also induced 
megakaryocyte proliferation in bone marrow cultures in combi-
nation with SCF (43). Further, when added to cultures contain-
ing TPO or SCF, IFN-γ significantly augmented the development 
of megakaryocyte colonies and increased the DNA content of 

cultured megakaryocytes (24). IFN-γ was also found to support 
TPO-independent proliferation and differentiation of a human 
megakaryocytic cell line, HIMeg-01 (44). Taken together, the pre-
vious findings indicate that IFN-γ plays a unique role as a positive 
regulator of the megakaryocyte lineage.

In this study, we demonstrate that IFN-γ and the downstream 
signaling molecules STAT1 and IRF-1 contribute to megakaryo-
poiesis by promoting polyploidization and inducing expression 
of a subset of megakaryocyte-specific genes (Figure 8). This effect 
is downstream of GATA-1, as Gata1-KD megakaryocytes exhibit 
reduced levels of STAT1 concomitant with reduced polyploidiza-
tion and defective maturation, and their polyploidization can be 
rescued by incubation with IFN-γ or ectopic expression of STAT1 
or IRF-1. Our work thus sheds light on the molecular mechanism 
of megakaryopoiesis.

The ability of STAT1 and IRF-1 to promote polyploidization 
is somewhat surprising, as IFN-γ/STAT1 restricts cell growth in 
most cell types by causing G1 phase arrest and apoptosis through 
upregulation of p21 and p27 and downregulation of c-Myc (27). 
In contrast, we found that STAT1- or IRF-1–transduced mega-

Figure 6
STAT1 signaling promotes pri-
mary megakaryocyte develop-
ment by facilitating polyploidi-
zation. Bone marrow cells from 
5-fluorouracil–pretreated WT 
and Gata1-KD mice were trans-
duced with GFP alone, GATA-1,  
STAT1, or IRF-1. Transduced 
cells were purified by sorting 
and seeded in megakaryocyte 
differentiation medium (in the 
presence of 20 ng/ml TPO) for 
3 days. Cells were collected, 
fixed, permeabilized, stained, 
and analyzed by flow cytom-
etry. CD41 expression (A), 
CD42 expression (B), and DNA 
content (C) of CD41+ cells are 
shown. (D–K) The morphol-
ogy and proplatelet formation of 
transduced bone marrow cells 
were assessed by light micros-
copy after 3 days of culture in 
differentiation medium. Data are 
representative of 3 independent 
experiments with similar results. 
*P < 0.05 compared with GFP 
alone group.
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karyocytes showed elevated expression of Ccnd1, Ccnd2, and 
Ccne1, all of which contribute to endomitosis of megakaryocytes 
(30–33). Similarly, IFN-γ also increased the DNA content of WT 
and GATA-1–deficient megakaryocytes. Thus, IFN-γ signaling 
likely promotes polyploidization by increasing the expression of 
G1 cyclins. Of note, we did not observe significant changes in the 
mRNA expression of other cell-cycle factors proposed to play a 
role in megakaryopoiesis, including Ccna1, Ccnb1, Cdc2, p21, p27, 
Survivin, and Aim1, consistent with a recent study of gene expres-
sion profiling during megakaryocyte maturation (45). Our data 
do not exclude the possibility that IFN-γ signaling regulates 
these genes at the protein level.

In addition to having a reduced state of polyploidization, 
Gata1-deficient megakaryocytes are defective in platelet produc-
tion. We found that while expression of STAT1 and IRF-1 led 
to increased DNA content and increased expression of a sub-
set of late megakaryocyte genes, such as Nfe2, platelet synthesis 
was not restored. This suggests that STAT1 contributes to tran-
scription of a subset of GATA-1 target genes but cannot rescue 
full differentiation. In contrast to the differentiation effects 
of STAT1 and IRF-1, expression of constitutively active JAK2 
or c-MPL failed to promote megakaryocytic differentiation of 
Gata1-null hematopoietic cells. Rather, these factors promoted 
proliferation and TPO-independent growth exclusively, without 
affecting maturation. This finding is consistent with observa-
tions that mutations in JAK2 contribute to greater than 90% of 
cases of polycythemia vera (PV) and nearly 50% of cases of essen-
tial thrombocythemia and PMF, while c-MPL W515L mutation 
contributes to approximately 10% of PMF cases (37). Most likely, 
enhanced JAK2 signaling cannot overcome the Gata1 deficien-
cy, as it does not activate STAT1 and subsequent expression of 
essential downstream differentiation targets. These observations 
suggest that activation of JAK signaling coupled with a differ-
entiation block might promote leukemia. Indeed, recent studies 
demonstrated that mutations in JAK2 and JAK3 are associated 
with AMKL (46–48). Our current studies raise the possibility 

that activation of STAT1 through IFN-γ or other compounds 
might serve as a novel differentiation therapy for AMKL.

It is also important to consider whether IFN-γ could pro-
vide any therapeutic benefit for patients with PMF. Among the 
MPDs, PMF patients uniquely harbor c-MPL mutations (37) and 
also show significantly reduced expression levels of GATA-1  
(6). Mice with reduced GATA-1 expression develop a disease 
that resembles human PMF, characterized by myelofibrosis, 
extramedullary hematopoiesis, poikilocytosis, and anemia (5). 
In addition, the mutant bone marrow expresses higher levels of 
growth factors associated with myelofibrosis, including TGF-β1, 
PDGF, and VEGF. With respect to the megakaryocyte lineage, 
the observed maturation defects in the mouse model and human 
patients with PMF are identical. Given that IFN-γ promoted the 
polyploidization of GATA-1–KD progenitors and GATA-1–null 
G1ME cells, it is possible that this cytokine might ameliorate at 
least some of the features of PMF. However, the GATA-1 defi-
ciency cannot be fully compensated by IFN-γ or ectopic expres-
sion of STAT1, so it remains unclear to what extent IFN-γ might 
benefit PMF patients.

Although Stat1–/– mice do not show significant alteration in 
platelet numbers, their megakaryocytes reach a lower ploidy state 
compared with those of their WT littermates. This observation is 
similar to the finding that despite not having obvious changes in 
circulating erythrocytes, Stat1–/– mice display altered erythropoie-
sis, which is characterized by an overall reduction in erythroid pro-
genitors, a less differentiated phenotype, and increased apoptosis 
of early erythroblasts (38). Thus, in both lineages, STAT1 plays 
a subtle but meaningful role that may become more profound 
under certain hematopoietic stresses. The absence of a more pro-
found defect in these lineages may be the consequence of contin-
ued expression of STAT3 and STAT5.

Platelet counts are normally maintained in a physiologic range 
through a variety of homeostatic mechanisms. Elevated platelet 
counts occur via both cell-autonomous and non–cell-autono-
mous mechanisms. Essential thrombocythemia is caused by 

Figure 7
STAT1 deficiency reduces polyploidization of megakaryocytes. Bone marrow progenitor cells from WT and Stat1–/– mice were cultured for 3 
days to generate megakaryocytes. The resultant cells were stained with FITC-labeled anti-CD41 and DAPI and analyzed for DNA content by 
flow cytometry. Statistical analysis from 5 pairs of WT and Stat1–/– mice showed that the percentage of megakaryocytes with high polyploidy 
(equal to or greater than 8N) was significantly different in the 2 groups (57.0 ± 8.9 for WT and 41.1 ± 7.7 for Stat–/– (mean ± SD; n = 5; P = 0.017, 
unpaired Student’s t test).
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hematopoietic cell–intrinsic defects, frequently acquired muta-
tions in JAK2. More commonly, thrombocytosis is a secondary, 
reactive condition. In this latter case, increased platelet counts 
are driven by inappropriate cytokine production during infec-
tion, cancer, and chronic inflammation (49). Common media-
tors of reactive thrombocytosis include IL-1β, IL-6, GM-CSF, 
TNF-α, and IFN-γ (50). Recently, stromal cell–derived factor 
1 (SDF-1) has been shown to promote megakaryopoiesis and 
thrombopoiesis (51, 52). However, in our liquid culture system, 
we did not observe any effect of SDF-1 in promoting CD41+ and 
CD42+ cells compared with TPO or IFN-γ groups (Supplemental 
Figure 5). Consistent with previous observations, we also failed 
to detect any STAT1 phosphorylation activated by SDF-1 stimu-
lation in WT BM cells or a mouse megakaryocytic cell line, Y10, 
both of which express SDF-1 receptor CXCR4 (53). We note that 
our experiments do not exclude a function for SDF-1 in promot-
ing other aspects of thrombopoiesis. Taken together, our results 
provide new insights into the unique actions of IFN-γ and its 
downstream target STAT1 in megakaryopoiesis. Specifically, 
we propose that STAT1 is a critical effector of GATA-1 during 
normal megakaryocyte development and that inappropriate 
activation of this pathway by IFN-γ during various patholog-
ic states directly contributes to thrombocytosis by enhancing 
megakaryocyte maturation. This provides one mechanism by 
which inflammatory disorders predispose affected individuals 
to pathologic thrombosis.

Methods
Hematopoietic cells and megakaryocyte culture. G1ME cells were maintained in 
α-MEM media supplemented with 20% FBS and 1% TPO conditioned medi-
um as described previously (24). To culture primary megakaryocytes, mice 
were treated with 5-fluorouracil (100 mg/kg mice body) by intraperitoneal 
injection, and 5 days later, the progenitor cells were harvested by flush-
ing bone marrow of tibia and fibula. Alternatively, progenitor cells were 
enriched from bone marrow of untreated mice by negative selection using 
a progenitor cell enrichment kit (Stem Cell Technologies). Megakaryocytes 
were cultured in a serum-free system as described previously (4). C57BL/6 
and GATA-1– KD mice were maintained in microisolator housing within 
a barrier facility. WT and Stat1–/– littermates were maintained on BALB/c 
genetic background. All animal studies were approved by the Animal Care 
and Use Committees of Northwestern University, The University of Chi-
cago, and the Ontario Cancer Institute.

Retroviral transduction. The virus-packaging cells Plat-E (5 × 106) were 
seeded in a 10-cm dish the day before transfection and then transfected 
with MSCV-based retroviral vector MIGR1 containing GATA-1, STAT1, or 
IRF-1 cDNA using Lipofectamine 2000 (Invitrogen) following the manu-

facturer’s protocols. Forty-eight hours after transfection, the viral super-
natant was collected, and 5 ml of viral supernatant was mixed with 4 × 106 
of G1ME cells or bone marrow progenitor cells in the presence of 8 μg/ml 
polybrene and 10 mM HEPES and spun at 2,300 g for 1.5 hours at room 
temperature. Spinoculation was performed 4 times over 2 days.

Intracellular staining. Cells were first fixed by incubation with 2% 
paraformaldehyde at room temperature for 10 minutes, and then, after 
washing, they were again fixed in 90% methanol for 30 minutes on ice. 
After 1 hour incubation on ice in PBS supplemented with 0.1% BSA, cells 
were centrifuged and resuspended with 1 μl of 2.4G2 and 20 μl of Alexa 
Fluor 647– or PE-labeled antibodies specific to phospho-STAT1, -STAT3, 
and -STAT5 (BD Biosciences — Pharmingen), and cells were incubated at 
room temperature for 1 hour. After addition of 200 μl PBS, cells were ana-
lyzed by flow cytometry on a BD FACSCanto. Data were analyzed using 
FlowJo software (Treestar).

Quantitative RT-PCR. GFP-, GATA-1–, STAT1-, or IRF-1–transduced 
G1ME cells were purified by sorting. Total RNA was isolated from purified 
cells. cDNA was generated from 1 μg of total RNA using reverse transcrip-
tase following the manufacturer’s instructions. Real-time PCR was per-
formed in a 20-μl reaction. The PCR amplification conditions were: hot-
start at 95°C for 15 minutes followed by 95°C for 30 seconds, 60°C for 2 
minutes for 40 cycles. The relative quantitation of real-time PCR product 
was measured using the comparative ΔΔCT method (as described in ref. 
54) and presented in bar graph format. Note the different scales used for 
different genes due to the huge variation of expression. The means and 
standard deviations of all qRT-PCR reactions are also provided in Supple-
mental Table 1. Primer sequences for the following genes were derived 
from previous publications (4, 24): c-Myc, Gata1, Ccnd1, Ccnd2, Ccnd3, p16, 
p21, p27, Gata2. Other primer sequences are provided in Supplemental 
Materials and Methods.

Western blot analysis. Cells were lysed in RIPA buffer (Tris-HCl, 50 mM, 
pH 7.4; NP-40, 1%; Na-deoxycholate, 0.25%; NaCl, 150 mM; EDTA, 1 mM)  
supplemented with protease inhibitors (pepstatin, leupeptin, aprotinin, 
each 10 μg/ml; PMSF, 1 mM) and phosphatase inhibitor (Na3Vo4, 1 mM).  
Protein was separated by SDS-PAGE and transferred to a PVDF mem-
brane. Membranes were blotted with antibodies detecting GATA-1 (N6), 
IRF-1, STAT3, STAT5, and HSC70 (each from Santa Cruz Biotechnology 
Inc). STAT1(h) (Santa Cruz) and STAT1(m) (BD Biosciences) antibodies 
recognize human and mouse STAT1, respectively. Membranes were also 
blotted with antibodies specifically detecting phosphorylation of STAT1 
(p-STAT1), STAT3 (p-STAT3), and STAT5 (p-STAT5) (Santa Cruz Bio-
technology Inc.).

Information about luciferase assays and additional primer pair sequenc-
es are provided in Supplemental Materials and Methods.

Statistics. All statistical analyses were performed using the Student’s t test 
(2 tailed, unpaired). A P value of 0.05 or less was considered significant.

Figure 8
Model of the STAT1/GATA-1 axis in 
megakaryopoiesis. STAT1 activation, 
mediated by GATA-1 and IFN-γ signal-
ing, contributes to megakaryopoiesis 
primarily by facilitating expression of 
multiple endomitotic regulators, includ-
ing cyclins D1 and D2. STAT1 also likely 
acts downstream of GATA-1 to promote 
expression of other key regulators, such 
as NF-E2.
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